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THE CHEM ISTRY AND CELL BIOLOGY OF 
THE VACUO LAR PROTEINS OF SEEDS

--------------— ----- —  ABSTRACT --------— --------------------
Ultrastructural, cytochemical and immunochemical evidence obtained 
using different plant families supports a suggested model for ire bio
synthesis of the storage proteins of seeds. Aleurins of the legumin type 
are proposed to be homologous. The proposed homologues are usually 
hexamers or tetramers of a disulfide bridged subunit of the À-S-S-B 
type. The large observed variations in amino acid composition of the 
proposed homologues imply they are liberal proteins; i.e., large varia
tions in the amino acid sequence of the subunits do not cause lethal 
effects nor change the function of the protein. The list of proposed 
legumin homologues includes the legumins, glycinin, arachin, edestin 
and cocosin. Some unnamed cottonseed proteins also seem to qualify.

INTRODUCTION
PROTEIN CHEMISTS of the 18th and 19 th  centuries concen
trated on the seed proteins. Osborne (1912) points out that 
Becarri described the isolation of “gluten” from  wheat in 
1747. Protein chemistry developed slowly during the 18th and 
19th centuries. The research was designed to  determ ine the 
m ultiplicity of proteins, the relationship between plant and 
animal proteins, and their chemical com position. Only during 
the last half of the 19th century was it clearly dem onstrated 
that amino acids are com ponents of the protein molecule. 
Seed protein chemistry of the early 20 th  century was dom inat
ed by T.B. Osborne. His review of the field (Osborne, 1924) is 
still considered a classic. Osborne felt that, except in closely 
related species, no tw o species contained proteins which can
not be readily distinguished chemically. He contributed greatly 
to  the modem m ethodology for separating proteins.

A revolution in protein chemistry was started by James B. 
Sumner when he reported in 1926 “ ...I discovered on the 29th 
of April a means of obtaining from  the jack bean a new pro
tein which crystallizes beautifully and whose solutions possess 
to  an extraordinary degree the ability to  decompose urea into 
ammonium carbonate.” This simple statem ent about jack bean 
urease implied that enzymes are proteins. Thenceforth, the 
research interests of protein chemists were largely transferred 
to  these biocatalysts, and the seed proteins received a much 
smaller following than before. As a result of the shift of in
terest, the biochemistry of the seed proteins lags behind that 
for many other proteins. For example, so far as we know, the 
amino acid sequence cannot be w ritten for a single major seed 
protein. The chemistry of seed proteins has advanced, how
ever, as the general field of protein chem istry advanced (See 
Altschul et al., 1966).

ORIGIN OF ALEURIN DEPOSITS
DURING the last half o f the 19th century, biologists looked at 
the seed proteins in another way. Hartig (1855) isolated pro
teinaceous granules from  seeds by a nonaqueous technique. He 
later nam ed the granules “aleuron grains” because the isolated 
fat-free material rem inded him of flour. Pfeffer, in 1872, 
noted  tha t dorm ant seeds of many species contain numerous 
intracellular protein granules. He preferred the term  “protein 
granules” to  “aleurone grains.” This bias persists to  this day 
among many botanists, who prefer the term  “protein body” to 
“aleurone grain.” Pfeffer (1872) observed tha t aleurone grains 
contain metal (magnesium) and phosphorous com pounds in 
the form  of spherical inclusions called “globoids.” More 
recently Dieckert et al. (1962) and Sharma and Dieckert
(1974) isolated aleurone grains and globoids from  peanut seeds 
by a nonaqueous technique and dem onstrated tha t essentially 
all of the phytic acid and a large fraction of the cellular potas
sium, magnesium, manganese and copper is located in the 
aleurone grains along with m uch of the protein of the seed. 
Lui and Altschul (1967) and Lott (1975) showed a similar 
com position for globoids from  cotton  and cucurbita, respec
tively. Clearly, aleurone grains are not simple protein bodies.

Early it was recognized tha t aleurone grains develop in 
vacuoles (see Guilliermond, 1941, for a review). This view is 
strengthened by the observation tha t m ature aleurone grains of 
co tton  (Engleman, 1966; Yatsu, 1965), shepherd’s purse 
(Dieckert and Dieckert, 1972), and peanut (Dieckert and 
Dieckert, 1972) are enclosed in a characteristic single unit 
membrane similar to  the tonoplast. A logical nex t step was to  
classify seed proteins on the basis o f intracellular location. To 
this end Altschul et al. (1964) assigned the term  “aleurin” as a 
class name for the vacuolar proteins of seeds. The following 
seed proteins are examples; arachin from peanuts (Altschul et 
al., 1964; Daussant et al., 1969); edestin from hemp seed (St. 
Angelo et al., 1968); vicilin and legumin from pea seeds (Var
ner and Schidlovsky, 1963); vicilin and legumin from  Vicia 
faba  (Graham and Gunning, 1970); and the 7s and 11s globu
lins in soybeans (Koshiyama, 1972).

Protein granules are also known to develop in  vacuole-like 
structures in animal cells. A particularly well-studied case in 
animals is the form ation of zymogen granules by the acinar 
cells of the pancreas (see Dieckert, 1971, for a review). In 
1959, Palade pointed out that m odulations in cell structure 
reflect changes in the biochemistry and physiology of the cell. 
He outlined the following hypothesis o f zymogen granule
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form ation: the zymogens are synthesized by ribosomes at
tached to the cytoplasmic side of the endoplasmic reticulum  
(ER); the protein is then transported by way of the cavities of 
the ER to the Golgi bodies where the protein is concentrated 
and perhaps modified; the membrane bound protein droplets 
at the periphery of the Golgi body pinch off and coalesce with 
o ther such bodies to  form  the typical zymogen granule of the 
acinar cell; in response to certain stimuli the content of the 
zymogen granule is em ptied in to  the acinus of the gland after 
the limiting membrane of the zymogen granule fuses w ith the 
plasma membrane interfacing with the acinus. Evidence cited 
in the present paper and elsewhere (Dieckert, 1969; 1971; 
Dieckert and Dieckert, 1972; 1975) suggests tha t a similar 
process leads to  the synthesis and sequestration of the aleurins 
in the aleurone vacuoles of developing seeds. The classical 
aleurone grains then form  upon the desiccation of the mature 
seed. In seeds tha t do not become desiccated at m aturity , such 
as the coconut, the aleurins remain in a watery vacuole (Dieck
ert and Dieckert, 1975). The key to the problem is not the 
shape or consistency of the deposit of reserve protein in the 
mature seed but the process by which it is formed.

Some of the cytom orphological consequences of the 
hypothesis are shown in Figure 1. Cells of the em bryo th a t are 
producing aleurins should show a highly developed rough 
endoplasm ic reticulum  (RER). Protein may or may no t be 
found in the cisternae of the RER. Sacules of the dictyosomes 
(the plant homologues of the Golgi bodies of animal cells) 
should contain protein deposits. Vacuoles lim ited by a single 
unit membrane should be present and contain protein. Cells of 
the em bryo tha t are not making aleurins should show the ab
sence of this apparatus. The other usual cell organelles such as 
m itochondria, plastids, nuclei, etc. may be present in both  cell 
types. Under this model the mature aleurone grain develops 
after the aleurone vacuoles are filled and condenses on desicca

Fig. 1— Diagram o f a plant cell. This plant cell is pictured as actively 
synthesizing, packaging and depositing protein in the vacuole (V) 
which will mature into an aleurone grain. The relationship between 
the dictyosomes (D) and rough endoplasmic reticulum (R E R )  is 
indicated, as the Golgi vesicles (G V ) are formed and released into 
the cytoplasm. A  coptanar diagram o f the rough endoplasmic retic
ulum  illustrates polyribosomes (P) in their spiral array. The cell is 
enclosed in a cell wall (CW ) complete with plasmodesmata (PD) and  

contains the characteristic subcellular organelles such as m ito
chondria (M), spherosomes (S ), leucoplasts (L) and the nucleus (N) 
and nucleolus (N u ).

tion of the seed. In seeds that do not becom e desiccated at 
m aturity , watery aleurone vacuoles are expected. The shape of 
the aleurone vacuoles and the form  of the protein deposits at 
seed m aturity may be variable.

The results of our early work with shepherd’s purse were 
reported first in 1969 (Dieckert, 1969) and in more detail later 
(Dieckert and Dieckert, 1972). Briefly, the m ature seed con
tains classical aleurone grains, each lim ited by a single unit 
membrane. In the early stages of development the expected 
apparatus is missing from  the parenchymal cells of the cotyle
dons, and no protein deposits are observed in the vacuoles or 
dictyosomes. Later stages, when the m ature seed is producing 
aleurins, show an abundant RER, dictyosom es w ith protein 
droplets, free-floating, small, membrane bound protein drop
lets in the cytoplasm, and small membrane bound protein 
droplets fused to  large aleurone vacuoles partially filled with 
protein. Occasionally, protein deposits are observed in sacules 
o f the RER.

The model for the synthesis of the aleurins demands poly
ribosomes arranged in spirals on the outer surface of the RER 
(Fig. 1). Cross sections of the RER show ribosomes attached 
to  the outer surface of the ER but do no t show the arrange
m ent of the ribosomes on the mRNA to best advantage. A 
tangential section in the proper plane will show the character
istic spiral arrangement of the polyribosomes attached to  the 
outer surface of the RER, as dem onstrated for the cells of a 
developing peanut em bryo producing arachin (Fig. 2a). A 
typical view of the polyribosomes of the RER in cross section 
is given in Figure 2b.

The same basic u ltrastructural pattern  was observed for 
peanut em bryos as for shepherd’s purse em bryos producing 
aleurins. Unlike in shepherd’s purse, the cisternae of the RER 
contained protein droplets (See Fig. 5.16 in D ieckert and 
Dieckert, 1972). In Figure 3a a dictyosom e w ith protein drop
lets is shown. At higher magnification (Fig. 3b) protein drop
lets in various stages of being transferred to  the aleurone 
vacuole can be seen. That the peanut em bryos were actually 
producing arachin was verified by im m unochem ical experi
ments. The results of double diffusion tests (Fig. 5.2 in Dieck
ert and Dieckert, 1972) showed that arachin is present in 
peanut em bryos that exhibit the highly developed RER- 
dictyosome-aleurone vacuole system and absent in those that 
do not.

The results with shepherd’s purse and peanut em bryos sug
gest that aleurone grains form the same way in at least two 
families of seed plants, the Cruciferae and the Leguminosae. 
C otton em bryos were examined as representative of the Mal
vaceae. The same pattern  was observed: em bryos of the barely 
rolled stage did not exhibit a highly developed RER, dictyo
somes with protein content, nor protein-containing aleurone 
vacuoles (Fig. 5.8a in Dieckert and Dieckert, 1972). By the 
loose scroll stage a transform ation occurred: highly developed 
RER, dictyosom es containing characteristic protein droplets, 
and aleurone vacuoles were present, and the vacuoles were 
filling with protein (See Fig. 5.8b and 5.9 in D ieckert and 
Dieckert, 1972). The electron stains normally used in biologi
cal electron microscopy are not specific for protein. Thus the 
question arises: what evidence is there tha t the electron dense 
material in the sacules and dilations of the dictyosom es, small 
protein droplets of the cytoplasm and the aleurone vacuoles 
is truly protein? To answer this question experim ents were 
carried out w ith plant em bryos actively sequestering aleurins. 
G lutaraledhyde fixed cotton  em bryos were used, as well as 
peanut em bryos fixed in glutaraldehyde and post fixed in os
mium tetroxide. A lternate serial sections of epoxy em bedded 
tissue were digested with pronase, a m ixture of proteolytic 
enzymes, and then stained as usual. The alternate sections 
were left untreated with pronase and simply stained. Each 
section was m ounted separately for electron m icroscopy. Re
sults of these experim ents showed th a t cottonseed aleurins are
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Fig. 2 — Peanut embryo, (a) Section coplanar with the membrane o f the rough endoplasmic reticulum showing the polyribosomes (P) in spiral array 
(X  119,000), (b) Cross section of the rough endoplasmic reticulum IR E R ) showing ribosomes attached to the outer cytoplasmic side o f the flattened 
membraneous sacs o f the E R  system (X  119,000).

Fig. 3— Peanut embryo, (a) Cross section o f  a dictyosome (D) with characteristic protein granules (PG) (X 66,000). (b) A t  higher magnification the 

protein granules (PG) are seen in various stages o f  the transfer and release o f protein (P) into the vacuole (V) (X t 33,000).
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Fig. 4 - Effect of pronase on cotton embryo cells at the loose scroll stage. Serial sections, (a) Pronase-treated section. Staining is abolished for dense 
granules (G i , G 2, G  3), the dictyosome (D), and the vacuolar protein (VP) (X  82,500). (b) Untreated section of a cell containing an electron dense 
vacuolar protein deposit (VP), a dictyosome (D) and cytoplasmic dense granules (G ,, G 2, G 3) (X  82,500).

readily digested by pronase treatm ent. Regions of the section 
w ith aleurins are removed by the enzyme to  leave electron 
transparent areas. The results (Figures 4a and 4b) clearly indi
cate tha t the dictyosomal cisternae and vesicles contain pro
tein , as do the small cytoplasmic vesicles and large aleurone 
vacuoles. Experiments of the same type are depicted elsewhere 
(See Figs. 5.10, 5.11, 5.12 in Dieckert and Dieckert, 1972). A 
similar result was obtained w ith peanuts and coconuts (Dieck
ert and Dieckert, 1975). In coconut the aleurins form  crystals. 
The digestion experim ents leave a “cu t-out” exactly om itting 
the digested crystal.

The above results provide good circumstantial evidence for 
the tru th  of the proposed model for aleurin synthesis and 
sequestration. However, im portant gaps exist in the data. 
A pparently, protein is located in the regions of the cell indicat
ed, but what assurance is there that in each region the protein 
is a major aleurin? If the answer to  the question is positive, 
then does each aleurin molecule of a major kind have to  pass 
through the dictyosom e on its way to  the aleurone vacuole? 
There isn’t much doubt that the proteins in the large aleurone 
vacuoles are indeed the major aleurins, but no definitive 
answer is yet available for the other regions of the cell. The 
im portant question of the direction of flow of protein in the 
system also remains to be determ ined.

S U S P E C T E D  H O M O L O G IE S

ONE OF THE MOST impressive features of an electron micro

graph of a cell of a m ature, dry seed is the reduced volume of 
cytoplasm and expanded volume of vacuolar proteins and 
other ergastic materials. For examples, see Figure 1 in Yatsu
(1965) (co tton); Figure 5.6 in Dieckert and Dieckert (1972) 
(shepherd’s purse); and Figure 13b in Dieckert and Dieckert
(1975) (coconut). Typical cell organelles such as RER, dictyo- 
somes, m itochondria and plastids are scarce in such a cell. The 
implication is tha t the protein of the cell organelles and cy to
plasmic sap of the maturing tissue is absent or m uch reduced 
in quantity  in the mature seed. Therefore, the population  of 
proteins must change during seed m aturation from  one 
dom inated by enzym atic and structural proteins of diverse 
kinds to  one dom inated by a few aleurins. O ther less abundant 
proteins such as proteolytic enzymes and their inhibitors 
(Ryan, 1973) and the lectins (Sharon and Lis, 1972) may also 
be present in the aleurone vacuoles.

The aleurins can be looked at as products of gene action 
and genetic relationships between them  sought. Neurath et al.
(1967) use the term “analogous” to  denote similarities in the 
function of proteins. Nolan and Margoliash (1968) go a step 
further and say tha t analogous proteins have similar functions 
but have different ancestral genes. Homologous proteins arise 
from  genes evolving from a com mon ancestral gene (Nolan and 
Margoliash, 1968). These considerations, and the belief that 
evolutionary change is based on changes in the primary struc
ture of the genes, led Neurath et al. (1967), Sm ith (1970), 
Nolan and Margoliash (1968) and others to  com pare amino 
acid sequences of functionally similar proteins in order to



SEED  PRO TE IN  C H EM IST R Y  A N D  C ELL  B IO LO G Y - 479

study the genetic relatedness of proteins and the phylogenetic 
relationships between organisms. It is prem ature to  bring these 
tools directly in to  the study of the reserve aleurins, since their 
amino acid sequences are unknown. However, some insight 
into the genetic relatedness of the principal aleurins can be 
obtained by comparing the amino acid com positions of highly 
purified subunits of the principal aleurins using the difference 
index of Metzger et al. (1968). Much of the available data on 
the chemistry of the principal aleurins can be rationalized on 
the assumption that the problem of nitrogen storage in the 
seed was solved in the evolutionary sense in only a few com
petitively effective ways, and tha t the solution was fixed in the 
germ plasm early in the evolution of seed plants. In terms of 
homology the hypothesis is made that the principal aleurins of 
a given species and of different species are the products of, at 
most, a few ancestral genes.

The best current indication of homology between proteins 
is a similarity in amino acid sequence (Nolan and Margoliash, 
1968; Smith, 1970;N eurath  et al., 1967). However, there a re a  
variety of less satisfactory criteria for homology between pro
teins. Homologous proteins often  yield similar peptide maps, 
are im m unologically cross reactive, have similar amino acid 
com positions (Neurath et ah, 1967), and exhibit similar func
tions. Peptide maps for the principal aleurins are scarce. Jack- 
son et al. (1969) have provided tryp tic  maps for some of the 
aleurins of beans and peas. U nfortunately, the samples used 
contained more than one polypeptide and appear to  be im
pure, leading to  complex and confusing maps. Tryptic diges
tion was used to prepare the maps. Since arginine and lysine 
occur frequently in the legume aleurins, the num ber of pep
tides generated by the action of trypsin is large, adding further 
complexities to the interpretation of the tryp tic  maps. Possible 
intraspecific homologies were clouded by impure preparations. 
Comparative serological work on well-characterized seed pro
teins is also rare. Jensen (1973) reviewed the field for plant 
proteins in general, pointing out tha t the serological data on 
seed proteins is lim ited largely to  phaseolin, legurr.in and 
vicilin. A more severe lim itation of this approach to  the deter
mination of the relatedness of proteins may rest in the variable 
nature of the major aleurins. Antigenic cross reactivity :s often 
lost early in the divergent evolution of proteins (London and 
Kline, 1973; Gasser and Gasser, 1971). For this reason, varia
ble homologous proteins may no t show serological cross reac
tivity even in species tha t are closely related phylogenetically.

The most extensive data presently available for comparing 
the principal aleurins are concerned with amino acid composi
tion. To meet the problem of comparing the amino acid com
position of two proteins we adopted the difference index 
(D.I.) of Metzger et al. (1968). Metzger noted tha t functional
ly unrelated proteins usually give D .I.’s of 15—40 and that 
homologous proteins often have low values for the difference 
index. The difference index is subject to  m isinterpretation. 
Porcine insulin:porcine proinsulin are clearly homologous pro
teins but have a D.I. of 19.3. The reason for the high value is 
that a section of the proinsulin polypeptide chain is excised to 
produce the insulin molecule, changing the amino acid com po
sition drastically. Hen egg lysozyme and bovine lactalbumin 
are homologous proteins by comparison of their amino acid 
sequences but exhibit a value of 22.6 for the difference index. 
Divergent evolution to  a new function seems to  be the reason 
for the high D.I. The difference index for the corrected values 
of the amino acid com position for two separate determ ina
tions (four hydrolysis times each) for P67, the principal co
valently linked subunit of arachin, was 1.03. This provides 
some insight into the inherent variation to  be expected be
tween analyses of the same protein and a further source of 
confusion in the use of the difference index for discovering 
potential homologies.

A comparison of the amino acid com position of three

Table 1— Com parison  of the am ino acid com position  of "legu- 

m in (s ) " from  V ic ia  faba

System D.I.

Legum in (1969 )a : Legum in (1970 )b 3.69

Legum in (1969)a : Legum in (1974 )c 5.36

Legum in (1970)b : Legum in (1974 )c 7.09

a R a w  data from  Jackson  et al. (1969) 
b R a w  data from  Ba iley  and B ou lte r (1970) 
c R aw  data fro m  W righ t and B ou lte r (1974)

batches of legumin from  V. faba (Table 1) illustrates another 
problem  associated with the use of the difference index in the 
search for homology between seed proteins. The difference 
indices show tha t the three preparations of legumin are not 
identical. Subunit analyses of the 1969 and 1974 isolates 
showed tha t the 1969 preparation had three subunits of differ
ent molecular weight, and the 1974 preparation had two sub
units of different molecular weight. Wright and Boulter (1974) 
assigned the difference in subunit com position to  a failure of 
the SDS gel electrophoresis m ethod used in the earlier work. 
The large value of the difference index suggests otherwise. The 
often  heard com plaint th a t “the seed proteins are difficult to  
prepare in a pure sta te” seems correct in this case. Similar 
analyses of arachin preparations from  various laboratories and 
within a given laboratory also show relatively large values of 
the difference index, even when data are obtained by equiv
alent methods. As in the case of legumin, it appears that 
arachin is difficult to  purify.

Data of good quality are available from  several sources on 
the amino acid com position of the subunits of individual 
aleurins. Recently, Weintraub and Tuen (1971) and Wright and 
Boulter (1974) isolated the reduced subunits of legumin from 
V. sativa and V. faba and determ ined their amino acid com po
sition. Wright and Boulter (1974) did not report values for 1/2 
cystine or tryp tophan , as did W eintraub and Tuen (1971). 
Both groups reported values of the amino acids corrected for 
destruction and incom plete hydrolysis. Similar data are availa
ble from  our studies for the subunits of aleurins from  peanuts, 
coconut endosperm and cottonseed. The pairwise comparisons 
by difference index of the reduced subunits of aleurins from 
several sources are given in Table 2. The molecular weight 
assigned to  each polypeptide is given in parentheses.

The pairwise comparison of the chains of legumin from  V. 
faba and V. sativa with the difference index shows probable 
homologies (Table 2). The difference indices for /3: A, a:B  and 
a:C  are small and suggest that these pairs are homologous 
polypeptides. The large values of the difference index for the 
o ther pairs from  the same genus suggest tha t they are not 
homologous. On other grounds there seems little doubt that 
the legumins of V. faba and V. sativa are homologous proteins 
(Jackson et al., 1969). The im portant point here is that if 
reliable amino acid com positions are available for pure poly
peptides, potential homologies between seed proteins are re
vealed by application of the Metzger difference index.

A com parison of the amino acid composition of the re
duced subunits of other suspected legumin homologues (Table
2) shows two series that seem to be related. The first series 
consists of A (V. sativa), (3 (V. faba), P24 (A. hypogaea) and 
P2 o (C. nucifera); and, the second series consists of B ( V. 
sativa), C (V. sativa), a  ( V. faba), P43 {A. hypogaea) and P3i 
(C. nucifera). Of all sixteen possible pairings w ithin each series 
only one (P4 3 :C) gives a difference index greater than 15 (D.I. 
= 15.54). The low values of the difference index suggest 
homology. Of all 20 possible pairings of one m em ber from 
each of the tw o series only three exhibit a difference index less
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than 15 (P:P24, 13.81; B:P20, 14.55; and, P31:P20) 10.27). 
The high values of the difference index suggest lack of 
homology. In the A series the order o f increasing difference 
index is A (V. sativa):j3 ( V. faba)-, A (V. sativa).?  2 4 (A. hypo- 
gaea); (3 (V. faba):P24 (A. hypogaea); A (V. sativa)'.P20 (C. 
nucífera)', (3 (V. faba):P20 (C. nucífera)', and, P24 (A. hypo
gaea): P20 (C. nucífera). This series is the order of decreasing 
phylogenetic relatedness of the species. The members of the 
second series are more variable. Intrageneric but no t inter
generic relationships are correctly reflected by the series of 
increasing difference indices. It should be noted that the 
molecular weights of the subunits vary more in the second 
series than in the first one. The rough parallel between the 
magnitude of the difference index and the phylogenetic re
latedness of the species is expected for homologous proteins.

A MODEL FOR THE LEGUMIN HOMOLOGUES
IT IS GENERALLY RECOGNIZED that legumin in a “na
tive” sta te consists o f multiples of several different subunits.

Table 2 — Com parison of the am ino acid com position  of the sub 

units of the disulfide bridged pairs of suspected legumin hom ologues

System D.l.

A  (24,300) V. sativa : B (37,600) V. sativaa 16.72

A  (24,300) C  (32,000) V. sativa 21.63

A  (24,300) ¡3 (23,800) V. faba'0 3.70

A  (24,300) a  (37,000) V. faba 18.62

A  (24,300) P24 (23,600) A. hypogaea0 11.12

A  (24,300) P4 3 (43,100) A. hypogaea 24.74

A  (24,300) P2 0 (20,300) C. nucíferad 13.37

A  (24,300) P3 , (30,900) C. nucífera 17.86

B (37,600) /. sativa : C (32,000) V. sativa3 11.73

B (37,600) a  (37,000)-V. fabab 5.78

B (37,600) (3 (23,800) V. faba 19.10

B (37,600) P43 (43,100) A. hypogaeac 11.89

B (37,600) P24 (23,600) A. hypogaea 13.81

B (37,600) P3 j  (30,900) C. nucíferad 9.84

B (37,600) P20 (20 ,300 ) C. nucífera 14.55

C (32,000) /. sativaa : a (37,000) V. fabab 7.63

C (32,000) /3 (23,800) V. faba 22.50

C (32,000) P43 (43,100) A. hypogaea0 15.54

C (32,000) P2 4 (23,600) A. hypogaea 18.87

C  (32,000) P3 j  (30,900) C. nucífera^- 13.22

C  (32,000) P2 0 (20,300) C. nucífera 18.24

ß (23,800) l/. faba : a  (37,000) V. fabab 20.80

ß (23,800) P24 (23,600) A. hypogaea0 12.70

ß (23,800) P4 3 (43,100) A. hypogaea 25.33

ß (23,800) P20 (20,300) C. nucífera^ 13.41

ß (23,800) P3 , (30,900) C. nucífera 18.04

a (37,000) V. fabab : P4 3 (43,100) A. hypogaeac 10.84

a  (37,000) P2 4 (23,600) A. hypogaea 16.26

a (37,000) P3 , (30,900) C. nucíferad 10.99

0  (37,000) P20 (20,300) C. nucífera 15.90

P24 (23,600) A. hypogaea : P4 3 (43,100) A. hypogaeac 20.85

P24 (23,600) P20 (20,300) C. nucífera^ 13.67

P24 (23,600) P3 j (30,900) C. nucífera 15.97

P43 (43,100) 4. hypogaeac : P3 , (30,900) C. nucíferad 12.40

P43 (43,100) P 20 (20,300) C. nucífera 21.05

P20 (20,300) C. nucífera : P3 j (30,900) C. nucíferad 10.27

a Raw  data from  W ein traub  and Tue n  (1971) 
b R aw  data from  W right and B ou lte r (1974) 
c R aw  data from  Y u  and D ie cke rt (U npub lished ) 
d R aw  data from  W allace and D ie cke rt (U npub lished)

W eintraub and Tuen (1971) suggest tha t three different sub
units (A, B and C) compose legumin from  V. sativa, giving a 
stoichiom etry of A6B4 C2. Wright and Boulter (1974) find two 
different subunits (a , (3) for legumin from  V. faba  and propose 
the stoichiom etry of ot6(36 for the native form . Arachin is also 
probably a homologue of legumin. The principal form  of 
arachin seems to  contain tw o subunits, P24 and P43 (Singh 
and Dieckert, 1973b). The stoichiom etry of an arachin of this 
type is probably [P24 ] 6 [P4 3 ] 6 •

A structure of the type A-S-S-B is proposed for the legumin 
homologues. Usually six of these disulfide bridged subunits are 
held together by noncovalent forces in the so-called native 
protein. In support of the model are the following data: Singh 
and Dieckert (1973b) showed that a reducing agent is required 
to  split P2 4 and P43 of arachin. More recently Yu and Dieck
ert (1975) found that the nonreduced but SDS-denatured 
principal subunit of arachin has a molecular weight equal to 
the sum of the molecular weights jf  the two different sub
units—66,700. Disulfide interchange reactions were ruled out. 
A re-examination of the elegant experim ents of Tombs and 
Lowe (1967) based on osm om etry and the dénaturants urea 
and guanidine • HC1 is particularly illuminating. In 4M guani
dine • H Q  the num ber average molecular weight was found to  
be 66,840 ± 5000. In the presence of 4M guanidine • HC1 and
0. 1M sulfite the num ber average molecular weight dropped to 
28,700 ± 400. These values compare favorably w ith our 
estim ates of 66,700 for the disulfide bridged dimer and 33,300 
for the average weight of the tw o monom ers (see Singh and 
Dieckert, 1973a, for the data on the m onom ers). Tombs and 
Lowe (1967) concluded that “ the in tact molecule does no t 
contain interchain disulfide bonds, but that there are in ter
chain disulfide links in 8M urea is evident....”  Tom bs repeats 
the assertion in a later paper (Tombs, 1970). Recently Wright 
and Boulter (1974) suggested tha t the a  and (3 subunits of 
legumin from  V. faba are disulfide bridged. Their conclusions, 
as ours, are based on experim ents with SDS gel electrophoresis 
w ith and w ithout a reducing agent.

If the A-S-S-B model is correct, a question arises as to  how 
the two subunits are joined “correctly .” Otherwise, why are 
subunits of the type A-S-S-A and B-S-S-B no t found? It is 
tem pting to  speculate tha t a post translational m odification 
similar to  the one for insulin synthesis is operative. If the 
principal aleurins are synthesized and processed as we suggest, 
a proinsulin-insulin type conversion might take place in the 
dictyosomes. At present there is no substantive evidence for or 
against this idea.

ADDITIONAL SUSPECTED HOMOLOGIES

UNDER THE PROPOSED model for the legumin homologues 
the legumin of V. sativa prepared by W eintraub and Tuen
(1971) is probably a mixture of hybrids of the two subunits, 
A-S-S-B and A-S-S-C, in the overall molar ratio of 2 to  1. The 
legumin of V. faba  prepared by Wright and Boulter (1974) is, 
as they indicate, (a-S-S-|3)6 , and the major form of arachin is 
(P24-S-S-P43)6 . The model can be extended to  glycinin of 
Glycine max based on the data of Catsimpoolas et al. (1971). 
No data was found to  test the disulfide bridging concept for 
glycinin, however.

If the “legum in-type” proteins are m ultim ers o f a disulfide 
bridged pair,' A-S-S-B, and if the amino acid com position and 
molecular weights are known for the subunits A and B, then 
the amino acid com position of the m ultim er can be calculated 
with the following formula:

n a  n b

ABi = NA + N B Ai + NA + N B Bi

where AB¡ is the mole % of the ith am ino acid in A-S-S-B; A¡
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and Bj are the observed mole % of the ith  amino acid in A and 
B, respectively; and Na and Ng are the num bers of am ino acid 
residues in A and B, respectively. It is assumed th a t each sub
unit contains only amino acid residues.

The necessary data are available for the subunits of legumin 
of V. sativa (W eintraub and Tuen, 1971) and V. faba (Wright 
and Boulter, 1974). Similar data are available for the principal 
disulfide bridged subunits of arachin, P6 7 (Yu and Dieckert,
1975) and cocosin, P5 1 (Wallace and Dieckert, 1975). The 
subunit weights are available for glycinin (Catsimpoolas et al.,
1971), but the data on the amino acid com position of the 
subunits are no t satisfactory. Their analysis of the reduced and 
SDS-denatured glycinin shows two major molecular weight 
classes in what appears to  be equim olar quantities. For the 
purposes of this paper we assume that the amino acid composi
tion for the parent glycinin is representative of that of the 
proposed disulfide bridged m onom er (MW 59,500) for glycin
in. In building Table 3 amino acid com position of the struc
ture shown was used if the data were available. Otherwise, the 
reconstructed values were used. The comparison of the amino 
acid com positions of covalently linked nonreduced subunits 
given in Table 3 includes two species from the same genus, 
three genera from  the same family, and three families. All pairs 
of disulfide bridged subunits are compared. The difference 
indices are relatively small, suggesting that the subunits are 
homologous.

One might expect homologous functionally similar proteins 
from  members of the same taxon to  be more alike composi- 
tionally than those from different taxa. At the species level the 
Vicia legumins AB, AC and aB are com positionally more alike 
than are Vicia legumins and the suspected homologues in soy
beans (glycinin), peanuts (P6 7, arachin), coconut (P5 [ , coco- 
sin) and co tton  (P4 o). Also, a pairwise com parison o: repre
sentatives of any other tw o genera gives larger values of the

Table 3 — Com parison  of the am ino acid com position  of the d i

sulfide bridged subunits of suspected hom ologues of legumin

System D.I.

A B  (61,900) /. sativa : A C  (56,300) V. sativaa 6.71

A B  (61,900) a(3 (58,600) V. fabab 4.58

A B  (61,900) G lycine (59,500) G. m axc 9.04

A B  (61,900) P6 7 (66,700) A. hypogaead 9.16

A B  (61,900) P40 (39,800) G. hirsutume 8.80

A B  (61,900) P5 1 (5 1 ,100 ) C. nuciferae 10.03

A C  (56,300) /. sativaa : af3 (58,600) V. fabab 4.33

A C  (56,300) G lycine (59,500) G. m axc 6.86
A C  (56,300) P6 7 (66,700) A. hypogaead 11.22
A C  (56,300) P40 (39,800) G. hirsutum e 9.38

A C  (56,300) P51 (51 ,100 ) C. nuciferae 10.05

aß (58,600) /. fabab : G lycine (59,500) G. m axc 7.57

aß (58,600) P6 7 (66,700) A. hypogaead 8.29

aß (58,600) P40 (39,800) G. hirsutume 10.27

aß (58,600) P s j (51,500) C. nuciferae 9.04

Glycine (59,500)G. maxc : P6 7 (66,700) A. hypogaead 9.47

Glycine (59,500) P4 0 (39,800) G. hirsutume 8.99

Glycine (59,500) P5 , (51,100) C. nuciferae 11.76

P67 (66,700) A. hypogaead : P4 0 (39,800) G. hirsutume 6.45

P67 (66,700) P51 (51,100) C. nucífera^- 12.45

P40 (39,800) C. hirsutume : P5 , (51,100) C. nuciferae 9.68

a Raw  data from  W e in traub  and Tuen  (1971) 
k  Raw  data from  W righ t and Bou lte r (1974) 
c R aw  data from  C a ts im poo las e t al. (1971) 
d R aw  data from  Y u  and D ieckert (U npub lished) 
e Raw  data from  W allace and D ie cke rt (U npub lished)

D.I. than was observed between the tw o species of Vicia. A 
com parison of suspected legumin homologues from  different 
families gives equivocal results. The difference indices for pairs 
representing different genera or families cluster in the 8 — 12 
region and show variable correlation with proposed phylo
genetic relationships. Assuming the hypothesis of homology is 
correct, there must be some balance between the forces of 
divergence and convergence. Post translational modification 
may also have an effect.

If the A-S-S-B subunit is derived from  a single polypeptide 
as insulin is produced from  proinsulin, then each series repre
sents the corresponding subsequence of a parent polypeptide. 
No solid evidence is available yet to  test this hypothesis. If 
such a mechanism is operative, then under the hom ology con
cept one ancestral gene gave rise to  the structural genes for the 
series of parent polypeptides. If such a mechanism is not 
operative, then apparently tw o ancestral genes are involved 
and the problem of how the subunits are paired remains.

There are o ther reasons for thinking tha t the legumin-type 
proteins discussed in this paper are homologous. Some of these 
are presented in an earlier paper (Dieckert and Dieckert,
1975). Except for cocosin they all seem to be hexamers of a 
disulfide bridged subunit. The molecular weights of the 
hexamers are similar. The estim ated molecular weights are the 
following: legumin (V. faba), 320,000 (Bailey and Boulter,
1970) ; legumin (V. sativa), 360,000 (W eintraub and Tuen,
1971) ; glycinin (G. max), 363,000 (Wolf and Briggs, 1959); 
arachin (A. hypogaea), 330,000 (Johnson and Shooter, 1950). 
As pointed out by Dieckert and Dieckert (1975), cocosin and 
edestin also are probably homologues of legumin. These two pro
teins seem to be tetram ers of a disulfide bridged subunit. The 
molecular weights of the native proteins are: cocosin, 208,000 
(Sjogren and Spychalaski, 1930); and edestin, 212,000 (Svedberg 
and Stamm, 1929). Finally, from  a biologist’s point o f view, the 
com mon function and cytological origins provide an additional 
argument for homology. What is needed now for a more secure 
decision is the amino acid sequence for a range of these in
teresting proteins.

There is evidence for charge density variants within the 
molecular weight classes of the reduced subunits of glycinin 
(Catsimpoolas et al., 1971). Thus there appear to be several 
genes coding for glycinin subunits within the soybean popula
tion sampled. The situation in o ther species is not clear.

RESERVE PROTEINS AS LIBERAL PROTEINS
SINCE the principal aleurins have no known enzym atic activ
ity and disappear com pletely during germination, they ap
parently function as a store of organic nitrogen for the seed
ling. This is an old idea (Pfeffer, 1872) that has never been 
seriously challenged. A pparently, most seed plants provide a 
nitrogen reserve in the seed in the form of vacuolar protein 
deposits. The question naturally arises as to  why such a com
plicated “ solution” evolved to  m eet such a “ simple” problem. 
And, it is fair to  ask how many distinct solutions to the nitro
gen reserve problem have survived the evolutionary selection 
process.

According to Dickerson and Geis (1969) each protein 
appears to  have a characteristic period of tim e for one average 
acceptable amino acid change to  occur per 100 residues. They 
point out tha t the reason for the apparent variability in the 
evolutionary rate of proteins is that the probability o f a 
change in the amino acid sequence being lethal differs from  
one protein to  another. Proteins like cytochrom e C have strict 
structural requirem ents to  function properly and, consequent
ly, show little variation in amino acid sequence in sensitive 
regions of the proteins in phylogenetically diverse organisms. 
Proteins with strict requirem ents for the amino acid sequence 
are called conservative proteins. F ibrinopeptides, on the other
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hand, show higher apparent rates of change in amino acid 
sequence. The functionality o f the fibrinopeptides is, there
fore, less sensitive to  changes in the amino acid sequence than 
cytochrom e C. Proteins tha t remain functional while sustain
ing num erous changes in amino acid sequence may be called 
“liberal proteins.”

The major vacuolar proteins of seeds are likely to  be liberal 
proteins (Dieckert and Dieckert, 1975). This concept seems 
plausible when hypothetical constraints for a successful reserve 
aleurin are considered. The principal aleurins appear to  be non- 
enzym atic proteins. Therefore, the structural constraints for 
enzyme specificity are absent. Since the major aleurins are 
vacuolar proteins and are probably synthesized by the rough 
endoplasmic reticulum  and packaged and/or modified by the 
dictyosomes, there may be significant restrictions imposed on 
their structure by the details of the synthesis and segregation 
processes. High molecular weight o f the associated form of the 
principal aleurins is almost certainly a structural imperative. It 
was pointed out by Wetlaufer (1973) that the association of 
subunits to  form m ultisubunit assemblies in proteins reduces 
the osm otic pressure a cell must bear, thus preventing the cell 
from  rupturing when the weight concentration of a protein is 
high. In the maturing seeds we have examined, the aleurins are 
present in high concentration in the vacuoles; therefore, high 
particle weight seems like an im portant requirem ent. This 
requirem ent alone may explain why vacuolar proteins evolved 
to  m eet the problem  of a nitrogen reserve in seeds. Finally, the 
principal aleurins should provide an adequate nitrogen source 
for the seedling. The capacity of plants to  interconvert amino 
acids seems to minimize this source of constraint. In this con
nection the amino acid com position of the reserve proteins is 
biased tow ard a high content of the readily utihzable amino 
acids—arginine, glutamic acid (glutamine), or aspartic acid 
(asparagine).

The proposed model for the major aleurins offers a simple 
and unifying view of these complex, seemingly diverse pro
teins.
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APPLICATION OF M ICROSCOPIC TECHNIQUES TO THE DESCRIPTION  
OF STRUCTURE OF DEH YDRATED  FOOD SYSTEMS

--------------------------------  ABSTRACT --------------------------------
A wide variety of optical microscopic techniques are available for eluci
dation of the structure of materials. Many can be applied by the food 
scientist for studying the structure of dehydrated food materials and 
the influence of the structure on physical properties of the food. Also 
recent developments in scanning electron microscopes and related in
struments permit new approaches to the study of food structure. The 
application of some of these microscopic techniques for studying the 
structure of dehydrated food materials and of the relationship of the 
observed structure on some physical properties of the foods will be 
described by use of a number of selected examples.

INTRODUCTION
THE OPTICAL MICROSCOPE has for many years been a valu
able too l for the description of sohd systems in the fields of 
mineralogy, metallurgy, chemistry, biology and microbiology 
(Schaeffer, 1966; Bailey, 1967; Hartshorne and Stuart, 1970; 
Delly, 1973). Today, microscopic techniques are used rou
tinely by analytical microscopists in the identification of al
most all dust-size particles regardless of nature and origin. 
Besides the conventional brightfield microscope, variations like 
the darkfield, phasecontrast, fluorescence, polarizing and inter
ference microscopes are com monly used for microscopic inves
tigations.

Spiess (1969) used optical brightfield microscopy on freeze- 
dried food model systems to  develop m athem atical models 
describing heat and mass transfer properties of these systems. 
Darkfield microscopy is a variation in which the image of the 
sample is presented on a dark background so tha t small details 
in colorless samples appear to  have greater contrast and their 
natural colors are enhanced.

The phasecontrast microscope is used to  observe very trans
parent objects tha t would be nearly invisible in the conven
tional microscope. Its effect is to  enhance the phase differ
ences between light rays going through the object and the 
surrounding medium.

McGrath et al. (1973) used fluorescence microscopy to 
measure viability of HeLa cells subjected to  various freezing 
and thawing rates, by observing uptake behavior by the cell of 
fluorescent dyes.

The polarizing microscope is a major too l in identifying and 
describing optical properties of crystalline materials (Schaef
fer, 1966; Hartshorne and Stuart, 1970).

Boutelje (1972) used interference m icroscopy to  determ ine 
changes in refractive index and volume of cellulosic plant cell 
walls w ith varying moisture contents.

Luyet (1960) has extended the microscopic technique to  
the evaluation of crystallization and freeze drying of biological 
systems. R ink  et al. (1973) designed a freeze-drying micro
scopic stage capable of continuous observations at the high 
magnifications which were required for flavor retention  
studies.

Another valuable instrum ent is the scanning electron micro
scope (or SEM). Its major advantage lies in its ability to  pre
sent three-dimensional high resolution views of a m aterial’s

surface topology. Originally used for the study of conducting 
materials (metals, minerals, etc.) it is now recognized as a valu
able tool for studying nonconductive systems. With noncon
ducting materials it is, however, necessary to  first deposit a 
thin layer of a conducting material. A review of its application 
in biological research has been published by Hollenberg and 
Erickson (1973).

The electron microprobe, which is a technique based pri
marily upon detection of characteristic X-rays, has been ex
tensively used for analysis o f atom ic com position of micron 
size areas o f ores, alloys and surface coatings, (Labana and 
Wheeler, 1974). In recent years, biologists have found the 
electron microprobe to  be useful for studying the distribution 
of elements in biological tissue on a cellular and subcellular 
scale (Robison, 1971).

Microscopy of foods and food related products has been 
conducted for many years, but it is only recently that the 
value of food m icroscopy has becom e more widely recognized. 
White and Shenton (1974) have recently initiated the publica
tion of an extensive bibliography on food microscopy as an aid 
to  food scientists.

The structure of individual food com ponents, as well as of 
the finished product, plays an im portant role in determining 
appearance, flavor, rheological properties and keeping quali
ties. To study these interrelationships, the microscope in its 
various modes is being used to  allow visualization of the dif
ferent heterogeneities in the structure of food systems.

This paper reports on  further dem onstrations of the value 
of optical microscopy and scanning electron microscopy for 
the study o f the m icrostructure of a variety of food systems.

MATERIALS & METHODS
Preparation of samples

Instant coffee powders. Spray-dried and freeze-dried instant coffee 
powders of commercial origin were used.

Freeze-dried milk powders. Freeze-dried samples of skim and whole 
milk were prepared The milk samples were frozen at —20°C in 5 mm 
layers in petri dishes and freeze dried in a Virtis freeze dryer (Model 
10-MRTR).

Freeze-dried oil-in-water emulsions. Freeze-dried oil-in-water emul
sion systems were prepared from triolein (5%), water “soluble” solute 
[maltodextrin, or microcrystalline cellulose (Avicel)] (20%), and emul
sifiers at a concentration of 9% of the oil phase (Tween 80 and Span 80 
at a 2:1 ratio). The emulsions were prepared by blending the oil and 
Span 80 together and then adding this mixture to an aqueous solution 
or dispersion of the solid and Tween 80. The emulsification was carried 
out by high speed mixing in a Sorvall Omnimixer for 5—10 min.

Avicel dispersions were usually mixed in the Sorvall Omnimixer for 
10 min before adding the oil phase to disintegrate clusters of Avicel. 
After emulsification the emulsions were transferred to trays and freeze 
dried in layers of about 5 mm.

Freeze-dried sucrose/corn syrup solids mixture. Recrystallization of 
freeze-dried mixtures of sucrose and corn syrup solids (1:6.3) was 
studied. The freeze-dried powders were stored at room temperature in 
desiccators of 0% relative humidity (RH) (over Drierite), and at 43% 
RH (over saturated K2 C03 ). The samples were removed from the desic
cators and recrystallization observed by optical microscopy.
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Freeze-dried gels. Observations of structure were made on gels, 
whose texture simulates fruits (Luh et al., 1976). The ingredients [sodi
um alginate (2.5%), pectin (2%), gelatin (1.5%), Avicel (0.25%) and su
crose (25%)] were homogenized with water and then refrigerated a few 
hours to set the gelatin gel. One (1) cm cubes, sliced from the gel, are 
cross-linked in a calcium lactate solution, osmotically pre-dried in a 50% 
aqueous sucrose solution for 2 hr and finally freeze dried.
Microscopic methods

Optical microscopy. Optical microscopy was conducted with an 
Olympus biological microscope, Model EH. While generally designed for 
transmitted brightfield illumination, by inserting crossed polarizers 
(and occasionally a quarter wavelength quartz plate) polarizing tech
niques for analysis of sample anisotropy could be conducted. An inci
dent lighting unit can also be added, if desired.

Fig. 1— Stereo microscopic views o f freeze-dried coffee (25X): (a) 

fast frozen; (b) slow  frozen.

Fig. 2 — Stereo microscopic view of spray-dried coffee (25X).

Dried samples were carefully ground and flakes transferred to a 
microscope slide using the tip of a spatula. The solid was mixed into a 
drop of immersion oil and a cover slip placed on the sample. In cases 
where samples were to be rehydrated (e.g., swelling studies of gels) 
water was used as the immersion medium. For low magnification 
studies, (Le., less than 25x) an American Optical Stereomicroscope was 
used.

Staining to improve lipid phase clarity. In studies on freeze-dried 
multiphase system, it is generally desirable to improve the contrast 
between lipid and the other components. This contrast could be in
creased by incorporation of Fat Red 7B (Sigma Chemical Co.), a lipid 
soluble dye. The dye is dissolved in a minimal volume of hexanol and 
then mixed with the lipid prior to preparing the emulsion. The emul
sified oil droplets have a distinct red color. Lipid films, however, are 
too thin to give any coloration.

Surface deposits of fat in the freeze-dried oil-in-water emulsions 
were visualized by staining with osmic acid. The dried fat-containing 
powder is placed on a slide inside a desiccator and a sealed ampoule 
containing a few crystals of osmic acid is broken and placed next to the 
slide. The desiccator is closed and the free fat turns dark due to re
action of unsaturated bonds with the osmic acid vapors. This method is 
adopted from Buchheim et al. (1974) who used osmic acid vapor for 
specific dyeing of surface fat in milk powder particles. The degree of 
darkening, which can be easily observed with the naked eye, varies from 
light brown to black, depending on exposure time (10-60 min) and 
surface oil concentration. This method is very specific for identifying 
surface deposits and free globules of oil. Inclusions of oil do not react 
with the osmic acid, due to the impermeable matrix.

Scanning electron microscopy. Small pieces of dry samples were 
attached with double sided adhesive tape to aluminum specimen 
holders called “stubs.” The samples were then shadowed with a thin 
layer of aluminum or gold (approximately 300-600 A ) in a Bendix 
vacuum evaporator (model CVC-14). A JEOL JSM-U3 scanning elec
tron microscope operating at 10-35 kv with an aperture of 200 g  was 
used. The detector was operated in its normal mode using secondary 
electrons for image formation.

Electron microprobe. The electron microprobe has been used for 
detecting surface oil of freeze-dried oil-in-water emulsions. The samples, 
which have been treated with osmic acid and coated with metal, are 
observed using the Ma osmium X-ray line which is emitted upon elec
tron bombardment within the SEM column. The accelerating voltage 
was 15 kv and the beam diameter about 5ju. By scanning the sample 
surface, osmium rich areas appear as bright areas on a dark background.

Mapping of samples. Sequential studies with the optical and scan
ning electron microscopes are used in evaluating sample structure. The 
sample is firmly attached with double-sided adhesive tape to a glass 
slide. The glass slide is used in the optical microscope or mounted on 
the specimen stubs of the electron microscopes. Using markings on the 
slide as a reference point, a particular grain or flake can be easily 
located and exhibits the same orientation in all instruments.

The dry sample is first scanned in the optical microscope, then 
metal coated and observed in the scanning electron microscope, fol
lowed by the optical microscope and viewed in the dry state or in an 
immersion medium for more detailed study.

OBSERVATIONS & DISCUSSION
EACH of the various microscopic techniques supplies a par
ticular bit o f inform ation about sample structure. In the fol
lowing examples, using various dehydrated foods and food 
systems, it is shown how these bits of inform ation com ple
ment each other and can be combined to provide a com pre
hensive view of the m icrostructure of food materials.
Food systems

Coffee powders can be used to  dem onstrate the range of 
inform ation on the m icrostructure tha t can be obtained as 
higher magnifications are used. The naked eye shows only 
color and gross particle size. The stereo microscope perm its 
the observation of porosity of individual particles, and also the 
presence of reflecting and glassy surfaces of the coffee solids. 
Figure la  shows a freeze-dried coffee powder w ith particles of 
small pores and sharp corners and edges indicating the product 
was fast frozen w ithout melting or collapse during subsequent 
freeze drying. Figure lb  shows a highly porous product. This 
could be due to  slow freezing which results in larger ice crys-
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tals or to  gas incorporation in the coffee slurry to  yield a 
porous dry product w ith lower bulk density. The presence of 
rounded edges suggests tha t some melting or collapse has oc
curred during drying. Spray-dried particles appear as individual 
spheres w ith highly reflecting surfaces, most likely resulting 
from a high air tem perature causing the surface to partially 
melt (Fig. 2). At higher magnification (300— 600x), individual 
flakes of the freeze dried matrix (produced by grinding) are 
seen to  be quite complex, containing pigment bodies and air 
and liquid inclusions, and having a convoluted surface mor
phology (Fig. 3a). Figure 3b shows tha t in tact spheres of 
spray-dried coffee solids envelop air bubbles, while broken 
pieces from larger spheres show similar characteristics as the 
freeze-dried coffee, i.e., liquid inclusions and pigment bodies.

Surface morphology is better visualized w ith the SEM 
where surface roughness and curvature is easily distinguished 
due to the larger dep th  of view. The freeze-dried coffee in 
Figure 4 shows a network of small, curved flakes. Large pores 
of 30— 50/U diam eter (as on right edge) come from primary ice 
dendrites, while smaller pores of \0)jl or less originate from 
secondary or tertiary ice dendrites. In Figure 5 the intact 
spherical particle of spray-dried coffee shows folds and de
pressions on an otherwise sm ooth surface suggesting that some 
melting and contraction occurred during the drying step. This 
reinforces the observation in the stereom icroscope (Fig. 2). 
The small pieces scattered on the surface are from  other 
broken spheres. In the upper right hand corner o f Figure 5 is 
seen a broken edge showing the thin, dense wall which origi
nally encapsulated an air bubble. Figures 1—5 also dem on
strate the difference in m icrostructure between freeze-dried 
and spray-dried products, (i.e., parallel to  cellularly arranged 
plates versus hollow spheres).

The exam ination of freeze-dried powders of whole and 
skim milk shows the differences in the m icrostructure which 
are related to  the fat content. Commercial homogenized whole 
milk which contains about 3% (w/w) fat in the liquid state 
(about 20% fat in the dried m aterial) shows a very heavy 
density of oil inclusions in the dried milk solids flakes (Fig. 
6a). Skim milk, however, which is less than 0.1% (w/w) fat 
shows flakes w ith little or no oil globule inclusions (Fig. 6b). 
No evaluation of surface fat was made. The grain appearance is

Fig. 3— Transmitted brightfieid optical microscope views o f dried 

coffee (in immersion oil): (a) freeze dried (600X); (b) spray dried 

(300X).

very much like the freeze-dried coffee described above. The oil 
inclusions are spherical and evenly dispersed in the flakes of 
nonfat milk solids. In the whole milk, droplets sit so close (and 
even in contact) tha t they have lost their individual spherical

Fig. 4— Scanning electron microscope view o f  freeze-dried coffee 
(coated with a'um inum) (600X).

Fig. 5— Scanning electron microscope view o f spray-dried coffee 

(coated with alum inum ) (600X).
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shape. This type of observation is valuable when considering 
the oxidative stability and solubility of milk powders. Fat 
globules sitting just under the surface can react w ith oxygen if 
the thin surface layer is broken. If other oil droplets are sitting 
in contact w ith this exposed oil droplet, oxygen will be able to 
diffuse down to the underlying oil and degrade the fat, leading 
to rancidity and off-odors. Oil globules leaking up to  the sur
face will influence dispersibility due to their hydrophobic 
character. During freezing, the growing ice crystals can flatten 
and distort the spherical oil globules inside the concentrated 
solute phase, so that they eventually make contact. This would 
be expected to affect stability o f the emulsion such that upon 
rehydration the oil globules in the dried matrix will be prone

Fig. 6— Transmitted bright field optical microscope views o f freeze- 
dried m ilk (in immersion oil): (a) whole m ilk (600X1, (b) skim  milk 

(600X1.

Fig. 7— Transmitted brightfieid optical microscope view of freeze- 
dried oil-in-water maltodextrin emulsion (observed dry! (150X).

to  agglomeration and/or coalescence, which can result in 
creaming.

Model food systems
The m icrostructure of freeze-dried oil-in-water emulsions 

containing dispersed or dissolved solids was observed. When 
fresh, m altodextrin-based emulsions which contained well dis
persed, lju oil droplets were freeze dried, the oil was present in 
the dried matrix as spherical inclusions up to  4—5pi diameter. 
In some cases, however, the oil packing density can be so high 
that the oil inclusions are not observed as individual spherical 
droplets but rather as polygonal bodies sitting in contact.

Figure 7 shows an optical micrograph (1 5 0 x ) o f a freeze-

Fig. 8— Transmitted brightfieid optical microscope view of freeze 
dried oil-in-water maltodextrin emulsion after exposure to O s 0 4 

vapors (observed dry) (150X).

Fig. 9 — Higher magnification (600X) view o f center o f Figure 8.
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dried triolein-m altodextrin system. The boot-shaped flake 
shows dense oil inclusions (visible on left half) and some sur
face features which appear black due to the high difference in 
the refractive index for air and m altodextrin. The area pointed 
out by the arrow has many inclusions and somewhat rough 
surface. Reaction with osmic acid vapors gives dark (brown to 
black) areas in this region indicating the presence of surface oil 
(Fig. 8). On the left side of the grain there is practically no 
staining indicating good encapsulation. At a higher magnifi
cation (600x ) o f the area marked on Figure 8 the boundary of 
the stained area and the unstained encapsulated oil inclusions 
is clearly seen (Fig. 9). When this same grain was coated w ith 
gold and observed in the SEM (Fig. 10) a relatively sm ooth 
surface was noted. Figure 11 is the higher magnification 
(600x ) SEM view of the same area as Figure 9. It shows some 
folds, cracks and bumps due to  damage by the SEM electron 
beam, and more im portantly, holes which occur exactly where 
the grain exhibited heavy staining w ith osmic acid vapors. 
These holes probably came from  oil sitting at the ice/solute 
interface following freezing. The osmic acid vapors had good 
access to this oil. This can be the result of the oil in the holes 
leaking out on the surface, or by the osmic acid being able to 
diffuse down the holes to  the encapsulated oil globules.

Sequential studies on a single sample dem onstrate the value 
of utilizing bo th  optical and scanning electron microscopy. 
While SEM allowed a good visualization of the overall surface 
morphology and matrix porosity, it was only in the optical 
microscope that the liquid oil inclusions could be observed.

In emulsions with Avicel (m icrocrystalline cellulose) as the 
solid support, the structural appearance is very different. In 
the liquid state, oil droplets (1— 10/i) and insoluble cellulose 
microcrystals are observed. In the dried state, no oil droplets 
can be observed (Fig. 12a). Reaction of the dried system with 
osmic acid shows that the oil droplets have spread to  form a 
film coating the cellulose crystals. In the scanning electron 
microscope the cellulose crystals appear as rods with wrinkled

Fig. 10— Scanning electron microscope view o f freeze-dried oil-in
water maltodextrin emulsion after exposure to 0 s 0 4 vapors and 

coating with gold (150X1.

surfaces (Fig. 12b). Small pieces, presumably shredded cel
lulose crystals, appear to  have a bridging effect between the 
larger crystals resulting in a dense matrix structure. Surface oil 
again is not visible in the SEM.

To visualize surface fat deposits by electron optical 
methods, the electron m icroprobe was utilized. Since surface 
oil was reacted with osmic acid, the electron beam generates 
characteristic X-rays for osmium when hitting surface oil.

Fig. 11— Higher magnification (600X1 view o f center o f Figure 10, 
same field as Figure 9.

Fig. 12— Microscopic views of freeze-dried oil-in-water Avicel emul
sion (not same fields): (a) transmitted brightfield optical microscope 
(600X); (b) scanning electron microscope (gold coated) (600X).
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Fig. 14— Transmitted polarized light optical m icroscopy (with 1/4 
wavelength quartz plate) o f a freeze-dried corn syrup so/ids-sucrose 
mixture during humidification (observed in chloroform) (150X): (a) 
at 0%  R H ; (b) after 1 day at 43%  R H ; (c) after 4 days at 43% RH.

of these solids was quickly frozen in liquid nitrogen, giving 
am orphous sucrose in the solid m atrix after com pletion of 
freeze drying. The sucrose remains am orphous during subse
quent storage at 0% RH. In Figure 14a, polarization micro
scopy shows an isotropic grain indicating the sucrose-corn 
syrup solids mixture is in the am orphous state. After 1 day at 
43% RH the grain has collapsed due to  absorption of water 
vapor, giving a highly viscous, but still am orphous mass of corn 
syrup solids and sucrose (Fig. 14b). After three additional days 
at 43% RH, small sucrose crystals have appeared w ithin the 
am orphous phase (Fig. 14c).

The metastable condition between am orphous and crystal
line states o f sugars is of econom ic significance in many food 
products. By knowing crystallization patterns of sugars as 
functions of tem perature and w ater activity, a product w ith 
optim al qualities, e.g., color, taste, hardness, can be obtained. 
For example, crystallization of sugars in candy can cause 
stickiness due to  released water, and cause undesirable opaque
ness on the surface (Andersen, 1968).

Polarization microscopy of flakes of freeze-dried gels com 
posed of a complex mixture of alginate, Avicel, pectin, gelatin 
and sucrose show a heterogenous structure with isotropic, weak 
anisotropic, and strong anisotropic areas (Fig. 15a). The iso
tropic areas are presumed to be am orphous regions of alginate, 
pectin, gelatin and sucrose, while the highly birefringent rod
shaped areas are Avicel crystals [(1) in Fig. 15a]. The areas 
with low birefringence suggest another crystalline structure, [ (2) 
in Fig. 15a] most probably due to  highly ordered molecular 
arrangements of alginate chains held together by calcium ions.

That this is an ordered organization of alginate molecules is 
supported by the observation that addition of water causes 
both the gel to  swell and the weakly anisotropic areas to  dis
appear slowly (Fig. 15b). This is reversible as the anisotropy 
returns when the water evaporates. The Avicel crystals are not 
affected by the addition of water, since they are insoluble. 
These observations indicate that when water hydrates the gel, 
alginate chains outside the calcium junction  regions are pushed 
apart and thus the alginate remains aligned only at calcium 
junction  regions. The ordered arrangement and anisotropy are 
lost. As the water is removed, the chains come together again

Fig. 15— Transmitted polarized light optical m icroscopy o f a freeze- 
dried fruit simulating gel system (alginate-pectin-sucrose-Avicel- 

gelatin) (150X1: (a) dry state (1) Avicel crystal, (21 anisotropic 
areas; (b) rehydrated state (1) Avicel crystal, (2) areas where aniso
tropy was lost.

Fig. 13— Freeze-dried maltodextrin coated with triolein and exposed 
to O s 0 4 vapors: (a) scanning electron microscope (aluminum  
coated) (100X); (b) electron microprobe, same field as (a) (100X).

These signals are recorded and pictures show very good agree
ment between dark stained areas seen in the optical micro
scope and the osmium X-ray intensity in the electron micro
probe.

Grains of freeze-dried m altodextrin which were coated with 
triolein and exposed to osmic acid, showed no indication of 
surface fat in the SEM (Fig. 13a). In the electron microprobe, 
however, the same grains show osmium signals, indicating sur
face fat concentrations (Figure 13b).

Recrystallization phenomena, im portant in quality degra
dation of many foods, were observed using a freeze-dried 
system o f corn syrup solids and sucrose. The aqueous solution
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and the ordered structure is essentially fully restored, causing 
anisotropy to  return.

The observations on this particular gel system show not 
only the structure of the material, but dem onstrate how the 
individual gel com ponents interact, especially during hy
dration. Microscopy can similarly be used to  observe the be
havior of gels during tem perature and pH changes, and during 
stress (which can be useful in textural studies).

SUMMARY
APPLICATION of microscopic techniques for studying micro
structure of a variety of foods and food model systems is 
presented. The particular value of using optical and electron 
microscopic techniques can lead to  an understanding of the 
spatial distribution of com ponents o f complex multiphase 
systems which is useful for understanding the physical and 
chemical properties of the complex material.
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THE PLASTEIN REACTION AND ITS APPLICATIONS: A  REVIEW

--------------------------------  ABSTRACT ---------------------- ----------
Various methods for removing the bitterness arising from enzymatic 
hydrolysis of soybean and casein are reviewed. The plastein reaction is 
discussed in detail as well as its use in incorporating essential amino 
acids into the structure of soy protein plastein. Practical use of the p/u 
parameter in controlling the plastein reaction and in trying to enhance 
plastein productivity is reviewed along with alternate theories for plas
tein formation. Concludes that the plastein reaction has great potential 
(from a food processing point of view) provided the process can be 
controlled on an industrial scale; however, more intensive theoretical 
and practical investigations are needed before commercial utilization 
will be successful.

INTRODUCTION
ENZYMATIC HYDROLYSIS of soybean and casein is always 
accom panied by bitterness which arises from  the presence of 
b itter peptides. Several reports have been published on m eth
ods of removing this bitterness.

Murray and Baker (1952) improved the taste of a com m er
cial enzyme casein-hydrolyzate by carbon treatm ent and 
eluted an extrem ely b itter polypeptide from  the carbon which 
had been used in the carbon treatm ent. Sato et al. (1969) 
applied leucine am inopeptidase to  debittering of casein hydrol- 
yzate and Fujimaki et al. (1970a) decreased the bitterness of 
diffusable b itter peptides in a peptic hydrolyzate of soybean 
protein considerably through a carboxy-peptidase A treat
ment. Carboxy-peptidase A was also found effective in de
bittering of a b itter tetracosapeptide isolated by Arai et al. 
(1970a).

The m ethods for debittering using exopeptidase, however, 
encounter certain lim itations, since such enzymes produce sig
nificant am ounts of free amino acids that may affect the food 
quality o f the proteolyzates. To overcome this problem, Fuji
maki et al. (1970b) studied the plastein reaction of soy pro
tein, as well as other proteins.

THE PLASTEIN REACTION
WHEN A PROTEIN is hydrolyzed enzymatically and the 
hydrolyzate then incubated with certain proteolytic enzymes 
under appropriate conditions (high substrate concentration 
30—50%, pH 3—7, tem p 37—50°C and incubation time 24—72 
hr), the hydrolysis is reversed and a high molecular weight 
protein-like substrate is formed whose properties are some
what different from the original protein. The new protein-like 
substance is called ‘p lastein,’ and may be regarded as a mixture 
of high molecular polypeptides (Fujimaki et al., 1971). In fact, 
Wieland et al. (1960) define plastein reaction as the form ation 
of high molecular polypeptides.

At least three points are to  be noted concerning the condi
tions under which the plastein reaction proceeds effectively. 
First, the concentration of substrate should be high. Second, 
the substrate should be of low molecular weight. Third, the pH 
for synthesis of the plastein is different than that for hydrol
ysis of the protein. The pH range for synthesis of plastein is 
narrower than the pH for hydrolysis (Yamashita et al., 1971).

When soy protein is partially hydrolyzed w ith an enzym e, 
e.g., pepsin, the hydrolyzate is bitter. On treatm ent of the 
hydrolyzate with a-chym otrypsin under suitable conditions a 
plastein is formed and the bitterness gradually disappears 
(Yamashita et al., 1970a). Fujimaki et al. (1970c) tested 
several enzymes for plastein production and found th a t two 
commercial proteinases (bioprase and prozym e) were as highly 
plastein productive as a-chym otrypsin.

In further studies on the m odification of proteins in food, 
Yamashita et al. (1970b) found tha t the b itter peptides gly-leu 
and leu-phe play roles of plastein building blocks, constitute 
the plastein in cooperation w ith other peptides in the hydrol
yzate, and are hence deprived of their bitterness. In the form a
tion of the plastein the gly-leu participated m ostly at its 
leucine term inal, with the result that the glycyl-leucyl residues 
are located at or near the N-terminus of the plastein chain. In 
the case of leu-phe, bo th  term ini participated in the plastein 
synthesis and consequently the leucyl-phenylalanyl residues 
seemed to  be distributed almost uniform ly in the plastein 
chains.

INCORPORATION OF ESSENTIAL AMINO ACIDS
IN OTHER COMMUNICATIONS, Yamashita et al. (1970c,
1971) reported experiments on using the plastein reaction as a 
means of incorporating methionine and cystine into the struc
ture of soy protein plastein, thus producing a product of 
potentially greater nutritive value. Since the form ation of a 
peptide bond by condensation between free amino acids is a 
strongly endogenic process (AF = 4 kcal/m ole) and the free 
energy required to  form a peptide bond from  tw o peptides by 
condensation is far smaller (AF = 0.4 kcal/m ole) the peptide 
chain growth during the plastein reaction is m ostly a ttribu ta
ble to  the reaction among peptides. Therefore, it was necessary 
to prepare methionine and cystine containing peptides for the 
reaction. This experim ent was quite successful for the incor
poration of cystine in the molecule but not for incorporating 
m ethionine. In another experim ent, a m ethionine ethyl ester 
was used. This com bination was successful in introducing 
m ethionine in the new molecule to  a level nearly six times that 
of the original soybean protein (Yamashita et al., 1971). H oro
witz and Haurowitz (1959) had earlier reported on the use of 
amino acid ethyl esters for incorporation of a given am ino acid 
into a plastein. The m ethionine occupied 33% and 85% on a 
molecular basis of the to ta l N-terminal and C-terminal amino 
acids, respectively. Of the C-terminal m ethionine 14% re
mained in the ester form (Yamashita et al., 1972).

O ther derivatives such as met-met and to  a lesser extent 
N-acetyl-L-methionine (Ac-met) and L-m ethioninam ide (met- 
NH2) were also successful in incorporating m ethionine into 
the plastein. A m ethod for preparing such a plastein on a 
practical scale has been devised by Arai et al. (1974). They 
further suggest that a 1:5 m ixture of the met-plastein and 
soybean protein is best for optim um  amino acid nutrition, 
since such a mixture resembles the ideal protein proposed by 
FAO/WHO (1965) with respect to  the levels of sulfur contain
ing amino acids. The described m ethod was em ployed by Aso
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et al. (1974) to  improve zein with tryp tophan , threonine and 
lysine. They used the ethyl esters of tryp tophan  and threo
nine and the e-N-acetyl ethyl ester of lysine for best results. 
These results indicate the possibility of preparing plastein 
products having an amino acid com position similar to  an ideal 
protein.

An amino acid w ith a hydrophobic side chain is effectively 
incorporated because such an amino acid can donate to  plas- 
tein molecules a water insoluble property which is an im
portant factor that makes the enzym atic reaction proceed 
toward the synthetic side (Tauber, 1951; Aso et al., 1973). 
However, from a food processing point of view, the produc
tion of a water soluble plastein is sometimes desirable.

Yamashita et al. (1974, 1975) incorporated glutamic acid 
into a soybean globulin fraction. The glutamic acid had to be 
made strongly hydrophobic by ethylating the a- and y- 
carboxyl groups. After com pletion of the plastein reaction the 
ethyl ester linkages are hydrolyzed. This glu-plastein gave a 
clear solution in a 1% w ater solution, and no turbid ity  ap
peared during heat treatm ent of this solution at 100°C for 1 
hr. This plastein, though nondialyzable, was of low molecular 
weight (avg mol wt, 6240), and it is suggested that this in 
conjunction with the high glu content (42%) is w hat causes its 
water solubility and heat stability. A circular dichroism (CD) 
study with the glu-plastein in solution gave a spectrum  having 
a clear trough at 222 nm suggesting a partial form ation of 
some helical structure probably consisting of an oligcmeric 
glutamic acid sequence (Yamashita et al., 1975). This is in 
contrast to  the control plastein which showed a CD spectrum  
almost similar to  that of com pletely denatured soybean pro
tein (Arai et al., 1970b). A plastein is usually considered to  
have no particular variable structure, partly due to  the absence 
of any S-S bridge form ation in the process (Aso et al., 1973). 
It was further noticed by Yamashita et al. (1974, 1975) that 
when this glu-plastein was hydrolyzed, the hydrolyzate had no 
bitter taste in contrast to  the control plastein. It was, there
fore, speculated that various glutamic acid bearing oligo
peptides had a potent bitter-masking effect. The hydrolysis of 
glu-plastein with certain proteases (molsin and pronase) even 
gave a strong brothy taste to  the hydrolyzates.

Recently Noguchi et al. (1975) published a report on 
the b itter masking activity of a glutamic acid-rich oligopeptide 
fraction in a glu-plastein hydrolyzate. The glu-plastein was pre
pared from a bitter fish protein concentrate (FPC) hydrol
yzate. The glu-plastein hydrolyzate consisted of three peptide 
fractions: a slightly b itter basic fraction, a strongly b itter neu
tral fraction and a nonbitter acidic fraction. When the acidic 
fraction was combined with either the basic or the neutral 
fractions or both, the bitterness was com pletely masked. One 
of the main oligopeptides in the acidic fraction was glu-glu. 
Accordingly, its b itter masking activity was also evaluated. It 
was found that the acidic fraction and the glu-glu bo th  were 
able to  mask the bitterness, not only of the b itter hydrolyzate, 
but also of other bitter solutions such as: magnesium chloride, 
chlorogenic acid, caffeine, phenylthiocarbam ide, brucine and 
b itter amino acids and dipeptides.

T H E  P A R A M E T E R  / 3 / a

AS MENTIONED PREVIOUSLY, the precipitation of the 
plastein is one of the driving forces in the plastein reaction 
(Aso et al., 1973). Highly hydrophilic protein hydrolyzates are 
not effective substrates because the products are still soluble 
and eliminated with difficulty from  the reaction system (Fuji- 
maki et al., 1970c). On the other hand, if the hydrolyzate is 
highly hydrophobic the product easily precipitates before 
growing sufficiently in size (Aso et al., 1974). Both cases are, 
therefore, unfavorable when an optim um  am ount o f plastein is 
intended.

Arai et al. (1975) have introduced a new term , /3/a, which is

related to  plastein form ation and may have practical use in 
controlling the plastein reaction and in trying to  enhance plas
tein productivity. /3 is a measure of the insolubility of the 
plastein and a  is a measure of the plastein production. Starting 
from a hydrophilic casein hydrolyzate, the plastein productiv
ity  (a) is 40% and the (3/a value is 0.28. For zein, which is 
hydrophobic, the values are 57% and 0.87, respectively. In a 
3:1 m ixture of the two hydrolyzates values are: a  = 88% and 
/3/a = 0.47. Arai et al. (1975) propose tha t optim um  plastein 
producing conditions are obtained when /3/a approaches 0.5. 
The plastein yield from an ovalbumin hydrolyzate is more 
than 90% with f /av a lu e  of 0.49.Therefore, with a little know l
edge of different hydrolyzates it is possible to  find mixtures 
giving maximum plastein yield (90% or more).

In the presence of NaCl at concentrations of 0.1M and
0 .8M the plastein yield of an ovalbumin hydrolyzate was in
creased by 10% (Tanim oto et al., 1975). At the lower concen
tration it was considered to be the result of increased enzyme 
activity and at the higher concentration a salting out effect o f 
the products, v. Hofsten (1974) showed that by addition of 
NaCl in concentrations of 0.2M or more the plastein reaction 
proceeded faster.

A L T E R N A T E  T H E O R IE S  F O R  P L A S T E IN  F O R M A T IO N

DURING the plastein reaction a strong jelling very often oc
curs (Fujim aki et al., 1970c; Tsai et al., 1972; v. Hofsten,
1974). This was investigated in some detail by Tsai et al.
(1972) who worked w ith substrate concentrations from  5 to 
50% and found that the plastein reaction product in tha t range 
showed a rheological change from  plasticity in to  elasticity. 
The jelly strength increased notably  at substrate concentra
tions above 20% and the jelly was most developed in the prod
uct from  a 35% starting substrate. At 40% the occurrence of 
solidification was rather prom inent. The water-holding capac
ity of the gel reached 100% for substrate concentrations above 
35%. v. Hofsten (1974) produced gels from  whey protein 
hydrolyzates only after a few minutes incubation at 4 0 —50°C. 
The gel was so rigid that the reaction beaker could be turned 
upside down. The gel was thixotropic.

These observations suggest tha t the jelling reaction belongs 
to  the third of the three classes of sol-gel transform ations re
ported by Heymann (1935). In this class belong the types of 
reactions where gels are form ed by a process, where the dis
solved com pounds become insoluble, either by change in tem 
perature, when one liquid is replaced by another, or when the 
gel is formed by a chemical reaction yielding an insoluble sub
stance. In the sol the particles are hydrated. The hydration is 
decreased, before the gel form ation takes place, providing the 
increase in entropy necessary to  drive the endotherm ic struc
ture forming reaction (Lauffer, 1975).

Fujimaki et al. (1971, 1973) defined plastein as the product 
insoluble in 10% TCA, 70% ethanol or acetone. For the detec
tion of plaste n, bo th  TCA and dyes, especially amido black 
10B, have been chosen, since they are known to have no af
finity for low-molecular peptides and are used as a common 
reagent for the quantitative analysis of proteins. Tsai et al.
(1974) estim ated that amido black 10B could be employed for 
peptides with molecular weight above 1200 according to  their 
experim ents with acrylamide-gel electrophoresis.

According to  v. Hofsten (1974) little atten tion  has been 
directed to  study the type of reactions capable of form ing gels 
and insoluble products during the plastein reaction. The 
am ount of product insoluble in 10% TCA increases during 
the reaction, but this is not primarily because of an increase in 
the chain length of the peptides, but more due to  the fact that 
the product formed is insoluble. Aso et al. (1973) suggest from 
their results that hydrophobic bonding betw een peptides is 
largely responsible for the water insolubility or precipitation 
of the plastein produced from  a soybean protein hydrolyzate
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w ith pepsin. Tanim oto et al. (1972) produced a plastein with 
insoluble enzyme, which was removed from the reaction sys
tem after reaction. This rules out the possibility that the plas
tein might be form ed from  some chemical peptide-protein (en
zyme) aggregation.

Kettm an et al. (1966) in their study of therm al aggregation 
of poly-L-valyl-ribonuclease noticed that high NaCl concentra
tions perm itted the aggregation to  proceed faster and at a 
lower tem perature. They suggest that the aggregation is due pri
marily to  attractive nonpolar interactions, but tha t repulsive 
forces also are involved which can be diminished by higher 
ionic strength.

Yamashita et al. (1973) proposed that the plastein reaction 
is mainly a polycondensation process based or. the fact that 
they dem onstrated an actual peptidyl-enzyme interm ediate. If 
plastein form ation consisted merely of the form ation of new 
peptide bonds, a decrease in the to tal num ber of free amino 
groups should take place. However, using three different m eth
ods for the determ ination of free amino groups, Horowitz and 
Haurowitz (1959) were unable to  find any decrease during the 
plastein form ation. The same observation was made by v. Hof- 
sten (1974). These results and the observation that amino acid 
esters and not free amino acids are incorporated into plastein 
proved to  them  that plastein is form ed, essentially by trans- 
peptidation, i.e., by the transfer of amino acyl residues from 
donor peptides to acceptor peptides or amino acids.

Indications that bo th  reactions may occur are in the report 
by Determann and Kohler (1965). They produced a condensa
tion product from one pentapeptide and transpeptidation 
products from  another pentapeptide. From  a third penta
peptide Determ ann et al. (1965a) produced a plastein that was 
a homolog of the monomer. From a hexapeptide they were 
only able to  produce the dimer. In another com m unication 
Determ ann et al. (1965b) reported on the specificity of pepsin 
in the plastein reaction. Using a pentapeptide containing leu
cine at the carboxyl end the condensation reaction proceeded. 
Substituting leucine with isoleucine or valine prevented the 
reaction and so did D-amino acids. In an earlier report Deter
mann et al. (1963) reported on the active plastein productivity 
of hexa-, penta-, and tetrapeptides bearing arom atic amino 
acids on bo th  term ini. When alanine was substituted for the 
am ino end tyrosine, the pentapeptides ability to  form plastein 
was not affected, whereas the same substitution at the carboxy 
end caused inactivity.

Even though optim um  conditions for the plastein reaction 
are in the pH range 3 - 7 ,  v. Hofsten (1974) produced a gel 
from  a whey protein hydrolyzate using esperase at an initial 
pH of 10.5. During the reaction the pH dropped to  8.4 due to  
proteolysis. The precipitated product m s dissolved in 50% 
acetic acid and chrom atographed on Sephadex G-50. The re
sults show that the am ount of low molecular peptides in
creased indicating tha t the gel form ation is independent of an 
increase in peptide chain length. Furtherm ore, gels produced 
under optim al conditions were soluble in 8M urea or 6M guani
dine at neutral pH which indicate that the gels are not held 
together by covalent bonds.

Apparently different reactions are involved in the plastein 
form ation. If they are condensation reactions, a decrease of 
free amino groups would have to  occur, which is not observed. 
Transpeptidation is hard to  accept as the sole factor re
sponsible for the form ation of insoluble or gel-forming prod
ucts. A nother possibility is that hydrolysis of certain bonds 
could prom ote plastein form ation (v. Hofsten, 1974). One pos
sibility is that the enzym e’s specificity could be affected by 
the extreme conditions of the reaction, i.e., high substrate 
concentration and a pH different than for optim al hydrolysis 
(v. Hofsten, 1974).

It seems most likely that the plastein reaction is an entropy- 
driven process, increase in entropy of water acting as the driv
ing force (Lauffer, 1975) after an initial concentration of suit

able peptides have been formed by either condensation or 
transpeptidation or both.

C O N C L U S IO N S

FROM A PRACTICAL point of view, it is possible to  form 
plastein with most proteases aside from  what the actual de
tailed mechanism might be. Fujimaki et al. (1973) describes a 
m ethod for improving the quality of single-cell protein from 
n-paraffin-assimilating yeast cells by removing residual ali
phatic hydrocarbons by hydrolysis, extraction  of im purities 
followed by plastein synthesis.

From a food processing point of view, the plastein reaction 
has great potential if  the process can be controlled on an in
dustrial scale. However, the process has to  be more fully in
vestigated both  theoretically and practically before any com
mercial utilization will be successful. The process could prove 
useful for the following applications, according to v. H ofsten
(1974):

1. Removing bitterness of hydrolyzates;
2. Preparing gel-like products with excellent visco-elastic prop

erties for incorporation in different types of foods;
3. Preparing products w ith improved amino acid com position 

using mixtures of hydrolyzates as substrates;
4. Preparing products with a very high level of a single amino 

acid which could be used as a dietary supplem ent to  certain 
foods;

5. Preparing special types of soluble peptides having im portan t 
flavor or other characteristics.
Aside from the possibility of unwanted nicroorganisms, 

nucleic acids and toxic substances being present in the hydrol
yzates, special consideration must be given to  the following 
problems:

1. The plastein will contain an enzyme. The conten t need not 
exceed that of cheese and it is possible to  inactivate the 
enzyme before use of the plastein.

2. Theoretically, it is possible that the plastein reaction would 
produce toxic peptides under special conditions. The nu tri
tive value of every plastein, therefore, has to  be investigated 
in detail. So far, animal tests have indicated no toxicity.

3. Plastein must be considered a synthetic product and may 
not be readily accepted by the consumer.
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MASS TRANSFER AND KINETIC CH ARACTERIST ICS OF A  
C0LLAGEN-|3-GALACT0SIDASE (Aspergillus niger) REACTOR

-----------------------------------------  A B S T R A C T  ------------------------------------------

As a prelude to an eventual pilot plant scale-up of the collagen-0-galac- 
tosidase system, mass transfer, kinetic, pH and temperature profiles 
were completed. The diffusional studies proved useful in elucidating the 
role of internal and external mass transfer in the collagen system. Ex
ternal mass transfer was negligible for a residence time in the range of 
41.2 to 4.1 x 10'3 min or a flow rate of 48-495 ml/min. Internal 
transport influence increased with increasing film thickness. A thin film 
(0.4 mil or 10.16 X 10'3 mm) produced the highest activity per gram of 
complex. It is not advisable to use a film thinner than 0.4 mil with a 
bench-top reactor since the film will lack sufficient mechanical 
strength. Separate pH and temperature profiles were obtained with 
respective optima being 3.5 and 55°C. An activation energy of 10.7 
kcal/mole was calculated by means of an Arrhenius plot. A kinetic 
study showed that the Michaelis constants for both the immobilized 
and soluble j3-galactosidase were similar, 0.066 and 0.060M, re
spectively.

IN T R O D U C T IO N

THE IMMOBILIZATION of lactase to a solid support such as 
collagen makes the continuous hydrolysis o f lactose possible 
over long periods of tim e and, in general, provides a more 
precise control over the hydrolysis of lactose. The recent suc
cess of glucose isomerase in the production of high fructose 
syrups (Mermelstein, 1975) may increase the commercial at
tractiveness of enzym atic hydrolysis of lactose to  glucose and 
galactose. Such a system could help utilize the large quantity  
of acid whey which, as a source of a potential sweetener, 
remains untapped. The feasibility of hydrolysis by immobi
lized lactase has been dem onstrated by several researchers 
(Olsen and Stanley, 1973; Stanley and Palter, 1973; Pitcher, 
1974; Weetal et al., 1974a, b; Wierzbicki and Edwards, 1974; 
Barndt et al., 1975). However, when considering the scale-up 
of a reactor system, the investigator should remember that the 
attachm ent of an enzyme to  a solid support may cause con
siderable changes in its kinetic properties. A thorough discus
sion of this subject is found in an article by Vieth and Ven- 
katasubram anian (1974). In this article it is pointed out that 
factors such as a change in enzyme conform ation, steric ef
fects, m icroenvironmental effects, or external and internal 
mass transfer effects may change the kinetic behavior of the 
solid supported enzyme. Steric and conform ational lim itations 
are at best difficult to  assess accurately. However, micro
environm ental and transport or diffusional effects may be 
more readily determined.

The changes in the m icroenvironment are usually mani
fested in a shift of the pH and tem perature profiles between 
the soluble and immobilized forms. Perhaps more im portant is 
the existance of a substrate concentration gradient across the 
solid support due to diffusional influence. A theoretical 
approach to  the problem was first proposed by Thiele (1939). 
His concept of an effectiveness factor has since been readily 
adapted for a variety of situations including the use of im

mobilized enzymes (March et al., 1973). Bunting and Laidler
(1972), Ford et al. (1972), Hamilton et al. (1974), Pitcher
(1974) and Chu et al. (1975) have all m entioned the im por
tance diffusional influence has in the systems which they have 
investigated. Recent articles by Lee and Tsao (1974) and 
Shukla (1975) discuss the subject at length.

The purpose of this paper is to  present experim ental data 
concerning the exploration of mass transfer, kinetic and micro
environm ental characteristics of a collagen-j3-galactosidase 
system.

M A T E R IA L S  & M E T H O D S

Preparation of lactase-collagen complex
Microcut cattle hide collagen was obtained from the USDA Eastern 

Regional Research Center to be used as the enzyme support. 0-galac- 
tosidase (Lactase LP) from A. niger was donated by the Wallerstein 
Company, Morton Grove, III The enzyme was used without further 
purification in binding to the cattle hide collagen. The direct mixing 
technique was used in preparing the lactase-collagen complex (Barndt et 
al., 1975). The dried film was cross-linked in 0.6% glutaraldehyde for 6 
min at 22°C. The glutaraldehyde solution was prepared in 0 .1M, pH 7.0 
sodium phosphate buffer. Following cross-linking, the film was washed 
thoroughly in distilled water and then allowed to air dry.

The dried collagen-lactase complex was used to construct bio- 
catalytic reactors in the spiral reactor configuration (Vieth et al., 1972; 
Barndt et al., 1975).
Determination of lactase activity

Before any experiments were conducted, all biocatalytic reactors 
were brought to steady-state activity through continuous plug flow 
operation with 5% lactose dissolved in pH 4.6 sodium acetate buffer. 
All experiments were conducted at 37°C with the exception of the 
temperature profile. The experimental data were collected using a batch 
recirculation type of reactor. A 5% lactose solution was used as the 
substrate with the exception of the kinetic experiment. The enzyme 
assay was performed with Sigma glucostat reagents as outlined by 
Barndt et al. (1975). A unit of activity was defined as 1 pM glucose 
produced/min/g of complex at 37°C.

Mass transfer studies
To investigate the presence of external mass transfer, the flow rate 

of the bioreactor was varied while operating at a constant substrate 
concentration (5% lactose) in the first order region of the Michaelis- 
Menton kinetics. The flow rate varied from 48-495 ml/min (41.2 to 
4.1 x 1CT3 min residence time). Residence time was determined by 
dividing the reactor volume (ml) by the flow rate Q (ml/min). The 
substrate was recirculated for 30 min during which aliquots were 
removed to monitor enzyme activity. Duplicate runs were performed 
on the same reactor at each flow rate.

In examining for the presence of internal transport problems, one 
traditionally changes the particle size, or in this case, the collagen film 
thickness. Identical collagen-lactase complexes were prepared and cast 
at various thicknesses with the thickness of the dry film ranging from 
0.4—6.5 mils (10.16 x 10~3 to 16.51 x 10~2 mm). Each film was 
operated at a constant flow rate of 200 ml/min for 30 min. Aliquots 
were removed during this time period to monitor enzyme activity. 
Kinetic study

The kinetic constants Km and Vmax were obtained by operating the
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steady-state reactor under the influence of increasing substrate con
centrations. The substrate concentration ranged from 0.078-0.78M. 
Microenvironmental studies

The activity of the immobilized /J-galactosidase, as influenced by 
pH, was determined through a pH range of 3.5-6.0 while operating a 
nongradient recirculation-type reactor at 37°C. Each run lasted 33 min.

An identical system was used in obtaining a temperature profile 
through a range of 25-55°C. The pH of each substrate solution was 
maintained at 4.6 throughout the temperature study.

R E S U L T S  &  D IS C U S S IO N

IN MAKING the transition from  the soluble to  solid supported 
phase, the enzyme must produce its catalysis in a heterogene
ous surrounding. If the overall enzym atic reaction is described 
in terms of conventional heterogeneous catalysis, then at least 
five distinct steps can be identified. Steps 1 and 5, diffusion of 
the substrate from the bulk phase to  the carrier surface, and 
diffusion of the product from the carrier surface back into the 
bulk phase, are influenced by external mass transfer. Steps 2 
and 4, the transport of the substrate from  the carrier surface 
to  the domain of the enzyme, and transport of the product 
from the domain of the enzyme to  the carrier surface, are 
controlled by internal mass transfer. The third step involves 
the enzym atic conversion of substrate to  product.

The presence of external transport resistance results from  a 
decrease in molecular diffusion across a boundary layer of 
fluid at the solid support surface. This boundary layer is 
known as the Nernst diffusional layer. Once the diffusional 
rate is decreased, the reaction rate will be slowed.

The testing for this situation was done w ith a nongradient 
recirculation reactor which operated w ith 5% lactose at various 
flow rates. If external mass transfer is limiting, then the ob
served reaction rate would increase as the flow rate, Q, in
creases since the diffusion rate is proportional to  Q 1 / 3 If the 
diffusion rate is more rapid than the reaction rate, then the 
observed reaction rate should become independent c f  flow 
rate and be free of any external transport effects. In Figure 1, 
a recirculation flow profile is presented for the collagen-lactase
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system. The specific activity, R, divided by the maximum 
specific activity for that particular run, R max, is plotted as a 
function of flow rate. The linearity produced from successive 
runs as opposed to  exponential results presented by-Ford et al.
(1972) indicate that the system is virtually free of any external 
mass transfer effects within the lim its o f the experiment.

In examining for internal mass transfer, it was found that 
its role in the collagen-lactase system was of a more serious 
nature. As stated earlier, the presence of internal diffusion 
may be tested by following the experim ental rate as the col
lagen film thickness is increased. The data presented in Figure 
2 depict a situation where the experim ental rate is diffusion 
controlled. In this case the experim ental rate is inversely pro
portional to  the thickness of the film. It is evident from  these 
data tha t a higher specific activity is obtained by utilizing a 
th in  membrane, The thinnest membrane used in this study was
0.4 mil (10.16 x 10"3 mm). The use of a film less than 0.4 mil 
with a bench-top scale reactor is inadvisable since the mem
brane will lack sufficient mechanical strength.

From these data it appears evident tha t the influence of 
internal mass transfer on the rate of lactase hydrolysis is more 
im portant than the effect of external mass transfer. The calcu
lation of an effectiveness Jfactor, 17, can give an indication of 
how severe the internal diffusional problem s are. The effective
ness factor is defined as the ratio o f actual reaction rate in the 
matrix to  the maximum rate obtainable w ithout diffusional 
influences. A brief theoretical development of the Thiele 
m odulus as it relates to  internal diffusion is presented by Ford 
et al. (1972) where the first order Thiele m odulus is defined 
as:

r  Kc a tE0 y /2
Q, =R ----------

LKm D effJ

where R = 1/2 thickness of the collagen film, 5.08 x 10"4 cm; 
Kcat = true catalytic rate constant for the immobilized en
zyme, 15.87 sec"1 ; Km = Michaelis constant for the immobi
lized enzyme, 6.6 x 10’2 m ole/liter; D eff = the effective dif-

FILM THICKNESS (MILS)
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fusivity of the substrate w ithin the collagen film, 5.7 x 10"8 
cm2 /sec; E0 = active enzyme concentration within the porous 
matrix, 15 x 10’5 mole/liter.

In dealing w ith the collagen system, a flat surface rather 
than a spherical matrix is involved. This necessitates the use of 
1 /2 the collagen thickness rather than the radius of the porous 
matrix. In obtaining the true catalytic rate constant for the 
immobilized enzyme, Kcat, it was assumed that the attach
ment of the soluble enzyme to a solid support does not signifi
cantly alter the enzyme conform ation. The similarity in the 
Km values of the free and immobilized enzyme seem to bear 
this out. The true catalytic rate constant could have been ob
tained by reducing the collagen-lactase film into its smallest 
dimensions thereby eliminating internal mass transfer influ
ence. A simple m ethod of elimination could involve grinding 
the film into a powder form. The powder could then be used 
in a stirred tank reactor which is operated at a sufficiently high 
flow rate so that external mass transfer is absent. However, a 
more simplistic approach was used whereby in the first order 
region for the free enzyme, the first order rate constant can be 
obtained by dividing the Vmax by the Km of the soluble 
enzyme. The Michaelis constant for the immobilized enzyme 
may be affected by the film thickness as shown by the internal 
mass transfer data. The Km for the immobilized enzyme, 
0.066M, is for a film with a thickness of 0.4 mils. The dif- 
fusivity value for lactose was not readily available; however, a 
value for sucrose was. Due to  the similarity in molecular struc
ture between the two disaccharides, the diffusivity value for 
sucrose was used in the calculation. The active enzyme con
centration was determ ined knowing the weight and steady 
state activity of the film, the activity of the enzyme in the 
soluble state and the molecular weight of the lactase.

The com bination of experim ental and estimated values w ith 
this equation resulted in a Thiele modulus of approxim ately
0.4, which is equivalent to an effectiveness factor of 1.0 (Lee 
and Tsao, 1974;Shukla, 1975).
Kinetic studies

The kinetic constants of Km and Vmax were obtained in 
usual fashion by plotting reciprocal velocity vs reciprocal sub
strate concentration (Fig. 3).

F ig . 3 - L in e w e a v e r - B u r k e  ty p e  p l o t  o f  im m o b il iz e d  fi-gaiactosidase.

The reactor used for the kinetic studies was brought to 
steady-state activity prior to  experim entation. It has been 
shown in previous work (Barndt et al., 1975) tha t the steady- 
state reactors remain stable over a num ber of repeated con
tacts and that activity losses are negligible th roughout this 
period.

The K m for the immobilized enzyme, 0.066M, is similar to  
the Km of the soluble enzyme, 0.060M. The resemblance re
flects the lack of conform ational stress in the bound system 
manifesting itself in a similar affinity of enzym e for substrate 
in bo th  phases.

O ther researchers have reported similar Km values for their 
fungal lactase preparations. Borglum and Sternberg (1972) 
reported the K m of their fungal lactase as being 0.068; Weetal 
et al. (1974a, b) 0.07 for lactase W from  W allerstein; and 
Pitcher (1974) 0.052M for lactase LP. The Vmax at 37°C was 
found to be 84 /umole/liter/min.

Microenvironmental studies
The m icroenvironment of the immobilized enzyme often 

becomes modified in such a way that the distribution of 
charged or uncharged substrates may differ from  the bulk 
phase (Vieth et al., 1972). The uneven distribution of charged 
particles may account for a shift in the pH optim um  between 
the soluble and immobilized enzyme. Several researchers have 
reported a slight shift in the pH optim um  upon attachm ent of 
a fungal lactase to  a solid support (Weetal et al., 1974a, b; 
Pitcher, 1974). The optim a reported were from  4 .0 -4 .5  for 
the soluble enzyme and 3.0—3.5 for the immobilized form. 
This is in agreement w ith the collagen-lactase system presented 
in Figure 4. The percent relative activity, as a function of pH, 
is presented for the soluble and immobilized form  of lactase at 
37°C. The data for the soluble enzym e curve were obtained 
from the Wallerstein Technical Bull. No. 710 for lactase. The 
pH profile of the immobilized enzym e exhibited maximum 
activity at pH 3.5, which is a shift of 0.5 pH units towards the 
acidic side. The immobilized form was not examined beyond 
pH 3.5 and 6.0 since it was desired to stay w ithin the limits of 
the buffer system.

A comparison of the tem perature profile of the imm obi
lized and soluble forms of Lactase LP is presented in Figure 5. 
The data for the soluble enzyme were obtained from  the 
Wallerstein Lactase LP Technical Bulletin. The immobilized 
system was evaluated in the range 25 —55°C w ith the optim um  
tem perature being 55°C. O ther researchers have reported tem 
perature optim a for immobilized fungal lactase anywhere 
from 55 —65°C. However, operation of a lactase reactor at its 
tem perature optim um  is not necessarily advantageous since 
researchers who have com pleted operational half-life studies 
report a marked decrease in stability at tem peratures above 
50— 55°C (Woychik and Wondolowski, 1972; Olsen and 
Stanley, 1973). In the future, w ith the aid of inform ation 
from operational half-life studies, hydrolysis may be con
ducted at tem peratures higher than 37°C but less than 50°C, 
thereby enhancing the reactor rate.

The variation of reaction rate w ith tem perature can be seen 
in an Arrhenius plot in Figure 6. The semilogarithmic plot 
features relative velocity as a function of reciprocal tem pera
ture (°K"1). The slope of the linear plot allows the calculation 
of the activation energy which was found to be 10.7 kcal/ 
mole. The calculated activation energy for immobilized lactase 
will be reduced substantially from the intrinsic value of free 
lactase if the system is com pletely controlled by mass transfer 
effects. Pitcher (1974) reports an activation energy of 12.0 
kcal/g-mole (9.6—14.3 kcal/g-mole 95% confidence limits) for 
Lactase LP immobilized on glass beads in a system believed to 
be virtually free of internal transport effects. The calculated 
activation energy of the collagen system (10.7 kcal/m ole) falls 
within the confidence limits reported by Pitcher (1974).
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TEMPERATURE <°C)

Fig . 4 - C o m p a r is o n  o f  th e  p H  p r o f i le s  o f  th e  
so lu b le  a n d  im m o b il iz e d  fo rm s  o f  (1-galac- 
tosid a se.

F ig . 5 —A  c o m p a r is o n  o f  th e  te m p e ra tu re  p r o 

file s  f o r  th e  s o lu b le  a n d  im m o b il iz e d  fo rm  o f  
(3-galactosidase.

F ig . 6 —A r r h e n iu s  p l o t  o f  re la t iv e  v e lo c ity  o f  th e  
im m o b il iz e d  p -g a la cto sid a se  vs r e c ip r o c a l  te m 

p e ra tu re .

S U M M A R Y  &  C O N C L U S IO N S

THE STUDIES determ ining the external and internal mass 
transfer properties o f the collagen-/3-galactosidase system pro
vided useful inform ation. External transport effects were 
found to be negligible between a recirculation rate of 4 8 -4 9 5  
ml/min or a residence tim e of 41.2 to 4.1 x IO"3 min. Results 
of the internal mass transfer studies were most useful in de
termining that a thin film of approxim ately 0.4 mil (10.16 x 
10"3 mm) produces the maximum activity per gram of com-

< plex. Considerable skill and patience is required to make a film
< less than 0.4 mil thick w ith good mechanical strength. In fu

ture pilot plant scale operation, it may be necessary to sacri
fice a small degree of activity to obtain the required mechani
cal strength by increasing the film thickness to  about 1.0 mil. 
The tem perature and pH profiles are beneficial in selecting 
operating conditions. The pH optim um  shifted from 4 .0—3.5 
for the transition between the soluble and immobilized forms. 
The optim um  tem perature was found to be 55°C. The tem per
ature profile will become more beneficial once operational 
half-life studies are com pleted. The Michaelis constants for the 
soluble and immobilized /3-galactosidase were similar, 0.060 
and 0.066M, respectively.

The data presented were obtained by a model system of 
operation using 5% lactose solution as the substrate. These

A data may be altered when operating w ith another substrate 
such as acid whey.
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FUNCTIONAL PROPERTIES OF ALFALFA  LEAF PROTEIN: FOAMING

-----------------------------------------  A B S T R A C T  ------------------------------------------

Alfalfa leaf proteins extracted with sodium chloride (1M), sodium 
hydroxide (0.05M) or Tris buffer (0.1M) had poor foaming properties 
compared to proteins obtained by direct expression of leaf juice. Ex
traction of lipids from all protein extracts markedly improved both 
foam formation and foam stability. Foam expansion of alfalfa leaf 
protein surpassed that of ovalbumin but the foam was less stable. The 
pH foam expansion profile resembled the solubility pattern of this 
protein. The delipidated protein preparations showed little pH effect 
being rather constant between pH 2-10. Foam stability of all prepara
tions was markedly pH dependent showing minima in the isoelectric 
range around pH 3.5. Both sucrose and sodium chloride reduced the 
foaming of leaf proteins.

IN T R O D U C T IO N

IN ADDITION to developing new sources of proteins to  meet 
expanding food needs there is a growing demand for more 
proteins, preferentially inexpensive, w ith requisite functional 
properties. Novel proteins with flexible functional properties 
should facilitate the fabrication of protein-enriched products 
for particular consumers and for a wide range of markets (Kin- 
sella, 1976).

Foaming properties are im portant in proteins particularly 
for the domestic market. Thus, the capacity to  form stiff 
stable foams is an im portant requirem ent for proteins to  be 
used in angel food cakes, whipped toppings, desserts, and 
souffld-like products. Foaming properties include ‘whippabil- 
ity ’ and ‘foam ibility’ and bo th  are used interchangeably in the 
literature. ‘W hippability’ refers to  the ability of a protein dis
persion to  form  a foam when subjected to  a high whipping/ 
blending force usually employing a Hobart or household-type 
mixer (Lawhon et al., 1972a, b). ‘Foam ability’ is measured 
under milder conditions by spurging air or a gas through, or by 
m ixing/agitation of, a dilute dispersion of protein and measur
ing the volume of foam formed after a specified period (Yat- 
sum atsu et al., 1972). The latter test requires less protein. 
Foam  stability is measured by rate of breakdown, i.e., volume 
decrease of foam (Yatsum atsu et al., 1972; Lin et al., 1974) or 
by the rate of leakage of fluid from  the foam (Richert et al., 
1974; Lawhon et al., 1972a, b; Eldridge et al., 1963).

In addition to  ovalbumin which is the standard for foaming 
proteins (Barmore, 1934; Henry and Barbour, 1933; Bailey, 
1935) the whippability of several novel proteins have been 
studied. Watts (1937) first showed the excellent foaming 
capacity of aqueous extracts of soybean and Eldridge et al.
(1963) carried out a system atic study of the factors (pH, salts, 
protein concentration, tem perature, etc.) affecting foam ex
pansion, i.e., volume increase, of soy protein foams. Yatsum at
su et al. (1972) related foaming to  the soluble protein in soy 
protein preparations. Lawhon et al. (1972a, b) examined the 
foaming capacity and foam strength of the aqueous extracts of 
proteins from several samples of cottonseed, peanut, soybean, 
coconut, sesame and sunflower. They found tha t protein from 
liquid cyclone processed cottonseed and peanuts formed 
superior foams. Lin et al. (1974) showed that protein isolated 
from  sunflower had excellent foaming properties and Huffman

et al. (1975) described optim um  conditions for foaming of 
sunflower proteins. McDonald and Pence (1961) examined the 
foaming potential of gliadin for food uses and recently Tybor 
et al. (1975) described the superior foaming properties of 
globin proteins in the pH range 5—6.

Several workers, Hansen and Black (1972), DeVilbiss et al.
(1974) and Richert et al. (1974) dem onstrated the excellent 
foaming properties of undenatured whey proteins. Richert et 
al. (1974) using an exemplary approach in term s of experi
mental design and statistical analysis for quantifying any pro
tein functionality, studied all param eters influencing foaming 
to determ ine optim um  conditions for the form ation of a stable 
foam from  whey protein.

Some of the physicochemical aspects of protein foam  for
m ation and stability have been addressed by Cumper (1953), 
DeVilbiss et al. (1974) and Buckingham (1970).

Buckingham (1970) studied the effects of protein concen
tration , pH and tem perature on the strength of foams form ed 
from  cytoplasmic proteins isolated from  clover leaves. Foam 
strength increased with protein concentration reaching a 
plateau at 120 mg/ml and maximum strength occurred within 
a narrow pH range slightly above the isoelectric point o f the 
protein.

Several workers reported that partial hydrolysis (enzym atic 
or chemical) of relatively inert or denatured proteins, e.g., fish 
protein concentrate (Hermansson et al., 1971; Baldwin and 
Sinthalavai, 1974) soy proteins (Sair and Rathm an, 1950) 
markedly improved their foaming properties. Recently, it has 
been dem onstrated that succinylation improved the foaming  ̂
capacity of proteins, i.e., fish proteins (Groninger and Miller, 5
1975) and soy proteins (M elnychyn and Stapley, 1973).

In this paper we report on foaming properties o f proteins 
extracted from  alfalfa leaves.

M A T E R IA L S  &  M E T H O D S

ALFALFA LEAF PROTEIN (ALP) samples were extracted, isolated 
and prepared as detailed previously (Wang and Kinsella, 1975; 1976). 
Separate batches of leaves from young alfalfa plants were macerated 
and the protein was extracted directly with the native juice; with water; 
sodium chloride (1M); sodium hydroxide (0.05M) and Tris buffer 
(0.1M, pH 7.4). The protein in each extract was precipitated at pH 3.7 
using HC1 and recovered by centrifugation. This protein was freeze- 
dried and half was stored in vacuum at 4°C; the remainder was ex
haustively extracted with acetone, and freeze dried. The composition of 
these preparations was reported (Wang and Kinsella, 1975).
Modification of ALP by acid and alkali

Duplicate suspensions of protein (2g/100 ml) was adjusted to pH
1.5 or pH 11.0 with HC1 (1.0M) or NaOH (1.0M) and incubated at 
60°C for 24 hr. The hydrolyzed samples were dialyzed against water for 
24 hr and freeze dried. Foaming properties were determined and de
scribed below.
Derivatization of ALP

Succinylation of ALP was carried out using the method of Hoagland
(1966) by reacting 2-3g of ALP in sodium phosphate buffer (0.1M, pH 
7) with 1 —2g of succinic anhydride. The derivatized protein was re
covered by freeze drying following dialysis for 24 hr against water to 
remove excess anhydride and acetic acid. A fluffy light colored protein 
was obtained.

4 9 8 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  4 1  ( 1 9 7 6 )
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Foaming properties
The foaming properties of proteins were performed on a shaker 

designed according to directions of Yatsumatsu et al. (1972). The 
shaker consists of a standard motor (1725 rpm) with a 2-in. pulley, 
connected to a 7-in. pulley which drives a basket on lubricated runners. 
The basket shakes horizontally with a 2-in. amplitude at 360 reciproca
tions per min. Alfalfa leaf protein samples (500 mg or approx 300 mg 
protein) were added to 50 ml of water in stoppered (100 ml) graduated 
cylinders. The protein was dispersed by sonication for 1 min and kept 
at 24°C for 30 min with occasional stirring. The cylinder plus contents 
was then shaken horizontally in the shaker basket for 1 min. A filter 
paper disc was placed on top of the foam, and it was gently pressed 
until resistance was encountered before each reading. The volume of 
the foam measured at 30 sec and 30 min following shaking was report
ed as foam expansion (FE) and foam stability (FS), respectively. The 
volume of foam was recorded at 5-min intervals up to 30 min and at 
30-min intervals thereafter. All tests were done in triplicate and average 
values are reported.

When studying the effect of pH on foam expansion and foam stabil
ity, appropriate concentrations of HQ (4-20 mM) or NaOH (4-12 
mM) solutions were used to obtain the desired pH values.

Water was replaced with NaQ (1M) or sucrose (50% w/v) solutions 
in studying the effect of additives. Egg albumin (Nutritional Bio
chemicals Corp.) at equal protein concentrations was used as a standard 
for comparison of foaming properties.

R E S U L T S

THE FOAMING PROPERTIES of the ALP extracted from 
leaves with different extractants were inferior. However, re
moval o f the lipid com ponents with acetone caused a sig
nificant improvement in both foam expansion (volume of 
foam at 30 sec) and foam stability (volume of foam after 30 
min). Similar foaming properties were found in all acetone 
extracted ALP except the sample from sodium chloride ex
traction where a lower foam expansion but higher foam stabil
ity  was consistently observed. The superior foaming properties 
of the acetone extracted ALP are consistent with the observa
tion of Cooney et al. (1973) using whey proteins; the negative 
effect of fat on the foaming properties o f soy proteins (Yatsu
matsu et al., 1972), and the deleterious effects of bound lipids 
on foaming of soy concentrates (Eldridge et al., 1963).

The foaming properties of the proteins recovered from 
fresh alfalfa leaves, w ithout using extractants showed good 
foaming properties particularly following extraction of the 
lipids (Fig. 2). The better foaming properties of this protein 
preparation, compared to  those listed in Figure 1, is perhaps 
explained by their lower lipid conten t (50% lower) as reported 
by Wang and Kinsella (1975), though the com ponent proteins 
may also have differed from those extracted using specific 
solvents. This protein was used in all the subsequent tests.

The mean values for foam expansion of ALP and acetone 
extracted ALP, respectively, between pH 2 —10 are presented 
in Figure 2. Distinct differences in the foaming properties be
tween the unextracted and acetone extracted ALP were ob
tained. The pH/foam expansion profile of acetone extracted 
ALP exhibited highest foam expansion at pH 2 but remained 
relatively constant between pH 3 and 10. This indicated that 
either there was an adequate am ount of soluble protein to 
provide surface film for the am ount of foam formed even at 
the lower solubility range for ALP (pH 3—5.5) or that the 
acetone extraction may have altered the conform ation of some 
of the leaf proteins which facilitated their surface spreading 
and mutual interaction.

The pH-foam expansion profile of the unextracted ALP 
resembled that of pH-solubility profile, i.e., lower in isoelectric 
region (pH 3.5) and higher a t pH values above or belcw this 
region.

The pH foam stability profiles of acetone extracted and 
unextracted ALP showed similar patterns but the form er were 
higher at all pH levels. Minimum foam stability occurred in the 
vicinity of pH 3 .5—4, i.e., isoelectric region for all ALP. This

may be in keeping with the data of Buckingham (1970) who 
showed th a t while maximum foam strength of clover proteins 
occurred slightly above the isoelectric region, minimum 
strength was observed at isoelectric pH.

Foam  stability was high at pH 2 and between pH 5 and 6.5.

F oam  e x p a n s i o n

T i m e  ( m i n )

F ig . 1—F o a m in g  p r o p e r t ie s  o f  a lfa lfa  le a f  p r o t e in  p re p a ra t io n s  e x 

t r a c te d  w ith  d i f f e r e n t  e x tra c ta n ts . A c e t o n e  e x t r a c t e d  sa m p le s  d e 

n o te  th o se  f r o m  w h ic h  lip id s  w e re  re m o v e d , [ o  a lfa lfa  le a f  p r o te in  
e x t r a c t e d  w ith  w a ter;  ■  a lfa lfa  le a f  p r o t e in  e x t r a c t e d  w ith  N a d  
11M); n a lfa lfa  le a f  p r o te in  e x t r a c t e d  w ith  N a O H  (0.05M); • alfa lfa  
le a f  p r o te in  e x t r a c t e d  w ith  Tris  b u f f e r . ]

F ig . 2 —E f f e c t  o f  p H  o n  fo a m  e x p a n s io n  a n d  fo a m  s ta b il i ty  o f  a lfa lfa  
le a f p r o te in ,  [ o  fo a m  e x p a n s io n  o f  a lfa lfa  le a f  p r o t e i n ; *  fo a m  e x 

p a n s io n  o f  a c e to n e  e x t r a c t e d  a lfa lfa  le a f  p r o t e i n ;  •  fo a m  s ta b il i ty  o f  
a lfa lfa  le a f  p r o t e in ; *  fo a m  s ta b il i ty  o f  a c e t o n e  e x t r a c t e d  a lfa lfa  le a f  

p r o t e i n . ]
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The significance of higher foam stability and foam expansion 
at pH 2 is not clear at present. Since ALP is a mixture of 
proteins from  alfalfa leaves, it may indicate tha t a particular 
protein solubilized at pH 2 has superior foaming properties. It 
is evident that pH values of 7 and above exerted an adverse 
effect on the stability of ALP film, since foam stability 
dropped sharply above pH 6.5. This may be attributed  to  the 
fact tha t between pH 5 and pH 6.5 foam stability is enhanced 
because cohesion between the peptides is maximum due to  the 
balance in attractive charges on the polypeptides whereas 
above pH 7 excessive negative charges repelled neighboring 
peptides and destabilized the membrane.

A comparison of foaming properties of unextracted ALP 
with th a t of egg albumin was made. The egg albumin dis
persion was adjusted to  a protein level com parable to  that of 
ALP, i.e., approx. 300 mg/ml. The results are shown in Table
1. The foaming properties of ALP at either pH 2 or pH 6.2 
were com parable to those of the egg albumin solution despite 
the substantially higher am ount of soluble protein present in

Table 1— Com parison of foam  expansion and foam  stab ility of 

ovalbum in, alfalfa leaf protein and alfalfa leaf protein w ith and 
w ithout salt or sugar

Foam  volum e (m l)a

pH 6.2 pH 2

ALP ALP ALP ALP
Tim e
(min) O valbum in A L P

&
NaCl

&
Sucrose A L P

&
NaC l

&
Sucrose

0.5 44 55 51 40 56 41 36

5 37 48 44 30 48 14 23

10 36 46 43 28 45 9 15
15 36 43 39 26 43 9 5

20 35 41 37 24 41 6 3

25 34 38 33 23 39 5 2
30 33 31 30 22 37 5 1
60 29 20 16 16 29 5 -

90 25 18 12 15 20 4 -

120 25 14 12 14 15 4 —

150 24 13 10 13 13 4 -

a A L P  =  alfalfa leaf prote in ;  mean  values of tr iplicate tests

F ig . 3 —F o a m in g  p ro p e r t ie s  o f  a c id  o r  a lk a lin e  m o d i f ie d  a lfa lfa  le a f  
p r o te in s .  [ o  u n m o d if ie d  a lfa lfa  le a f  p r o t e i n ; 0 a c id  m o d i f ie d  a lfa lfa  
le a f  p r o t e in ;  ♦  a lk a lin e  m o d i f ie d  a lfa lfa  le a f  p r o t e in . ]

the latter, i.e., >  90% compared to  10—20% for the alfalfa 
preparation. At pH 2, ALP showed a better stability than egg 
albumin up to  30 min though it was slightly lower thereafter. 
At pH 6.2, ALP showed a faster rate of reduction of foam 
volume initially which leveled off after 60 min.

The effect of NaCl and sucrose on the foaming properties 
of ALP was examined at pH 6.2 and pH 2 (Table 1). Sodium 
chloride had a little effect on foaming properties at pH 6 
whereas sucrose reduced foam expansion and foam  stability. 
At pH 2, foam stability was dramatically reduced by the 
presence of salt or sucrose.

Acid or alkaline hydrolysis did not increase foaming proper
ties of ALP (Fig. 3). This was in contrast to  o ther findings for 
fish protein concentrates (Hermansson et ah, 1972) whose 
foaming capacity was enhanced following hydrolysis. It is 
probable that the dialysis of our ALP samples following 
hydrolysis removed solubilized proteins and peptides which 
are the functional foaming com ponents. In this respect, DeVil- 
biss et al. (1974) concluded that nonprotein nitrogenous com 
pounds were effective foaming com ponents in whey protein 
concentrates and Jelen (1973) showed that nonprecipitable 
nitrogenous com ponents of whey have excellent foaming 
properties. This possibility is under study for hydrolyzed ALP.

Succinylation, which enhanced aqueous solubility tenfold, 
also resulted in a marked increase in foaming. Foam expansion 
increased almost threefold and foam stability was improved 
over tw entyfold (Franzen and Kinsella, 1976). These data, 
which are being further studied, are consistent w ith the fact 
tha t soluble protein is required for foam form ation as shown 
by Eldridge et al. (1963), Yatsumatsu et al. (1972) and Law- 
hon et al. (1972a, b).

D IS C U S S IO N

PROTEINS perform a num ber of functions in foaming. Sur
factant proteins lower the surface (or interfacial) tension of 
the aqueous phase (and between the air/liquid interface); they 
facilitate spreading and perm it the increase in surface area re
quired for foaming, and im part viscosity to  minimize leakage 
and breakdown. Coincidentally, with gas entrapm ent, (i.e., 
foam form ation), soluble proteins orient, unfold, spread and 
by interm olecular association form  elastic m embranes around 
the gas droplets. By partial denaturation during the surface 
spreading involved in membrane form ation (Bull, 1938; 1947) 
the proteins form a cohesive structural netw ork imparting 
strength, elasticity and stability to the foam.

The ALP samples extracted from leaves w ith extractants 
contained 10—12% lipids whereas those squeezed from  the 
leaves w ithout solvent had about 5% (Wang and Kinsella,
1975). This may account for the superior foaming of the latter 
proteins. The lipids occur as lipoprotein complexes. These 
probably interfered with foam form ation by impairing spread
ing of protein at the interface and weakening or disrupting the 
necessary cohesive forces between protein layers surrounding 
the air vacuoles. This resulted in rapid collapse of the foam. 
Eldridge et al. (1963) reported that removal of phosphohpids 
from soy protein improved its foaming properties and the 
detrim ental effect of oils and yolk lipids on the foaming of 
ovalbumin was dem onstrated by Bailey (1935) and Henry and 
Barbour (1933).

The foaming behavior of native ALP at various pH values 
showed a pattern paralleling its pH solubility profile, i.e., mini
mum foam expansion occurred around the isoelectric range of 
minimum solubility (pH 3.5). This foaming pattern probably 
reflects the availability o f soluble protein at these particular 
pH values since soluble protein(s) is necessary for foam  form a
tion (Eldridge et al., 1963; Buckingham, 1970; Lawhon et al., 
1972a, b; Yatsumatsu et al., 1972; Hermansson et al., 1972). 
The minimum foaming at pH 3.5 probably reflects the strong 
ionic intermolecular attractions which im pair unfolding and
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spreading at this isoelectric pH. The foam expansion of the 
acetone extracted ALP showed little response to pH. Thus, as 
with fish protein concentrate (Hermansson et al., 1972), the 
acetone extracted ALP apparently contained sufficient soluble 
protein(s) over the entire pH range to  form a foam and the 
denatured proteins stabilized this foam. In addition acetone 
induced changes in conform ation of the protein may account 
for the absence of pH effect on foaming.

Foam  stability varied with pH being minimum in the iso
electric range (pH 3—4); being maximum in narrow pH region 
above the isoelectric range where protein is slightly negatively 
charged; and showing a rapid decrease at alkaline pH values 
(pH 6). The la tter effect may be explained by charge repulsion 
between proteins with resultant lack of adhesion, and also by 
some solubilization of the ALP proteins in this range (Lu and 
Kinsella, 1972; Betschart and Kinsella, 1974) thereby reducing 
the quantity  of aggregated protein necessary to  stabilize the 
foams. Thus, higher pH values not only caused lower foam 
stability (and emulsifying capacity) (Wang and Kinsella, 1975) 
of ALP, but it also resulted in undesirable grassy odor and 
yellowish color in both  cases. The relatively high degree of 
foam stability of ALP at pH 5 - 6  is consistent with the find
ings of Buckingham (1970) who dem onstrated tha t maximum 
foam strength of clover leaf cytoplasmic proteins occurred 
near to  their isoelectric region when the proteins were still 
slightly electronegative. Eldridge et al. (1963) found that soy
bean protein dispersions showed minimum foam expansion 
and foam stability in their isoelectric region. The foam expan
sion of ALP was slightly greater than tha t obtained with oval
bumin though the stability of ALP foams, particularly at pH
6.2, was lower under the conditions of our test.

Several researchers (Eldridge et al., 1963; Barmore, 1934; 
DeVilbiss et al., 1974) observed that sucrose reduced foam 
expansion, but enhanced foam stability of resultant foams. 
Lawhon et al. (1972a, b) and DeVilbiss et al. (1974) showed 
that sugar markedly enhanced the viscosity of foams made 
from cottonseed flour extracts and whey protein, and it is 
generally conceded that higher surface viscosity in the foam 
membranes minimizes liquid leakage, and this is correlated 
with foam stability. The lack of a foam stabilizing effect of 
sucrose on ALP foams requires further investigation.

The marked increase in foaming properties following suc- 
cinylation may indicate a practical approach to  improving 
functional properties of leaf proteins. Similar improvements 
have been reported for succinylated fish proteins and soy 
proteins (Groninger and Miller, 1975; Chen et al., 1975; and 
Melnychyn and Stapley, 1973). The improvements ir. func
tionality following derivatization may also be useful ir. eluci
dating physicochemical basis of protein functionality.
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EFFECT OF PU R IF IED  AND NONPURIF IED  PLANT FIBERS  
ON FECAL OUTPUT AND COMPOSITION

-----------------------------------------  A B S T R A C T  -----------------------------------------

In recent years, much interest has been focused on the effects of die
tary plant fibers on human nutrition. However, improper definition of 
the plant fiber under investigation and insufficient consideration of the 
interactions of plant fibers with other dietary components has resulted 
in some contradictory results. The pig-tailed monkey (Macaco neme
strina) is physiologically similar to humans and has been used in this 
study to investigate the effect of a purified plant fiber (PPF) and a 
nonpurified plant fiber (NPPF) on fecal output and composition. Fiber- 
free diets were used as a control. The experimental diets contained corn 
oil, coconut oil plus 0.1% cholesterol, or coconut oil plus 0.5% cho
lesterol, in addition to the plant fibers. The effect of the NPPF and PPF 
on fecal output and composition varied with the parameter studied, and 
additionally there appear to be interactions between the plant fibers 
and dietary lipids. This study points to the need for a more careful 
definition of plant fibers with regard to its purified or nonpurified 
state, and a recognition of the interactions between plant fibers and 
other macronutrients in the diet.

IN T R O D U C T IO N

IN RECENT YEARS, much interest has been focused on the 
possible beneficial effects of dietary plant fibers (PF) on 
human and o ther monogastric nutrition  (Trowell, 1973; Cum
mings, 1973; Burkitt, 1975; Burkitt et al., 1974; Spiller and 
Amen, 1975a). Although the effects o f dietary fiber on health 
are still equivocal (Hill, 1974), there is little doubt that the 
com ponents of the plant cell wall will be shown to have a 
m uch greater effect on the human physiology than previously 
realized (Eastwood, 1973). Certainly, there now appears to  be 
a general consensus among nutritionists that new and intense 
study of these effects is needed.

As more research is perform ed in this area, it is becoming 
apparent that some of the contradictions in the literature are a

Table 1— Ana ly s is  of plant fiber fed at the 2 %  level

Plant fiber C om posit ion

Solka-floca Cellulose 89.0%
[purified plant fiber (P PF )]b Hemicelluloses 10.0%

Lignin 0.3%
Ash 0.1%
Lipids traces

Slippery Elm Barkc Cellulose 29.3%
[nonpurified plant fiber (N PPF)]b Hemicelluloses 28.5%

Lignin 6.6%
Ash 13.8%
Lipids 2.1%

a B row n  C o m p a n y ,  Berlin , N.H.
13 A c c o r d in g  to Sp il ler  and  A m e n  (1975a ,  b)
c Cell wall ana ly s i s  by D .A .T .  Sou thga te ,  M ed ica l  Research  Cou nc i l  

(Eng land ) ,  L o n d o n

result of a poor choice of animal m odel, im proper or a lack of 
definition of the fiber fraction in question, or a lack of suffi
cient consideration for the interaction of the cell wall com po
nents with other dietary ingredients.

Since microorganisms digest certain com ponents of the 
plant cell wall, gut microflora considerations are extrem ely 
im portant in choosing an animal on which to  perform dietary 
fiber studies. To avoid this problem the pig-tailed m onkey 
(Macaca nemestrina) was chosen for this study. This m onkey 
has a gastrointestinal tract morphologically and physiologically 
similar to  humans, and has its microbial flora concentrated in 
the large bowel.

To avoid the problems of im proper or ambiguous nom en
clature in the literature, we have recently suggested (Spiller 
and Amen, 1974; 1975a, b) tha t any natural product contain
ing the fibrous portion of the cell wall, plus all the associated 
factors, such as mineral m atter, epicuticular waxes and pro
teinaceous material, be called nonpurified plant fiber  or NPPF. 
Conversely, we suggested that any highly purified  natural plant 
cell wall “fibrous” com ponent such as pure cellulose, hemi- 
cellulose, pectin or lignin be called purified plant fiber  or PPF.

Because of the binding and adsorption properties of plant 
fibers (Eastwood, 1973), they could be expected to  in teract 
w ith o ther nutrients and affect their absorption and excretion. 
That these interactions occur and are chemically im portan t is 
evidenced by the many reports suggesting tha t plant fibers 
bind bile salts and induce a hypocholesterem ia. This evidence 
has been reviewed by Trowell (1973), Eastwood (1973), Cum
mings (1973), Kritchevsky et al. (1975) and ourselves, (Spiller 
and Amen, 1975a).

This study was designed to  determ ine the effect of a non
purified plant fiber (NPPF), a purified plant fiber (PPF) and a 
fiber-free diet (FF ) on fecal ou tpu t and com position of pig
tailed monkeys in the presence of three dietary lipid patterns.

M A T E R IA L S  & M E T H O D S

Diets and experimental design
Three separate experiments were conducted using five adult male 

pig-tailed monkeys (M. nemestrina) in each experiment. Three different 
diets were fed in each experiment for a total of nine diets. One diet in 
each experiment contained 2% purified plant fiber (PPF), one diet con
tained 2% nonpurified plant fiber (NPPF) and one diet was fiber-free 
(FF). The analyses of the plant fibers are given in Table 1. The dietary 
lipid patterns were additionally varied in the three experiments: Diets 
1, 2 and 3 (Exp 1) contained 2.76% corn oil; diets 4, 5 and 6 (Exp 2) 
contained 2.5% coconut oil (high in medium chain triglycerides and 
saturation), 0.25% corn oil (to insure enough essential fatty acids) and 
0.1% cholesterol; diets 7, 8 and 9 (Exp 3) contained the same lipid 
systems as diets 4, 5 and 6, but the cholesterol level was raised to 0.5%. 
All diets had the same total amount of fat kcal. The other dietary 
components were held constant for all diets and supplied all the known 
requirements of the pig-tailed monkey (Spiller and Amen, 1975c). The 
dietary nitrogen was supplied by a protein hydrolysate known to have a 
biological value similar to egg white, and was fed at the level previously 
determined to maintain a 10 kg monkey in a positive nitrogen balance.
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The composition of the vitamin and mineral mixes, details of the proc
essing of the diets and general nutritional information have been previ
ously published (Spiller and Amen, 1975c; Spiller et al., 1975). The 
carbohydrate was fed as corn syrup solids. The ingredients were emulsi
fied and fed in a liquid form to supply approximately 1 kcal/ml. 700 ml 
of each diet were fed per day per animal for a period of 2 wk. After a
4-day adaptation period, feces were collected for 10 days before the 
morning feeding. The feces were acidified with acetic acid, defoamed 
with octanol, weighed and homogenized. This fecal homogenate was 
then analyzed for dry matter, nitrogen, ash and total lipids according to 
previous methodologies (Spiller et al., 1975).

Animals and housing
All animals were adult, male pig-tailed monkeys {M. nemestrina) 

that had lived in our colony and been adapted to a liquid diet regimen 
for at least 6 months. The animals were housed individually ir. meta
bolic cages containing two removable floors to allow for complete fecal 
collections. The construction of the upper floor allowed the feces to 
fall onto the lower one, preventing sample loss or coprophage. Diets 
were fed in a bottle supplied with a ball point feeding tube to prevent 
dripping. Water was available ad libitum.

The mean weight of the five monkeys used for Exp 1 (diets 1, 2 and
3), Exp 2 (diets 4, 5 and 6) and Exp 3 (diets 7, 8 and 9) was 10.2, 10.6 
and 11.0 kg, respectively. Previous experiments with M. nemestrina 
showed that these minor differences in weight had no significant effect 
on fecal output and composition.
Statistics

All statistical tests were performed at the P < 0.05 level of signifi
cance. The values are reported as daily mean ± standard error of the 
mean (S.E.M.) for a 10-day experimental period for the five monkeys 
on the dietary regimen.
Total fecal output

Analysis of the daily fecal output data from Table 2 shows that 
there is no significant difference between the induction of total fecal 
output (fecal bulk) by NPPF and PPF regardless of the lipid system fed 
(Exp 1, 2 and 3). The fiber-free diets, however, induced significantly 
less fecal output when the monkeys were fed the diets containing 
PUFA (Exp 1) and coconut oil with 0.1% cholesterol (Exp 2), than 
when the diets contained either fiber system (P < 0.05). When the 
cholesterol level was raised to 0.5% (Exp 3) the fecal output induced by 
the fiber-free diet was still slightly lower than for the two diets contain
ing PF, but the difference was no longer significant at the P < 0.05 
level. Perhaps this phenomenon is caused by an over-saturation with 
dietary cholesterol of the normal monkey gastrointestinal tract leading 
to an interference or alteration in function. This situation exemplified 
the effect of a PF:dietary component interaction overshadowing the 
“normal” effect of the plant fiber. Had this experiment (3) been per
formed without Exp 1 and 2, a misleading conclusion might have been 
drawn.

Fecal dry matter
A statistical analysis of the percentage of fecal dry matter, shown in 

Table 2 shows there is no significant difference on the effect either 
NPPF or PPF has on the percent fecal dry matter (and fecal moisture) 
in comparison to that induced by fiber-free diets in Exp 1 and 2. Both 
PF’s induce a 45-46% fecal dry matter, compared to the 35-36% fecal 
dry matter induced by the fiber-free diets (P < 0.05). However, the 
presence of large amounts of dietary cholesterol (Exp 3) again causes 
different results. Here, there are statistically significant differences in 
percent fecal dry matter induced by all three diets. Unlike Exp 1 and 2, 
the NPPF fed in this diet induced a lower fecal dry matter (P < 0.05) 
than did the PPF.
Fecal nitrogen

Fecal nitrogen excretion is given in Table 2. The NPPF caused an 
increased excretion of nitrogen in the feces when compared to fiber- 
free or PPF diets (P < 0.05) in Exp 1 and 2. Since there was no 
difference in fecal nitrogen for either fiber-free or PPF diets, the in
creased nitrogen excretion induced by NPPF is probably not due to 
either cellulose or lignin, the two major components of the PPF used in 
these experiments. It may be hypothesized that the increased excretion 
of nitrogen induced by NPPF is due to (a) undigested cell wall-bound 
nitrogen products present in the NPPF; (b) adsorption by cell wall 
components of endogenous nitrogenous products from the gut; or (c) 
differences in fiber pattern in NPPF and PPF used. When cholesterol is 
present, there is no significant difference in fecal nitrogen excretion 
between any of the diets (P > 0.05). Moreover, the fecal nitrogen losses 
are higher for the PPF and FF diets. This again suggests a confounding 
of the complex interaction of dietary components as related to gastro
intestinal physiology.
Fecal ash

The patterns of fecal ash excretion (Table 2) are similar for all three 
experiments. All diets containing NPPF (1, 4 and 7) always induce 
greater fecal ash (P > 0.05). This might be due to the larger content of 
mineral matter naturally present in the NPPF (13.8% ash) as compared 
to the PPF or FF diets. A strong interaction is evident between the type 
of dietary lipids fed and the subsequent fecal ash for the NPPF diets 1 
and 4. The presence of PUFA seems to cause a much higher excretion 
of mineral matter than the more saturated medium chain triglycerides 
in the presence of the same PF.
Fecal lipids

The average daily fecal lipids data are presented in Table 2. The 
entire pattern of lipid-PF interaction is somewhat different than for the 
other fecal components studied. The fecal lipids induced by diets con
taining PUFA are lower than those induced by diets containing coconut 
oil and cholesterol. Moreover, for each dietary lipid system, the induced 
fecal lipids are lowest for the diets containing purified plant fibers. 
Statistical significance at the P < 0.05 level is found only in Experiment 
1, but a somewhat lower level is noticed in all the experiments, sug-

Table 2 — Effect o f  N P P F ,  P P F  and F F  diets on  fecal output and com position  in pig-tailed m onkeys (M . nemestrina). (M eans3 ± S.E .M . fo r five 

m onkeys*5 in each group)

Experim ent 1 Experim ent 2 Experim ent 3

1 2 3 4 5 6 7 8 9

Diet N P P F PPF F F N PP F PPF F F N P P F PPF F F

Total feces 25.9a 22.8a 12.3b 14.1a 19.3a 7.5b 26.5a 30.0a 19.7a

g/day ±3.1 ±4.9 ±1.6 ±1.6 ±3.7 ±0.9 ±3.7 ±5.6 ±2.9

Fecal 45.3a 45.0a 37.5b 45.4% a 45.2a 37.5b 40.0% a 47.4b 34.9c

D ry  Matter % ±2.1 ±2.6 ±4.8 ±1.8 ±1.6 ±3.6 ±2.1 ±2.9 3.8

Total nitrogen 0.35a 0.22b 0.22b 0.24a 0.16b 0.14b 0.32a 0.29a 0.28a

g/day ±0.03 ±0.04 ±0.02 ±0.03 ±0.01 ±0.02 ±0.05 ±0.04 ±0.04

Total ash 1.9a 0.7b 0.9b 1.2a 0.7b 0.6b 1.7a 1.0b 1.0b

g/day ±0.2 ±0.1 ±0.1 ±0.1 ±0.1 ±0.1 ±0.2 ±0.1 ±0.1

Total fecal 0.44a 0.25b 0.36a 0.67a 0.48a 0.62a 0.86aq 0.76a 0.82a

lip ids g/day ±0.05 ±0.03 ±0.04 ±0.13 ±0.14 ±0.07 ±0.24 ±0.12 ±0.09

a Resu lts w ith  s im ilar letters or w ith  no  letters are n o t s ig n ifica n tly  d iffe re n t from  each o ther a t the P < 0 .05  level. Resu lts  w ith  d iffe re n t le tters are 
s ig n ifican tly  d iffe ren t from  each o th er at the P < 0.05 level. A l l  com parisons are m ade o n ly  w ith in  each experim ent. 

b Mean m onkey weights: E xp  1, 10.2 kg; E x p  2, 10.6 kg; E x p  3, 11.0 kg.
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gesting a common trend. However, no matter what dietary lipid system 
is fed, there is no difference in the induced excretion of fecal lipids 
between diets containing NPPF and diets that were fiber-free.

D IS C U S S IO N

THIS EXPERIMENT was designed to  determ ine if any sig
nificant physiological effects would occur when two fiber 
systems and varying levels of cholesterol and type  of dietary 
triglycerides were fed for a short period of time. It was not 
intended to  study the effects caused by a prolonged adapta
tion to  either the presence of the fiber or the alteration in lipid 
system. This study suggests that plant fiber and dietary cho- 
lestrol level interactions, and plant fiber and type of dietary 
triglyceride interactions affect fecal excretion.

This preliminary investigation confirms that extrem e cau
tion is needed in attributing physiological and nutritional 
effects to  “ fiber” in general. Each plant fiber must be studied 
individually and results carefully analyzed. It appears that 
many contradictions in the literature might be due to  the use 
of the terms “high-fiber” or “low-fiber” diet, and now we can 
also say to the lack of proper study of the correlation of plant 
fibers to  o ther dietary com ponents.

The pig-tailed m onkey (M. nemestrina) appears to  be an 
excellent model for p lant fiber studies. Diets containing 
exactly the same am ount of plant fiber each day can be fed to 
this animal for prolonged periods, while all o ther dietary 
com ponents are carefully controlled.
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CH ARACTER IZAT IO N  OF PRODUCTS FROM WET FRACTIONATION
OF WHEAT BRAN

-------------------- ----------------- --  A B S T R A C T - ----------------------------------------

A study was conducted to determine the composition of a high protein 
flour (HPF) and a protein concentrate (WPC) obtained from the alka
line extraction of wheat bran. Baking characteristics of these fractions 
were determined using standardized techniques. Both HPF and WPC 
contain significant quantities of protein rich in lysine, and either can be 
used to fortify white bread with significant increases in protein and 
lysine contents. HPF can be added to a bread formulation in the largest 
amounts with least detrimental effect on bread qualities (loaf volume, 
crumb texture and color, crust appearance, aroma and flavor). WPC 
enhances protein content but rapidly lowers bread qualities; it can be 
added up to the 13% level and still yield an acceptable end product.

IN T R O D U C T IO N

A SERIOUS PROBLEM facing to d ay ’s world is protein-calorie 
m alnutrition. This problem is not due to  shortage of food, but 
rather to  poor utilization of existing food resources and the 
inability to economically transport food to locations of critical 
need. Since cereal grains are the primary source of carbo
hydrates and protein in the developing regions of the world, 
fortification and/or extension of cereal-based foods is one of 
many needed advancements tha t will contribute to  an ade
quate food supply for the future.

Fog and Tinklin (1972), Tsen et al. (1973) and M am ett et 
al. (1973) investigated soy protein fortification of bread and 
cookie products respectively. Rooney et al. (1972) compared 
the baking qualities of the several oilseeds (cottonseed, peanut, 
sunflower, sesame). Rooney et al. stated that the oilseeds dif
fer in their effects on dough mixing and loaf volume character
istics. Heating enhanced the breadmaking characteristics of 
cottonseed and sunflower proteins but was detrim ental to 
those properties of peanut and sesame protein.

Wheat protein concentrate exists in two forms: a com
mercially produced low protein product (20% protein) ob
tained from the sifting of wheat bran, and a high protein con
centrate (60 -80% protein) obtained from the alkaline 
extraction of bran (Fellers et al., 1966; Woerman and Satter- 
lee, 1974). The high protein wheat protein concentrate (WPC) 
compares favorably as a single protein source w ith soy protein 
in its nutritive value. WPC has a PER of 2.07 compared to  2.04 
for soy protein (Woerman and Satterlee, 1974).

The purpose of this study was to  determine the com posi
tion of a high protein flour and a protein concentrate obtained 
from the alkaline extraction of wheat bran. Secondly the bak
ing characteristics of these fractions were determined using 
standardized techniques.

M E T H O D S  &  M A T E R IA L S

Wet fractionation of wheat bran
The fractionation of wheat bran was accomplished using a modifica

tion of the procedure described by Woerman and Satterlee (1974). The 
modification consisted of an initial bran wash with 10 volumes of water 
and a subsequent filtration through a 0.1 mm screen to separate sus

pended flour from bran. The high protein flour (HPF) was then spray 
dried in an Anhydro model spray dryer. The inlet temperature of the 
spray drier was 210°C with the outlet temperature at 90°C. The wet 
bran was finely ground with an equal volume of an aqueous NaOH 
solution (3.44g NaOH/liter) in a Waring Blendor using a Polytron Model 
BEW-5 rotor-stator head operating at 5000 rpm. Figure 1 illustrates the 
procedure for the recovery of a high protein flour (HPF) and wheat 
protein concentrate (WPC) from wheat bran.

In order to determine the yield of WPC from the modified extrac
tion procedure, water washed bran was wet milled with the rotor-stator 
head for varying times and compared to dry bran which was pin milled 
up to six times. Reduction of particle size of the bran by wet milling 
and by dry milling were compared by measuring mean diameters of the 
particles with a microscope. Pin milling was performed on an Alpine 
Kolloplex Laboratory Mill 1602 pin mill operating at 14,000 rpm. 
Compositional analyses

Proximate analyses were performed on breads which had either HPF 
or WPC incorporated. All proximate analyses were performed using 
AOAC procedures described for baked cereal products (AOAC, 1975). 
Crude protein was determined by the Kjeldahl method utilizing a factor 
of 5.7 for whole bran, HPF, whey and bran residue and 6.25 for WPC.

Amino acid analyses were conducted on all products using a stand
ard 6N HC1, 24 hr vacuum hydrolysis at 110°C for all amino acids with 
the exception of tryptophan, which was released using a Ba(OH)2 
hydrolysis (Pataki, 1968). All hydrolyzates, both acid and alkaline, 
were analyzed on a Beckman 120°C amino acid analyzer.
Dough and baking characteristics of HPF and WPC

The dough mixing properties were determined at baking absorptions 
using a lOg mixograph as described by Finney and Shogren (1972). 
High protein flour (HPF) and wheat protein concentrate (WPC) were 
incorporated into the basic straing dough formulation of Marnett et al.
(1973) at flour replacement levels of 5, 10, 15 and 25% for HPF, and 7, 
13, 17 and 22% for WPC. Baking characteristics of heated WPC (121°C 
for 30 min) were also evaluated. All bread baking trials were performed 
in duplicate using the micro-baking technique of Van Scoyk (1939).

Baking quality of the bread was evaluated by measuring loaf volume 
as well as organoleptic characteristics. Sensory evaluation was per
formed using a 16-member panel to measure loaf texture, crust and 
crumb appearance, aroma and flavor. Analysis of the various loaves for 
significant sensory differences was performed using the Student Neu
man Keul’s test (Steel and Torrie, 1960).

R E S U L T S  & D IS C U S S IO N

THE TWO METHODS for the wet fractionation o f wheat bran 
are illustrated in Figure 1. Washing of the bran prior to milling 
and alkaline extraction yields a high protein flour (HPF) which 
comprises over one-third of the original bran weight. Water 
washing removes much of the subaleurone cell material in the 
form  of a HPF and significantly reduces the am ount of carbo
hydrate which would have diluted the wheat protein concen
trate (WPC) fraction. Table 1 gives the yield and protein con
ten t of all fractions obtained from the wet fractionation of the 
wheat bran. The tw o significant food products from  this frac
tion, HPF from  washed bran and WPC from  unwashed bran, 
were further characterized.

The particulate size of the bran prior to  alkaline extraction 
is a factor affecting WPC yield. Dry pin milling was the most
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Table 1— Yie ld  and protein content of com ponents from  wet 
fractionation of washed and unwashed brana

Water washed bran 
procedure

Unw ashed bran 
procedure

Yie ld  from  Protein 
water washed content

Y ie ld  from  Protein 
unwashed content

Com ponent bran (% ) (% ) bran (%) (% )

Whole bran — 14.48 — 14.48

High protein flour (H PF) 35.92 17.35 - -
Bran residue 58.61 10.08 79.20 9.54

D ry  whey 7.12 31.64 14.10 27.97
Wheat protein 

cone (WPC) 0.67 45.29 8.30 70.59

a T h e  various K je ldah l convers ion  fa c to rs  used were: 5.7 fo r  H P F , 
bran residue and w hey, and 6.25 fo r  W PC  and w h o le  bran.

Table 2— The effect of wet and dry  m illing on the particle size of
bran prior to extraction

Type  of milling
Bran mean 

particle size (fj.)

Unm illed bran 2600

D ry  pin m illing
1 pass through mill 646

2 passes through mill 278

3 passes through mill 260

Wet-rotor stator milling
1 min 858

2V* min 552

5 min 571

7 1/j m in 487

effective m ethod to  reduce the bran particle size, w ith two 
passes through the mill effectively reducing the particle size 
tenfold (Table 2). Additional pin millings were ineffective in 
further reducing particle size (Table 2). Wet milling washed 
bran with a ro tor-stator attachm ent in a Waring Blendor re
quired 7Vi min to  effectively reduce the bran particle to  1/5 
original size. Additional wet milling time had little affect on 
particle size, but created excessive heat build-up (Table 2).

Table 3 gives the com plete amino acid com position of the 
original bran, the HPF, and WPCs from  both  washed and un
washed bran. Lysine, which is the first lim iting amino acid, 
was present in larger quantities in the HPF and WPCs, when 
compared to  the lysine content of white flour (2.09g/100g 
protein).

Addition of HPF to the bread form ulation replacing 5 ,1 0 , 
15 and 25% of the hard red w inter (HRW) wheat flour in
creased protein content from 8.15% up to  9.48% (Table 4). 
Addition of WPC to the form ulation at flour replacem ent 
levels of 7, 13, 17 and 22% increased protein conten t from
8.15 to 18.76% (Table 4).

Fortification of the control white bread w ith HPF or WPC 
increased the lysine content of the final product. Addition of 
25% HPF almost doubled the lysine content while increasing 
the protein content o f the final product by 16%. A ddition of 
WPC equal to  22% of the flour weight again nearly doubled 
the lysine content and increased the protein content by 130% 
in the final product (Tables 4 and 5).

Mixogram data shown in Figure 2 indicate that the presence 
of HPF and autoclaved WPC in the dough at all levels de
creased mixing tolerance and increased mixing tim e slightly. 
The addition of unheated WPC had the greatest effect on 
dough properties. At all replacement levels o f unheated WPC, 
there was an abnormal dough development. A lthough several 
baking absorptions were not quite optim um , as determ ined by 
mixogram characteristics, the curves gave uniform  observations 
for each individual treatm ent.

The fortification with either HPF or WPC reduced the loaf

Table 3— A m in o  acid com position of bran, high protein flour 
(H PF ) and wheat protein concentrate (W PC) from  washed and u n 
washed bran

A m in o  acid
W hole
bran

Gram  of am ino acid/100g protein 
W PC from

H P F  Unw ashed bran Washed bran

Aspartic acid 7.85 6.80 6.36 6.84
Threonine 3.09 2.89 3.42 3.26
Serine 4.17 3.81 4.84 3.98
Glutam ic acid 20.52 24.08 22.43 20.76
Proline 5.39 6.01 6.69 5.70
Glycine 6.14 4.75 4.97 6.44
Alanine 5.57 4.80 4.28 5.09
Vi Cystine 1.25 1.36 1.91 2.20
Valine 5.00 4.50 5.42 5.01
Methionine 1.08 1.01 1.67 1.36
Isoleucine 3.28 3.03 3.86 3.43
Leucine 6.08 5.67 6.96 6.77
Tyrosine 3.07 2.71 3.34 3.29
Phenylalanine 3.86 3.56 4.57 4.44
Lysine 4.10 3.62 3.79 4.46
Histidine 3.07 3.37 2.65 3.05
Am m onia 3.96 6.91 2.33 2.92
Argin ine 7.51 6.14 7.32 8.14
Tryptophan 1.37 1.08 1.40 1.50 Fig. 1 — The isolation of a high protein flour (H PF) and wheat pro

tein concentrate (WPC) from wheat bran.
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Fig. 2 - M ix o g r a m s  o f  f lo u r  c o n ta in in g  th e  h ig h  p r o te in  f lo u r  (H P F ), w h e a t  p r o te in  c o n c e n tr a te  tW PC) a n d  a u to c la v e d  W PC  a t  th e  r e p la c e m e n t leve ls  
sh o w n .

Table 4—Proximate composition of H PF and WPC fortified 
breads3

Bread sample
Fat
(%)

Ash
(%)

Protein
(%)

Carbohydrates
(%)

Control 3.52 2.31 8.15 56.03
H PF fortified *3

5% 3.18 1.58 8.37 52.1 1
10% 3.17 1.69 8.45 51.73
15% 3.32 1.94 8.99 52.54
25% 3.68 2.57 9.48 52.-2

W PC fortified *3
7% 4.25 1.41 11.30 53.04

13% 4.64 1.33 14.49 49.56
17% 3.80 1.37 15.91 48.92
22% 4.55 1.43 18.76 45.27

3 Based on  a 3 0 %  m o istu re  co n te n t  w ith  K je ld ah l fa c to r  of 6 .2 5  
used fo r  all p ro te in  values. C a rb o h yd ra te  w as de te rm ined  oy  d if 
ference.

^  Percent o f H R W  w heat f lo u r  replaced b y  H P F  o r W P C

Table 5—The amino acid composition of bread fortified with 
HPF and WPC from unwashed bran

Grams amino acid/100g protein

HPF fortified3 WPC fortified3
Control --------------------  ---- ---------------------

Am ino acid bread 10% 25% 7% 17% 22%

Aspartic acid 3.52 4.24 4.82 4.26 4.54 4.87
Threonine 2.39 2.38 2.66 2.54 2.41 2.32
Serine 4.13 4.02 3.89 4.34 3.72 4.90
Glutam ic acid 33.77 31.16 30.81 31.48 29.65 29.51
Proline 9.59 8.41 7.58 8.46 8.22 7.21
Glycine 3.21 3.62 4.00 3.56 3.92 4.13
Alanine 2.68 3.17 3.67 3.12 3.57 3.91
%  Cysteine 1.37 1.45 1.23 1.85 1.17 1.16
Valine 3.87 3.99 4.18 4.24 4.46 4.48
M ethionine 1.01 0.90 0.89 1.26 1.37 1.33
Isoleucine 3.19 3.14 3.36 3.22 3.55 3.34
Leucine 5.83 5.71 6.03 6.09 6.21 6.35
Tyrosine 3.47 2.82 3.25 2.12 3.03 3.08
Phenylalanine 4.11 3.94 4.21 4.21 4.28 4.14
Lysine 1.47 2.30 2.61 2.31 2.71 2.80
Histidine 1.48 2.35 2.42 1.96 2.32 2.26
Am m onia 6.92 6.01 4.97 4.52 4.53 4.58
Argin ine 2.98 4.81 4.42 4.45 5.34 4.80
Tryptophan 1.08 0.75 1.78 0.85 1.04 1.16

3 Fo rt if ie d  b y  rep lac ing  the H R W  w h ea t f lo u r  w ith  the %  o f H P F  or 
W P C  sh o w n
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v o l u m e  o f  t h e  f i n a l  p r o d u c t .  H P F ,  w i t h  i t s  l o w e r  p r o t e i n  c o n 

t e n t ,  h a d  t h e  l e a s t  d e t r i m e n t a l  e f f e c t  o n  l o a f  v o l u m e  ( F i g .  3 )  
a n d  t h e  b e s t  s e n s o r y  p a n e l  a c c e p t a n c e  ( T a b l e  6 ) .  A d d i t i o n  o f  

H P F  a t  5 — 1 0 %  o f  t h e  H R W  w h e a t  f l o u r  p r o d u c e d  a  l o a f  o f  
e x c e p t i o n a l  q u a l i t y .  H i g h e r  l e v e l s  o f  H P F  l o w e r e d  t h e  t e x t u r e ,  
c r u m b  c o l o r  a n d  f l a v o r  s c o r e s .  N o  l e v e l  o f  a d d e d  H P F  w a s

0 3 6 9 J 2 1 5 t S 2 1 2 I) 27 30
As % of Hard Red Winter Wheat 

Fldlr Replaced

Fig. 3 —T h e e f f e c t  o n  lo a f  v o lu m e  w h e n  h a rd  r e d  w in te r  w h e a t  f lo u r  
(H R W ) is re p la c e d  w ith  h igh  p r o te in  f lo u r  (H P C ) a n d  h e a te d  a n d  
u n h e a te d  w h e a t p r o te in  c o n c e n tr a te  (W PC). T h e  v e r tic le  lin e  
th ro u g h  each  d a ta  p o i n t  re p re se n ts  th e  range in  s iz e  o f  th e  loaves.

Table 6—Sensory evaluation of HPF and WPC fortified breads3’*5

Bread
sample

Crumb Crust Crumb 
color appearance texture Aroma Flavor

Overall
eval

H PF fortified

Control 5.8a 5.7a 5.6a 5.2a 5.4a 5.4a
5 % 5.5a 5.4a 5.4a 4.8a 5.3a 5.1a

1 0 % 5.1a 5.3a 5.2a 4.6a 4.7a 4.9a
1 5 % 3.8b 4.8a 4.1b 3.8a 3.4b 3.5b
2 5 % 3.6b 4.4a 3.9b 3.6a 2.9b 3.3b

W PC  fortified

Control 5.9a 6.4a 6 .1a 5.6a 5.9a 6 .1 a
7 % 5.3a 5.6a 5.3a 4.9a 5.2a 5.1a

1 3 % 3.8b 3.5b 3.6b 3.4b 3.0b 3.0b
1 7 % 2.9b 3.5b 3.3b 3.0b 2 .0 b 2.3b
2 2 % 2 .6 b 3.3b 2.4b 2.9b 1 .8 b 1.9b

a A  1 - 7  
poor.

hedonic scale was utilized with 7 being excel lent, 1 being

b Sta tistica l an a ly s is  ind icated  that data fo r sam p le s ind icated  b y  the 
letter a were n o t  s ig n if ic a n t ly  d iffe ren t fro m  the co n tro l loaf; 
characteristic s of sam p le s ind icated  b y  the letter b were s ig n if i
can tly  d iffe ren t fro m  the  co n t ro l at the  0 . 0 5 %  level.

c o n s i d e r e d  o b j e c t i o n a b l e  b y  t h e  p a n e l  e v e n  t h o u g h  t h e  f o r t i 

f i e d  l o a v e s  p o s s e s s e d  a  s m a l l e r  l o a f  v o l u m e .  H P F ,  w h i c h  is  
g o l d e n - t a n  i n  c o l o r ,  i m p a r t s  t h a t  c o l o r  t o  t h e  f i n a l  l o a f  w h e n  

u s e d  a t  l e v e l s  > 1 5 % .
A d d i t i o n  o f  u n h e a t e d  W P C  g r e a t l y  r e d u c e d  l o a f  v o l u m e ,  

w h e r e a s  h e a t i n g  t o  1 2 1 ° C  f o r  1 5  m i n  r e d u c e d  i t s  d e p r e s s a n t  
e f f e c t  o n  l o a f  v o l u m e .  B e c a u s e  o f  t h e  h i g h  p r o t e i n  c o n t e n t ,  
W P C  s i g n i f i c a n t l y  a l t e r e d  l o a f  c h a r a c t e r i s t i c s  w h e n  u s e d  a b o v e  
t h e  7 %  l e v e l  ( F i g .  3 ,  T a b l e  6 ) .  L e v e l s  a b o v e  1 3 %  r e s u l t e d  i n  
b r e a d  w i t h  t h e  c o l o r ,  t e x t u r e ,  a r o m a  a n d  f l a v o r  o f  w h o l e  
w h e a t  b r e a d .  T h i s  i s  i l l u s t r a t e d  i n  t h e  s e n s o r y  e v a l u a t i o n  d a t a  

s h o w n  i n  T a b l e  6  a n d  l o a f  v o l u m e  d a t a  i n  F i g u r e  3 .

CONCLUSION
B R A N ,  a  b y - p r o d u c t  o f  t h e  d r y  m i l l i n g  o f  w h e a t  c a n  b e  f u r 

t h e r  w e t  f r a c t i o n a t e d  t o  y i e l d  a  g o l d e n - t a n  h i g h  p r o t e i n  f l o u r  
( H P F )  o r  a  t a n  c o l o r e d  w h e a t  p r o t e i n  c o n c e n t r a t e  ( W P C ) .  A  

s i n g l e  w e t  f r a c t i o n a t i o n  p r o c e d u r e  d o e s  n o t  y i e l d  b o t h  p r o d 
u c t s ,  b u t  s i m p l e  m o d i f i c a t i o n s  i n  t h e  p r o c e d u r e  y i e l d  s i g n i f i 

c a n t  q u a n t i t i e s  o f  e i t h e r  p r o t e i n  p r o d u c t .  B o t h  t h e  H P F  a n d  
W P C  c o n t a i n  s i g n i f i c a n t  q u a n t i t i e s  o f  p r o t e i n  r i c h  i n  l y s i n e .  
W h e n  e i t h e r  H P F  o r  W P C  a r e  u s e d  t o  f o r t i f y  w h i t e  b r e a d ,  t h e  

i n c r e a s e s  i n  p r o t e i n  c o n t e n t  ( 1 6 %  f o r  H P F  a n d  1 3 0 %  f o r  W P C  
f o r t i f i c a t i o n )  a n d  l y s i n e  c o n t e n t  ( a l m o s t  d o u b l e d / l O O g  p r o t e i n  

f o r  b o t h )  a r e  s i g n i f i c a n t .
B e c a u s e  t h e  H P F  i s  m a i n l y  a  f l o u r  b y  n a t u r e ,  i t  c a n  b e  

a d d e d  t o  a  b r e a d  f o r m u l a t i o n  i n  t h e  l a r g e s t  a m o u n t s  w i t h  t h e  

l e a s t  d e t r i m e n t a l  e f f e c t  o n  b r e a d  q u a l i t y ,  i . e . ,  l o a f  v o l u m e ,  
c r u m b  t e x t u r e ,  e t c .  W P C ,  w h i c h  i s  r i c h  i n  p r o t e i n ,  d o e s  a n  

e x c e l l e n t  j o b  o f  e n h a n c i n g  t h e  p r o t e i n  c o n t e n t  o f  b r e a d ,  b u t  
r a p i d l y  l o w e r s  t h e  b r e a d  q u a l i t i e s  m e n t i o n e d  a b o v e .  W P C  c a n  
b e  a d d e d  u p  t o  t h e  1 3 %  l e v e l  a n d  s t i l l  y i e l d  a n  a c c e p t a b l e  e n d  
p r o d u c t .
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PROTEIN CONCENTRATE FROM NORMAL AND HIGH-LYSINE CORNS 
BY ALKALINE EXTRACTION: PREPARATION

--------------------------------  ABSTRACT --------------------------------
A n  a lk a l in e  e x t r a c t i o n  p r o c e s s  w a s  d e v e l o p e d  t o  p r o d u c e  p r o t e in  c o n 
c e n t r a t e s  a n d  s t a r c h  f r o m  g r o u n d  n o r m a l  a n d  h ig h - ly s in e  c o rn s .  
O p t im u m  e x t r a c t i o n  o f  p r o t e in  o c c u r r e d  a t  p H  1 1 .7  in  0. I N  s o d iu m  
h y d r o x id e  w i t h  1 5 0 g  c o r n  p e r  9 0 0  m l s o lv e n t .  T h e  c o r n  w a s  e x t r a c t e d  
tw ic e  w i t h  s o d iu m  h y d r o x id e  s o lu t io n s .  A f t e r  c e n t r i f u g a t i o n ,  e a c h  
a lk a l in e  e x t r a c t  w a s  a d ju s t e d  t o  p H  4 .7  t o  r e c o v e r  t h e  p r o t e in  a s  a  
p r e c ip i t a t e .  B ra n  w a s  r e m o v e d  f r o m  s ta r c h  a n d  p r o t e i n  b y  s c r e e n in g  th e  
s e c o n d  a lk a l in e  d i s p e r s io n ,  a n d  t h e  p r o t e in  a n d  s ta r c h  w e re  s e p a r a te d  
b y  c e n t i f u g a t io n .  T h e  p r o t e i n  c o n t e n t  ( n i t r o g e n  x  6 .2 5 )  o f  t h e  c o n c e n 
t r a t e  v a r ie d  b e tw e e n  6 3  a n d  7 1 %  a n d  a c c o u n t e d  f o r  5 2 - 6 3 %  o f  th e  
t o t a l  c o rn  p r o t e in .  H ig h - ly s in e  c o r n  y ie ld e d  m o r e  c o n c e n t r a t e  t h a n  
n o r m a l  c o m ,  as w e ll  a s  m o r e  s ta r c h .

INTRODUCTION
A L T H O U G H  P R O T E I N  f r o m  n o r m a l  c o r n  i s  d e f i c i e n t  i n  

l y s i n e  a n d  t r y p t o p h a n  ( M a r i a s  a n d  S m u t s ,  1 9 4 0 ) ,  t h e  e n d o 
s p e r m  m u t a n t  o f  o p a q u e - 2  c o r n  c o n t a i n e d  s i g n i f i c a n t l y  g r e a t e r  
a m o u n t s  o f  l y s i n e  a n d  t r y p t o p h a n  i n  i t s  p r o t e i n  ( M e r t z  e t  a l . ,  
1 9 6 4 ;  N e l s o n ,  1 9 6 9 ) .  T h e  o p a q u e - 2  g e n e  c h a n g e s  b o t h  p r o 
p o r t i o n s  o f  t h e  p r o t e i n  f r a c t i o n s  a n d  l y s i n e  c o n t e n t s  w i t h i n  
t h e  v a r i o u s  p r o t e i n s  ( M u r p h y  a n d  D a l b y ,  1 9 7 1 ;  S o d e k  a n d  

W i l s o n ,  1 9 7 1 ) .  E t h a n o l - s o l u b l e  p r o t e i n  i s  s h a r p l y  r e d u c e d  in  
o p a q u e - 2  c o r n  p r o t e i n s  w h i l e  t h e  s a l t -  a n d  a l k a l i - s o l u b l e  p r o 
t e i n s  a r e  i n c r e a s e d .

A  n u m b e r  o f  i n v e s t i g a t o r s  h a v e  s t u d i e d  v a r i o u s  a s p e c t s  o f  
c o r n  p r o t e i n s  ( B r e s s a n i  a n d  M e r t z ,  1 9 5 8 ;  N i e l s e n  e t  a l . ,  1 9 7 0 ;  
P a u l i s  e t  a l . ,  1 9 6 9 ;  R o b u t t i  e t  a l . ,  1 9 7 4 ) .  T h e i r  r e s u l t s  i n d i c a t e  

t h a t  t h e  c o r n  k e r n e l  i s  b o u n d  b y  a  m a t r i x  o f  d i s u l f i d e  c r o s s -  
l i n k e d  p r o t e i n .  I n  c o m m e r c i a l  w e t  m i l l i n g ,  c o r n  k e r n e l s  a r e  

s t e e p e d  i n  s u l f u r o u s  a c i d  f r o m  2 8 — 4 8  h r  t o  d i s r u p t  t h e  m a t r i x  

a n d  ■ p e r m i t  s e p a r a t i o n  o f  s t a r c h  a n d  p r o t e i n  ( A n d e r s o n ,  1 9 7 0 ) .  
S e p a r a t i o n  p r o d u c e s  i n s o l u b l e  c o m  g l u t e n  a n d  s t e e p  l i q u o r  

w h i c h  c o n t a i n s  n i t r o g e n  c o n s i s t i n g  p r i m a r i l y  o f  l o w  m o l e c u l a r  
w e i g h t  c o m p o n e n t s  ( C h r i s t i a n s o n  e t  a l . ,  1 9 6 5 ) .  C o r n  g l u t e n  

a c c o u n t s  f o r  3 5  a n d  2 3 %  o f  t h e  r e s p e c t i v e  n i t r o g e n  i n  n o r m a l  
a n d  h i g h - l y s i n e  w h o l e - k e r n e l  c o r n  ( W a t s o n  a n d  Y a h l ,  1 9 6 7 ) .  

R e i n e r s  e t  a l .  ( 1 9 7 3 )  e l i m i n a t e d  l i p i d  a n d  w a t e r - s o l u b l e  m a 
t e r i a l s  f r o m  c o m m e r c i a l  c o r n  g l u t e n  t o  o b t a i n  a  p r o t e i n  c o n 

c e n t r a t e .  N i e l s e n  e t  a l .  ( 1 9 7 3 )  p r e p a r e d  a  p r o t e i n  i s o l a t e  f r o m  

c o r n  g e r m .
I t  h a s  l o n g  b e e n  e s t a b l i s h e d  t h a t  a l k a l i  c a n  s o l u b i l i z e  m u c h  

o f  t h e  m a t r i x  p r o t e i n  o f  c o r n .  D i m l e r  e t  a l .  ( 1 9 4 4 )  u s e d  a n  
a l k a l i  p r o c e s s  t o  p r e p a r e  s t a r c h  a n d  p r o t e i n  f r o m  w h e a t  f l o u r ,  
c o r n  f l o u r  a n d  o t h e r  c e r e a l  f l o u r s .  S i n c e  w h o l e  c o r n  h a s  a  
b e t t e r  a m i n o  a c i d  c o m p o s i t i o n  a n d  h i g h e r  p r o t e i n  c o n t e n t  
t h a n  c o r n  f l o u r  ( e n d o s p e r m ) ,  w e  u s e d  a l k a l i n e  e x t r a c t i o n  t o  
p r o d u c e  p r o t e i n  c o n c e n t r a t e s  a n d  b y - p r o d u c t s  f r o m  g r o u n d  
n o r m a l  a n d  h i g h - l y s i n e  c o r n s .  O u r  a l k a l i n e  p r o c e s s  p r o v i d e s  
m o r e  c o r n  p r o t e i n  c o n c e n t r a t e  t h a n  t h e  y i e l d  o f  g l u t e n  f r o m  
s t a n d a r d  w e t  m i l l i n g  a s  m e a s u r e d  b y  W a t s o n  a n d  Y a h l  ( 1 9 6 7 ) ,  
e s p e c i a l l y  f r o m  h i g h - l y s i n e  c o r n .

EXPERIMENTAL

Corn
A  n o r m a l  c o m ,  S X  4 8 ,  a n d  a  h ig h - ly s in e  o p a q u e - 2  c o r n ,  5 0 0 3 9 ,

w e r e  s u p p l ie d  b y  P f i s t e r  A s s o c ia te d  G r o w e r s ,  A u r o r a ,  IlL  T h e  c o r n s  
w e re  g r o u n d  tw ic e  in  a  h a m m e r  m i l l  e q u ip p e d  w i t h  a  s c r e e n  c o n ta in in g  
1 / 1 6 -in . h o le s .  F o r t y  p e r c e n t  o f  t h e  g r o u n d  n o r m a l  c o r n  a n d  5 7 %  o f  t h e  
g r o u n d  h ig h - ly s in e  c o r n  p a s s e d  th r o u g h  a  1 0 0  m e s h  s c r e e n .  T h e  n o r m a l  
c o rn  h a s  1 1 .6 %  p r o t e i n  ( n i t r o g e n  x  6 .2 5 ) ,  d r y  b a s is ,  a n d  t h e  h ig h - ly s in e  
c o r n ,  1 1 .5 % . S o m e  o f  t h e  g r o u n d  h ig h - ly s in e  c o r n  w a s  d e f a t t e d  b y  
h e x a n e .

Protein extraction
G r o u n d  c o r n  ( 3 - 8 g )  w a s  m ix e d  w i th  s o d iu m  h y d r o x i d e  s o lu t io n  

( 0 . 0 2 5 - 0 . 1 N )  a t  a  s p e c i f i e d  w e ig h t  a n d  v o lu m e  r a t i o ,  s t i r r e d  m a g 
n e t ic a l l y  f o r  2 5  m in  a n d  t h e n  c e n t r i f u g e d  f o r  15  m in  in  a  S o rv a l l  
l a b o r a t o r y  c e n tr ir 'u g e  a t  3 3 0 0  X G . A  p o r t i o n  o f  t h e  s u p e r n a t a n t  a f te r  
c e n t r i f u g a t io n  w a s  a n a l y z e d  f o r  n i t r o g e n  b y  a  m ic r o - K je ld a h l  m e th o d ,  
a n d  th e  r e m a in in g  s u p e r n a t a n t  w a s  f r e e z e  d r ie d .

A f t e r  2 5  m in  o f  m a g n e t ic  s t i r r in g ,  t h e  e f f e c t  o n  p r o t e i n  e x t r a c t i o n  
w a s  d e t e r m in e d  b y  a d d i t i o n a l  m ix in g  in  a  W a r in g  B le n d o r  ( M o d e l  7 0 0 B , 
W a r in g  P r o d u c t s  C o r p . ,  W in s te d ,  C o n n . )  fo r  1 m in  a t  lo w  s p e e d  a n d  f o r  
1 m in  a t  h ig h  s p e e d .  T h e  m i x t u r e  w a s  t h e n  c e n t r i f u g e d ,  a n d  t h e  s u p e r 
n a t a n t  w a s  a n a ly z e d  f o r  n i t r o g e n  a s  d e s c r ib e d  a b o v e .

Precipitation pH
T h e  p H  v a lu e ,  w h e r e  t h e  g r e a t e s t  p r e c i p i t a t i o n  o f  p r o t e in  o c c u r r e d ,  

w a s  d e t e r m in e d  b y  p i p e t t i n g  6 m l o f  a n  a lk a l in e  e x t r a c t  o f  h ig h - ly s in e  
c o rn  i n t o  e a c h  o f  f iv e  c e n t r i f u g e  t u b e s  a n d  t h e n  a d d in g  h y d r o c h lo r i c  
a c id  s o l u t i o n  d r e p w is e  t o  e a c h  t u b e  u n t i l  p H  v a lu e s  r a n g e d  b e tw e e n
4 . 2 - 6 . 0 .  T h e  m i x t u r e  w a s  s t i r r e d  m a g n e t ic a l ly  a n d  t h e n  c e n t r i f u g e d  a t  
3 3 0 0  x  G  in  a  S o r v a l l  l a b o r a t o r y  c e n t r i f u g e  f o r  15 m in .  A  p o r t i o n  o f  
e a c h  s u p e r n a t a n t  a f t e r  c e n t i f u g a t io n  w a s  a n a l y z e d  f o r  n i t r o g e n  b y  
m ic ro - K je ld a h l .  S u b t r a c t i n g  th e  p r o t e i n  i n  s u p e r n a t a n t  f r o m  t h a t  in  th e  
a lk a l in e  e x t r a c t  g a v e  t h e  a m o u n t  o f  p r o t e i n  p r e c ip i t a t e d  a t  e a c h  pH  
le v e l.

Protein concentrate
T o  m a k e  p r o t e i n  c o n c e n t r a t e s  a n d  b y - p r o d u c t s  b y  e x t r a c t in g  p ro 

te in  a t  p H  1 0 .7 ,  1 1 .2  a n d  1 1 .7 ,  s o d iu m  h y d r o x i d e  s o lu t io n s  o f  0 .0 5 ,  
0 .0 7 5  a n d  0 .1 N  w e re  n e e d e d .  G r o u n d  c o m  ( 1 5 Og) a n d  9 0 0  m l  o f  0 . IN  
s o d iu m  h y d r o x id e  w e r e  s t i r r e d  f o r  2 5  m in .  T h e  s lu r r y  a t  p H  1 1 .7  w a s  
c e n t r i f u g e d  a t  3 3 0 0  x  G  in  a L o u r d e s  c e n t r i f u g e  f o r  15  m in ,  a n d  th e  
s u p e r n a t a n t  w a s  d e c a n t e d  a n d  a d ju s t e d  t o  p H  4 .7  w i t h  6 N  h y d r o c h lo r i c  
a c id  t o  p r e c ip i t a t e  a lm o s t  a l l  t h e  p r o t e in .  T h e  m i x t u r e  w a s  c e n t r i f u g e d  
a t  3 3 0 0  X G  f o r  15  m in  to  y ie ld  a  p r e c i p i t a t e  a n d  a  s u p e r n a t a n t ,  a n d  
th e y  w e re  f r e e z e  d r i e d  s e p a r a te ly  t o  g e t  t h e  f i r s t  p r e c i p i t a t e  ( p r o t e i n  
c o n c e n t r a t e )  a n d  s u p e r n a t a n t  (F ig .  1 ).

T h e  a lk a l in e  r e s id u e  f r o m  t h e  f i r s t  c e n t r i f u g a t i o n  w a s  re d is p e r s e d  to  
o r ig in a l  v o lu m e  a n d  p H  b y  a d d i t i o n  o f  w a t e r  a n d  s o d iu m  h y d r o x id e  
s o lu t io n  (F ig .  1). T h i s  s lu r r y  w a s  s t i r r e d  m a g n e t ic a l ly  f o r  2 5  m in  a n d  
p a s s e d  th r o u g h  1 0 0 -m e s h  b o l t i n g  c l o t h  t o  r e m o v e  b r a n .  T h e  s lu r r y  t h a t  
p a s s e d  th r o u g h  t h e  c l o t h  w a s  c e n t r i f u g e d  a t  3 3 0 0  X G  f o r  15  m in  to  
o b t a in  a  s u p e r n a r a n t ,  a  s t a r c h  la y e r  a n d  a  l a y e r  a b o v e  s ta r c h .  T h e  s u p e r 
n a t a n t  w a s  a d ju s t e d  t o  p H  4 .7  b y  a d d i t i o n  o f  6 N  h y d r o c h lo r i c  a c id  t o  
p r e c ip i t a t e  m o s t  o f  t h e  p r o t e in .  T h e  m i x t u r e  w a s  c e n t r i f u g e d  a t  3 3 0 0  x  
G  f o r  15 m in  to  y ie ld  a  p r e c i p i t a t e  a n d  a  s u p e r n a t a n t ,  a n d  t h e y  w e re  
f r e e z e  d r i e d  t o  o b t a i n  a  s e c o n d  p r e c i p i t a t e  a n d  s u p e r n a t a n t .  T h e  s ta r c h ,  
t h e  l a y e r  a b o v e  th e  s ta r c h  a n d  t h e  b r a n  t h a t  r e m a in e d  o n  th e  b o l t in g  
c l o t h  w e re  e a c h  n e u t r a l i z e d  w i t h  6 N  h y d r o c h l o r i c  a c id  a n d  f r e e z e  d r ie d .

RESULTS & DISCUSSION
S o l v e n t  a n d  s t i r r i n g

T h e  e f f e c t s  o f  p H  a n d  s t i r r i n g  o n  e x t r a c t i o n  o f  h i g h - l y s i n e  
c o r n  p r o t e i n  a t  a  g r o u n d  c o r n - t o - s o l v e n t  r a t i o  o f  1 : 6  a r e  s h o w n  
i n  T a b l e  1 . T h e  m a x i m u m  p e r c e n t a g e  o f  c o r n  p r o t e i n  e x 

t r a c t e d  w a s  a t  p H  1 1 . 6 ;  t h e  n e x t  h i g h e s t  w a s  a t  p H  1 1 . 2 .  T h e
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Table 1 — Influence of pH and stirring on extraction of high- 
lysine corn protein (ground corn-to-solvent ratio, 1:6}

Sodium
hydroxide
normality

pH of 
slurry

Method of 
stirring

Protein
extracted

(%)

Protein in 
extract solids

(%)

0.025 9.2 Magnetic 43 43

Blending 43 40

0.037 9.8 Magnetic 45 43

0.045 10.4 Magnetic 52 46

0.048 1 0 . 6 Magnetic 61 49

Blending 60 45

0.06 10.9 Magnetic 63 49

0.075 1 1 . 2 Magnetic 74 51

0 . 1 0 1 1 . 6 Magnetic 76 50

Table 2— Effect of corn-to-solvent ratio on extraction of high- 
lysine corn protein

Protein extracted at pH (%)
Corn:solvent -------------------------------------------

ratio 10.5 11.6

1:3 N ot determined 64

1:4 51 73

1 : 6 56 81

1 :1 0 58 84

Table 3 -  
lysine corn

Effect of precipitation pH on alkaline extract of high-

Protein precipitated
pH (%)

4.2 6 8

4.7 70

5.1 69
5.5 6 8

6 . 0 64

p r o t e i n  c o n t e n t  i n  e x t r a c t  s o l i d s  ( t h e  d r y  a l k a l i n e  e x t r a c t  w i t h 
o u t  a n y  a d d i t i o n  o f  a c i d )  c h a n g e d  f r o m  4 0  t o  5 1 %  i n  t h e  p H  
r a n g e  o f  9 . 2 — 1 1 . 6 .  S i n c e  w a t e r ,  0 . 5 M  s o d i u m  c h l o r i d e  a n d  
0 . 1 M  a c e t i c  a c i d - 0 . 5 M  s o d i u m  c h l o r i d e  e x t r a c t e d ,  r e s p e c t i v e l y ,  
7 ,  1 7  a n d  1 3 %  o f  n i t r o g e n  f r o m  w h o l e  c o r n  m e a l  ( P a u l i s  a n d  
W a l l ,  1 9 6 9 ) ,  t h e s e  s o l v e n t s  w e r e  n o t  u s e d .

T h e  e f f e c t  o f  s t i r r i n g  o n  e x t r a c t i o n  o f  c o r n  p r o t e i n  w a s  
s t u d i e d  a t  p H  9 . 2  a n d  1 0 . 6  ( T a b l e  1 ) .  T h e r e  w a s  n o  i n c r e a s e  i n  
p e r c e n t a g e  o f  p r o t e i n  e x t r a c t e d  b u t  a  s m a l l  d e c r e a s e  i n  p r o t e i n  

c o n t e n t  o f  t h e  e x t r a c t  s o l i d s  w h e n  a d d i t i o n a l  b l e n d i n g  w a s  
d o n e  i n  a  W a r i n g  B l e n d o r ,  p e r h a p s  d u e  t o  s o l u b i l i z a t i o n  o r  

o c c l u s i o n  o f  n o n p r o t e i n  m a t e r i a l  i n  t h e  a l k a l i n e  e x t r a c t s .  O n l y  
m a g n e t i c  s t i r r i n g  w a s  u s e d  f o r  s u b s e q u e n t  e x t r a c t i o n s ,  b e c a u s e  
i t  w a s  s i m p l e r  a n d  g a v e  b e t t e r  r e s u l t s  t h a n  t h o s e  w i t h  a d d i 

t i o n a l  b l e n d i n g .

Corn-to-solvent ratio
G r o u n d  h i g h - l y s i n e  c o r n  w a s  e x t r a c t e d  w i t h  s o d i u m  h y 

d r o x i d e  a t  v a r i o u s  s o l i d - t o - s o l v e n t  r a t i o s  f r o m  1 : 3  t o  1 :1  0  a t  

p H  1 0 .5  a n d  1 1 . 6  ( T a b l e  2 ) .  A t  b o t h  p H  v a l u e s ,  t h e  p e r c e n t a g e  

o f  p r o t e i n  e x t r a c t e d  i n c r e a s e d  m o r e  w h e n  c o r n - t o - s o l v e n t  r a t i o  

w a s  i n c r e a s e d  f r o m  1 : 4  t o  1 : 6  t h a n  w h e n  c o r n - t o - s o l v e n t  r a t i o  
w a s  i n c r e a s e d  f r o m  1 : 6  t o  1 : 1 0 .  A t  p H  1 1 . 6 ,  t h e  e f f e c t  o f  

c o r n - t o - s o l v e n t  r a t i o  w a s  m o r e  p r o n o u n c e d  t h a n  t h a t  a t  p H

1 0 . 5 .  A  c o r n - t o - s o l v e n t  r a t i o  o f  1 : 6  s e e m e d  t o  b e  a  g o o d  
c o m p r o m i s e  b e t w e e n  t h e  h i g h e s t  p e r c e n t a g e  o f  p r o t e i n  e x 

t r a c t e d  a n d  a  m i n i m u m  a m o u n t  o f  e x t r a c t a n t  n e e d e d .

Precipitation pH
F i v e  p r e c i p i t a t i o n  p H  v a l u e s  r a n g i n g  b e t w e e n  4 . 2  a n d  6 . 0  

w e r e  e v a l u a t e d ,  a n d  t h e  p e r c e n t a g e  p r o t e i n  p r e c i p i t a t e d  f r o m  
a n  a l k a l i n e  e x t r a c t  o f  h i g h - l y s i n e  c o r n  v a r i e d  b e t w e e n  6 4  a n d  
7 0  ( T a b l e  3 ) .  T h e  d e p e n d e n c e  o f  s o l u b i l i t y  o n  p H  w a s  n o t  

s h a r p l y  d e f i n e d  i n  t h i s  r a n g e .  S i n c e  t h e  s a m e  s t a r t i n g  a l k a l i n e  
e x t r a c t  o f  c o r n  w a s  u s e d  f o r  e a c h  p r e c i p i t a t i o n  p H ,  t h e  s m a l l  
d i f f e r e n c e  i n  p e r c e n t a g e  p r o t e i n  p r e c i p i t a t e d  w a s  p r o b a b l y  s ig 
n i f i c a n t  b e t w e e n  p H  4 . 2  a n d  5 . 1 .  T h e  m a x i m u m  a m o u n t  o f  

p r o t e i n  p r e c i p i t a t e d  w a s  7 0 %  a t  p H  4 . 7 ,  a n d  t h i s  p H  v a l u e  w a s  
u s e d  t o  p r e c i p i t a t e  c o r n  p r o t e i n s  f r o m  s u b s e q u e n t  a l k a l i n e  e x 
t r a c t s .

Products from  corn
A l k a l i n e  e x t r a c t i o n  o f  g r o u n d  c o r n  g a v e  s e v e n  f r a c t i o n s  

( T a b l e  4 ) .  F o r  h i g h - l y s i n e  c o r n ,  t h e  y i e l d  o f  p r o t e i n  c o n c e n 
t r a t e  i n c r e a s e d  s u b s t a n t i a l l y  f r o m  9  t o  1 2 %  w h e n  p H  w a s

Table 4 - Yield and protein of products from aklahne extraction of high-lysine (HL) and normal (N) corns (solid-to-solvent ratio, 1 :6 dry basis)3

Yield (%) Proteinb of solid (%) Total protein (%)

pH 10.7
pH 11,2 pH 11.7

pH 10.7 
H L

pH 11.2 pH 11.7
pH 10.7 

H L

pH 11.2 pH 11.7

Product H L H L N H L N H L N H L N H L N H L N

Protein cone 

(First ppt) 5 9 8 1 2 9 85 65 65 63 71 34 50 46 63 52
First

supernatant 7 6 5 8 5 28 29 19 23 18 16 16 9 16 8
Second

PPt 0.3 2 2 2 2 8 8 45 29 48 42 2 6 4 7 7
Second

supernatant 1 1 1 2 1 30 26 16 18 14 3 3 1 4 1
Bran 38 14 45 16 31 7 8 8 4 8 2 2 1 0 31 6 21
Layer above 

starch 28 17 15 13 18 4 6 5 3 5 11 9 6 3 8
Starch 17 47 2 2 49 33 3 0.4 0.4 0.3 0.4 4 2 1 1 1
Total 96.3 96 98 1 0 2 99 92 9 6 98 1 0 0 98

a T h e  g ro u n d  corn  w as defatted b y  hexane  fo r the pH  1 0.7 e x tra c t io n  b u t n o t defatted  fo r  the  tw o  others 
b  N itro gen  X  6 .25
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Fig. 1 —S c h e m a tic  d iagram  fo r  p re p a rin g  p r o te in  c o n c e n tr a te  a n d  
b y -p r o d u c ts  fr o m  g r o u n d  co rn  b y  a lk a lin e  e x tr a c tio n .

c h a n g e d  f r o m  1 1 . 2  t o  1 1 . 7 ;  w h e r e a s ,  t h e  p r o t e i n  c o n t e n t  o f  
t h e  c o n c e n t r a t e  r e m a i n e d  a b o u t  t h e  s a m e  a t  6 5  t o  6 3 % .  T h e  
t o t a l  p r o t e i n  a c c o u n t e d  f o r  b y  t h e  p r o t e i n  c o n c e n t r a t e  i n 

c r e a s e d  f r o m  5 0  t o  6 3 %  a s  p H  i n c r e a s e d  f r o m  1 1 . 2  t c  1 1 . 7 .  
F o r  n o r m a l  c o r n ,  t h e  y i e l d s  o f  p r o t e i n  c o n c e n t r a t e  w e r e  a b o u t  
t h e  s a m e  a t  p H  1 1 . 2  a n d  1 1 . 7 ,  b u t  p r o t e i n  c o n t e n t s  i n c r e a s e d  

f r o m  6 5  t o  7 1 %  w h e n  p H  i n c r e a s e d  f r o m  1 1 . 2  t o  1 1 . 7 .  A l s o  
t h e r e  w a s  a  l a r g e  d e c r e a s e  i n  y i e l d  o f  b r a n  a n d  a  l a r g e  i n c r e a s e  
i n  y i e l d  o f  s t a r c h  f o r  n o r m a l  c o r n  a t  t h e  h i g h e r  p H .

A p p a r e n t l y  v a r i e t y  o f  c o r n  h a s  a n  e f f e c t  o n  e x t r a c t i o n  o f  
p r o t e i n  a t  t h e  s a m e  p H .  T h e  y i e l d s  o f  t h e  p r o t e i n  c o n c e n t r a t e ,  

f i r s t  s u p e r n a t a n t ,  s e c o n d  p r e c i p i t a t e  a n d  s u p e r n a t a n t  ( T a b l e  4 )  

w e r e  a b o u t  t h e  s a m e  a t  p H  1 1 . 2  f o r  t h e  t w o  c o r n s .  T h e  h i g h -  
l y s i n e  c o r n  a l s o  g a v e  a  m u c h  h i g h e r  y i e l d  o f  s t a r c h  a n d  a  m u c h  

l o w e r  y i e l d  o f  b r a n  c o m p a r e d  w i t h  n o r m a l  c o r n .

A t  p H  1 1 . 7 ,  t h e  y i e l d s  o f  p r o t e i n  c o n c e n t r a t e  a n d  f i r s t  
s u p e r n a t a n t  f r o m  h i g h - l y s i n e  c o r n  w e r e  h i g h e r  t h a n  t h o s e  f r o m  
n o r m a l  c o r n .  T h e  p r o t e i n  c o n t e n t  o f  t h e  p r o t e i n  c o n c e n t r a t e  

w a s  l o w e r  f o r  t h e  h i g h - l y s i n e  c o r n  c o m p a r e d  w i t h  n o r m a l  c o r n .  
T h e  y i e l d s  o f  b r a n  a n d  t h e  l a y e r  a b o v e  s t a r c h ,  a s  w e l l  a s  t h e n -  
p r o t e i n  c o n t e n t s ,  w e r e  l o w e r  f o r  t h e  h i g h - l y s i n e  c o r n  c o m 
p a r e d  w i t h  n o r m a l  c o r n .

A n  a l k a l i n e  e x t r a c t i o n  o f  d e f a t t e d  h i g h - l y s i n e  c o r n  w a s  
c a r r i e d  o u t  a t  p H  1 0 . 7  t o  s e e  i f  g o o d  r e s u l t s  c a n  b e  o b t a i n e d  a t  
t h e  l o w e r  p H .  T h e  y i e l d s  o f  p r o t e i n  c o n c e n t r a t e  a n d  s e c o n d  
p r e c i p i t a t e  a n d  o f  s t a r c h  w e r e  c o n s i d e r a b l y  l o w e r  t h a n  t h o s e  a t  
p H  1 1 . 2 ,  w h e r e a s ,  y i e l d s  o f  b r a n  a n d  t h e  l a y e r  a b o v e  s t a r c h

w e r e  c o n s i d e r a b l y  h i g h e r .  T h e  d e f a t t e d  c o r n  r e s u l t e d  i n  m u c h  

h i g h e r  p r o t e i n  c o n t e n t  f o r  p r o t e i n  c o n c e n t r a t e  a n d  s e c o n d  
p r e c i p i t a t e  c o m p a r e d  w i t h  t h o s e  f r o m  t h e  s a m e  c o r n  t h a t  w a s  
n o t  d e f a t t e d .

T h e  h i g h - l y s i n e  c o r n  y i e l d e d  m o r e  p r o t e i n  c o n c e n t r a t e  a n d  
m o r e  s t a r c h  a t  p H  1 1 . 7  c o m p a r e d  w i t h  n o r m a l  c o r n .  T h e  
i m p r o v i n g  y i e l d  ( b u s h e l s  p e r  a c r e ) ,  t h e  b e t t e r  n u t r i t i o n a l  v a l u e  
a n d  t h e  m o r e  f a v o r a b l e  p r o d u c t s  o b t a i n e d  f r o m  a l k a l i n e  e x 
t r a c t i o n  o f  h i g h - l y s i n e  c o r n  c o m p a r e d  w i t h  n o r m a l  c o r n  m a y  

i n d i c a t e  a  c o m m e r c i a l  p o t e n t i a l  f o r  h i g h - l y s i n e  c o r n  p r o t e i n  
c o n c e n t r a t e  p r e p a r e d  b y  a l k a l i n e  w e t  m i l l i n g .  T h e  c o r n  p r o t e i n  
c o n c e n t r a t e  m a y  s u p p l y  p a r t  o f  t h e  t o t a l  U .S .  m a r k e t  p o t e n t i a l  
f o r  f u n c t i o n a l  p r o t e i n  o f  a p p r o x i m a t e l y  3 . 1  b i l l i o n  l b  a n n u a l l y  
( H a m m o n d s  a n d  C a l l ,  1 9 7 2 ) .
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PROTEIN CONCENTRATE FROM NORMAL AND 
BY ALKALINE EXTRACTION: COMPOSITION

HIGH-LYSINE CORNS 
AND PROPERTIES

--------------------------------  ABSTRACT --------------------------------
P r o te i n  c o n c e n t r a t e s  a n d  b y - p r o d u c t s  p r o d u c e d  b y  a lk a l in e  e x t r a c t i o n  
f r o m  g r o u n d  c o r n  h a v in g  n o r m a l  a n d  h ig h  c o n t e n t s  o f  ly s in e  w e re  
a n a ly z e d  f o r  a m in o  a c id  c o m p o s i t i o n ,  p r o t e in ,  s t a r c h ,  f a t ,  a sh , f ib e r  a n d  
v a r io u s  n e u t r a l  c a r b o h y d r a t e s .  A  h ig h - ly s in e  c o n c e n t r a t e  c o n ta in e d  6 5 %  
p r o t e in  ( n i t r o g e n  X 6 .2 5 )  w i t h  4 .7 g  ly s in e  a n d  4 .0 g  t o t a l  s u l f u r  a m in o  
a c id s  p e r  1 6 g  n i t r o g e n  r e c o v e r e d .  T h e  m in im u m  n i t r o g e n  s o lu b i l i t y  o f  
t h e  c o n c e n t r a t e s  w a s  3 - 5 %  n e a r  p H  5 .5 .  T h e  p r o t e i n  c o n c e n t r a t e s  h a s  
g o o d  f u n c t i o n a l i t y  r e la t iv e  t o  t h e i r  e m u ls i f y in g  a c t iv i ty ,  e m u ls io n  s ta 
b i l i t y  a n d  h y d r a t i o n  c a p a c i ty .

INTRODUCTION
A N  A L K A L I N E  P R O C E D U R E  h a s  b e e n  d e v e l o p e d  t o  p r o d u c e  
p r o t e i n  c o n c e n t r a t e s  a n d  b y - p r o d u c t s  f r o m  g r o u n d  c o r n  h a v i n g  
n o r m a l  a n d  h i g h  c o n t e n t s  o f  l y s i n e  ( W u  a n d  S e x s o n ,  1 9 7 6 ) .  
D u r i n g  s t a n d a r d  w e t  m i l l i n g  o f  c o r n ,  a l b u m i n  a n d  g l o b u l i n  
p r o t e i n s  a r e  l o s t  a l t h o u g h  y i e l d s  o f  z e i n  a n d ,  p o s s i b l y ,  g l u t e l i n  

a r e  g o o d .  D u r i n g  t h e  n e w  a l k a l i n e  p r o c e s s ,  w h i c h  i s  p r e d o m i 
n a n t l y  b a s e d  o n  s o l u b l e  p r o t e i n s ,  b o t h  y i e l d  a n d  c o m p o s i t i o n  
o f  t h e  p r o t e i n  c o n c e n t r a t e s  f r o m  h i g h - l y s i n e  c o r n  a r e  b e t t e r .  

T h e  p o t e n t i a l  o f  t h e s e  p r o t e i n  c o n c e n t r a t e s  a n d  b y - p r o d u c t s  

d e p e n d s  o n  t h e i r  c o m p o s i t i o n s  a s  w e l l  a s  t h e i r  f u n c t i o n a l  p r o p 
e r t i e s .  C o n s e q u e n t l y ,  w e  h a v e  d e t e r m i n e d  t h e  a m i n o  a c i d  c o m 
p o s i t i o n ,  p r o t e i n ,  s t a r c h ,  f a t ,  f i b e r ,  a s h  a n d  t o t a l  n e u t r a l  c a r b o 

h y d r a t e s  o f  c o r n  p r o t e i n  c o n c e n t r a t e s  a n d  b y - p r o d u c t s ,  a s  w e l l  
a s  t h e  n i t r o g e n  s o l u b i l i t y ,  h y d r a t i o n  c a p a c i t y ,  e m u l s i f y i n g  

a c t i v i t y  a n d  e m u l s i o n  s t a b i l i t y  o f  t h e  c o n c e n t r a t e s .

EXPERIMENTAL
Materials

A  n o r m a l  c o r n ,  S X  4 8 ,  a n d  a  h ig h - ly s in e  o p a q u e - 2  c o rn ,  5 0 0 3 9 ,  
w e re  g r o u n d  tw ic e  i n  a  h a m m e r  m ill.  G r o u n d  c o r n  a n d  0 .0 7 5 N  s o d iu m  
h y d r o x i d e  in  a  1 :6  r a t i o  w e re  s t i r r e d  2 5  m in  a n d  th e n  c e n t r i f u g e d  a t  
3 3 0 0  X G . T h e  a lk a l in e  s u p e r n a t a n t  a t  p H  1 1 .2  w a s  a d ju s t e d  t o  p H  4 .7  
a n d  c e n t r i f u g e d  t o  y ie ld  a  p r e c ip i t a t e  a n d  a  s u p e r n a t a n t ,  a n d  th e y  w e re  
f r e e z e - d r ie d  s e p a r a te ly  t o  g e t  t h e  f i r s t  p r e c ip i t a t e  ( p r o t e i n  c o n c e n t r a t e )  
a n d  s u p e r n a t a n t  T h e  in s o lu b le  a lk a l in e  r e s id u e  f r o m  th e  f i r s t  c e n t r i f u 
g a t io n  w a s  r e s to r e d  to  o r ig in a l  v o lu m e  a n d  p H  b y  a d d i t i o n  o f  w a te r  
a n d  s o d iu m  h y d r o x i d e  s o lu t io n ;  t h e  s lu r r y  w a s  s t i r r e d  a n d  p a s s e d  
t h r o u g h  b o l t i n g  c l o t h  t o  r e m o v e  b r a n .  W h e n  t h e  s lu r r y  t h a t  p a s s e d  
t h r o u g h  t h e  c l o t h  w a s  c e n t r i f u g e d ,  a  s u p e r n a t a n t ,  a  s t a r c h  la y e r  a n d  a  
la y e r  a b o v e  s ta r c h  r e s u l t e d .  T h e  s u p e r n a t a n t  w a s  a g a in  a d ju s t e d  t o  pH
4 .7  t o  p r e c i p i t a t e  m o s t  o f  t h e  p r o t e in .  T h i s  s lu r r y  w a s  c e n t r i f u g e d  to  
o b t a in  a  s e c o n d  p r e c i p i t a t e  a n d  s u p e r n a t a n t ,  a n d  th e y  w e r e  f r e e z e  
d r ie d .  T h e  s ta r c h  la y e r ,  t h e  la y e r  a b o v e  s ta r c h  a n d  th e  b r a n  w e re  n e u 
t r a l iz e d  a n d  d r ie d .

F o r  m a k in g  p r o t e i n  c o n c e n t r a t e  a n d  b y - p r o d u c t s  a t  p H  1 1 .7 ,  0 .1 N  
s o d iu m  h y d r o x id e  s o lu t io n  w a s  u s e d  in s te a d  o f  0 .0 7 5 N .  T h e  p r e p a 
r a t i o n  o f  p r o t e i n  c o n c e n t r a t e  a n d  b y - p r o d u c t s  h a s  b e e n  r e p o r t e d  i n  a  
c o m p a n io n  p a p e r  in  m o r e  d e t a i l  (W u  a n d  S e x s o n ,  1 9 7 6 ) .

Methods
P r o te i n  c o n t e n t  w a s  c a l c u la te d  f r o m  d u p l i c a t e  m ic r o - K je ld a h l  a n a ly 

ses b y  m u l t ip ly in g  p e r c e n t  n i t r o g e n  b y  6 .2 5  a n d  c o r r e c t in g  to  d r y  b a s is . 
G a s - l iq u id  c h r o m a to g r a p h y  (G L C )  w a s  u s e d  to  d e t e r m i n e  t o t a l  n e u t r a l  
c a r b o h y d r a t e s  o f  a n  a c i d - h y d r o ly z e d  s a m p le  ( S lo n e k e r ,  1 9 7 1 ) .  T h e  
c e l lu lo s e  f r a c t i o n  w a s  a n a ly z e d  b y  th e  s a m e  G L C  p r o c e d u r e  a f t e r  o t h e r

c o m p o n e n t s  w e re  s o lu b i l i z e d  a n d  r e m o v e d  ( S lo n e k e r ,  1 9 7 1 ) .  F ib e r ,  a s h  
a n d  h y d r a t i o n  c a p a c i ty  w e re  d e t e r m i n e d  b y  a p p r o v e d  m e t h o d s  (A A C C ,
1 9 7 1 ) .  S ta r c h  w a s  m e a s u r e d  b y  a  p o l a r im e t r i c  m e t h o d  (G a r c ia  a n d  
W o lf , 1 9 7 2 ) .  F a t  w a s  d e t e r m in e d  b y  G L C  (B la c k  e t  a l . ,  1 9 6 7 )  a s  w e l l  as 
b y  p e t r o l e u m  e t h e r  e x t r a c t i o n  (E E ) .  M a n y  e x p e r i m e n t s  w e r e  c a r r ie d  
o u t  in  d u p l i c a t e ,  a n d  t h e  a v e r a g e  v a lu e  w a s  r e p o r t e d .  I f  t h e  a g r e e m e n t  
b e tw e e n  d u p l i c a t e  e x p e r im e n t s  w a s  n o t  w i th in  e x p e r im e n ta l  e r r o r ,  
d u p l i c a t e  e x p e r im e n t s  w e re  u s u a l ly  r e p e a t e d .

F o r  a m in o  a c id  a n a ly s is ,  e a c h  s a m p le  w a s  h y d r o ly z e d  f o r  2 4  h r  in  
r e f lu x in g  6 N  h y d r o c h l o r i c  a c id ,  e v a p o r a t e d  t o  d r y n e s s  a n d  d is s o lv e d  in  
c i t r a t e  b u f f e r  a t  p H  2 .2 . A  p o r t i o n  o f  t h e  h y d r o l y s a t e  s o l u t i o n  w a s  
a n a ly z e d  in  a  B e c k m a n  S p in c o  M o d e l  121 a m in o  a c id  a n a l y z e r ,  a n d  
d a t a  w e r e  c o m p u t e d  a u to m a t i c a l l y  (C a v in s  a n d  F r i e d m a n ,  1 9 6 8 ) .

N i t r o g e n  s o lu b i l i t y  w a s  d e t e r m in e d  b y  m ix in g  0 . l g  o f  p r o t e i n  c o n 
c e n t r a t e  w i t h  1 0  m l o f  w a te r ,  a n d  e i t h e r  h y d r o c h lo r i c  a c id  o r  s o d iu m  
h y d r o x i d e  s o lu t io n  w a s  a d d e d  d r o p w is e  to  o b t a i n  t h e  d e s i r e d  p H  v a lu e s . 
T h e  m i x t u r e  w a s  s t i r r e d  m a g n e t ic a l ly  fo r  2 5  m in ,  c e n t r i f u g e d  a t  1 3 0 0  x  
G  ( o r  a t  3 3 0 0 ,  1 2 1 0 0 ,  o r  2 7 0 0 0  X G , i f  n e e d e d )  f o r  2 0  m in  t o  s e p a r a te  
s o l id  a n d  s o lu t io n  s a t i s f a c to r i l y ,  a n d  th e  s u p e r n a t a n t  w a s  a n a l y z e d  fo r  
n i t r o g e n  b y  m ic ro - K je ld a h l .  E m u ls i f y in g  a c t iv i t y  a n d  e m u l s io n  s ta b i l i ty  
w e re  d e t e r m in e d  b y  th e  m e t h o d  o f  Y a s u m a ts u  e t  a l .  ( 1 9 7 2 )  f o r  a  s im p le  
s y s te m ,  w h e r e  t h e  c o n c e n t r a t e ,  s o y b e a n  o i l ,  a n d  w a t e r  w e r e  e m u ls i f i e d  
in  a  V ir t i s  H o m o g e n iz e r  a t  1 0 ,0 0 0  rp m  a n d  t h e n  c e n t r i f u g e d  ( f o r  e m u l 
s i fy in g  a c t iv i t y )  o r  h e a t e d  a n d  c e n t r i f u g e d  ( f o r  e m u ls io n  s ta b i l i ty ) .

RESULTS & DISCUSSION
C o m p o s i t i o n

T h e  p r o x i m a t e  a n a l y s e s  a n d  s t a r c h  c o n t e n t s  o f  p r o t e i n  c o n 

c e n t r a t e s  a n d  b y - p r o d u c t s  f r o m  n o r m a l  a n d  h i g h - l y s i n e  c o r n s  
a r e  s h o w n  i n  T a b l e  1. F o r  e x t r a c t i o n  a t  p H  1 1 . 2  t h e  p r o t e i n  

c o n c e n t r a t e  f r o m  b o t h  n o r m a l  a n d  h i g h - l y s i n e  c o r n s  h a d  a  

p r o t e i n  c o n t e n t  o f  6 5 %  c o m p a r e d  w i t h  l e s s  t h a n  1 2 %  p r o t e i n  

f o r  t h e  g r o u n d  c o r n s .  B o t h  c o n c e n t r a t e s  h a d  l o w e r  f i b e r ,  

h i g h e r  a s h  a n d  h i g h e r  f a t  c o m p a r e d  w i t h  t h e  g r o u n d  c o r n s .  
E t h e r  e x t r a c t i o n  r e m o v e s  f r e e  l i p i d  a n d  p a r t  o f  t h e  b o u n d  

l i p i d ,  w h i l e  G L C  m e t h o d  r e m o v e s  a l l  l i p i d s .  T h e  l o w e r  f a t  
v a l u e  b y  E E  c o m p a r e d  w i t h  G L C  f o r  p r o t e i n  c o n c e n t r a t e  o f  
h i g h - l y s i n e  c o r n  s u g g e s t s  t h a t  p a r t  o f  t h e  b o u n d  l i p i d  o f  t h e  

c o n c e n t r a t e  i s  n o t  r e m o v e d  b y  E E .  T h e  s e c o n d  p r e c i p i t a t e s  
h a d  l o w e r  p r o t e i n  ( 2 9  t o  4 5 % )  a n d  l o w e r  a s h  c o m p a r e d  w i t h  
t h e  t w o  p r o t e i n  c o n c e n t r a t e s .

T h e  f i r s t  a n d  s e c o n d  s u p e r n a t a n t s  f r o m  n o r m a l  a n d  h i g h -  
l y s i n e  c o r n s  c o n t a i n e d  1 7 - 2 9 %  p r o t e i n ,  l o w  f i b e r  a n d  h i g h  
a s h .  T h e s e  f r a c t i o n s  c o n t a i n e d  a l b u m i n s  a n d  g l o b u l i n s  o f  c o r n ,  

a s  w e l l  a s  s a l t  a n d  o t h e r  w a t e r - s o l u b l e  m a t e r i a l s .  T h e  h i g h  a s h  
c o n t e n t s  o f  t h e  t w o  s u p e r n a t a n t s  w e r e  p a r t l y  a  r e s u l t  o f  
s o d i u m  c h l o r i d e  f o r m e d  b y  n e u t r a l i z i n g  s o d i u m  h y d r o x i d e  

s o l u t i o n .  F a t  c o n t e n t s  o f  t h e  t w o  s u p e r n a t a n t s  f r o m  h i g h -  
l y s i n e  c o r n  w e r e  c o n s i d e r a b l y  l o w e r  t h a n  t h o s e  f r o m  n o r m a l  
c o r n .

T h e  b r a n  h a d  l o w e r  p r o t e i n  a n d  f a t ,  s i m i l a r  a s h  i n  g e n e r a l  
a n d  h i g h e r  f i b e r  c o n t e n t s  c o m p a r e d  w i t h  t h e  t w o  g r o u n d  
c o r n s .  S t a r c h  c o n t e n t  o f  t h e  b r a n  f r o m  h i g h - l y s i n e  c o r n  w a s  
c o n s i d e r a b l y  l o w e r  t h a n  t h a t  f r o m  n o r m a l  c o r n .  B e c a u s e  h i g h -  
l y s i n e  c o r n  i s  f l o u r y ,  s e p a r a t i o n  o f  s t a r c h  a n d  f i b e r  w a s  b e t t e r .  
T h e  m u c h  h i g h e r  f i b e r  c o n t e n t  o f  b r a n  f r o m  h i g h - l y s i n e  c o r n
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Table 1— Composition of protein concentrates and by-products from high-lysine and normal corns (%  dry basis)3

Protein
(N X  6.25) E E G L C EE G L C Fiber Ash Starch

Fraction H L N H L N H L N H L N H L N

Extraction pH 11.2

Ground corn 11.5 1 1 . 6 5.0 5.5 4.6 6.5 2.4 2 . 0 1 . 2 1.1 67.7 69.0
Protein cone (first ppt) 64.9 65.2 1 0 . 0 31.7 30.5 33.1 0 .1 0 .1 2.3 3.2 b b
First supernatant 29.2 19.1 0 . 2 0 .1 1.5 2 .1 0 .1 0 .1 37.1 44.4 b b
Second ppt 44.6 29.1 1 2 . 8 54.2 59.3 2 1 . 6 b b 1.3 1 . 0 b b
Second supernatant 25.9 16.5 0 . 6 b 2.5 9.7 b b 47.6 43.0 b b
Bran 8 . 2 8 .1 1 . 8 1.7 1.1 1.3 9.3 3.2 1.9 1 . 0 42.8 75.7
Layer above starch 5.9 4.9 2.4 1.1 1 .1 1.5 3.5 1 . 6 2.4 2.9 72.6 78.4
Starch 0.4 0.4 0.3 0.3 0 0.5 0 .1 0 .1 0.7 0.7 94.7 8 6 . 6

Extraction pH 11.7 c

Protein cone (first ppt) 63.1 71.2 27.3 21.4 2 . 8 2.3 b b
First supernatant 2 2 . 8 17.9 0 . 2 0 .1 41.9 38.5 b b
Second ppt 48.3 41.5 29.0 56.2 1.7 1.1 b b
Second supernatant 18.0 13.9 0.3 0 40.7 57.9 b b
Bran 4.3 7.9 1.3 1.4 2 . 0 1.5 54.8 69.8
Layer above starch 2.9 5.1 1.7 0.9 2.7 2 . 6 70.2 79.4
Starch 0.3 0.4 0 . 2 0 .1 0 . 6 0.9 95.9 94.0

a K e y  to  ab b rev ia tion s: H L ,  h igh  ly sine ; N, n o rm a l; E E ,  p e tro le um  ether e x tract ion ; G L C ,  gas- ¡quid  ch ro m a to g ra p h y , 
b  N o t  de te rm ined
c Fa t n o t  de te rm ined  b y  G L C  and  fibe r n o t  determ ined

c o m p a r e d  w i t h  t h a t  f r o m  n o r m a l  c o r n  m a y  b e  a c c o u n t e d  f o r  
b y  t h e  l a r g e  d i f f e r e n c e  i n  y i e l d s  o f  t h e  t w o  f r a c t i o n s  ( 1 4 %  f o r  
h i g h - l y s i n e  a n d  4 5 %  f o r  n o r m a l )  r e p o r t e d  i n  t h e  c o m p a n i o n  
p a p e r  ( W u  a n d  S e x s o n ,  1 9 7 6 ) .  T h e  l a y e r  a b o v e  s t a r c h  f r o m  
b o t h  c o r n s  h a d  l o w e r  p r o t e i n  a n d  f i b e r  a n d  h i g h e r  s t a r c h  a n d  
a s h  c o m p a r e d  w i t h  b r a n .  B o t h  b r a n  a n d  t h e  l a y e r  a b o v e  s t a r c h  

c o n t a i n e d  s t a r c h ,  b u t  t h e  b r a n  h a d  l e s s  s t a r c h  t h a n  t h e  l a y e r  
a b o v e  s t a r c h .  S t a r c h  f r o m  b o t h  c o r n s  w a s  l o w  i n  p r o t e i n  
( 0 . 4 % ) .

A l k a l i n e  e x t r a c t i o n  a t  p H  1 1 . 2  w a s  n o t  t o o  e f f e c t i v e  i n  
b r e a k i n g  u p  t h e  h o r n y  e n d o s p e r m  o f  n o r m a l  c o r n .  H i g h - l y s i n e  

c o r n  b e i n g  f l o u r y  w a s  r e a d i l y  e x t r a c t e d .  A  h i g h  l i p i d  c o n t e n t  
i n  a  p r o t e i n  c o n c e n t r a t e  m a y  b e  d e t r i m e n t a l  d u r i n g  s t o r a g e .  
L i p i d  c a n  b e  r e m o v e d  b y  s o l v e n t  e x t r a c t i o n  i f  d e s i r e d .

A t  a n  e x t r a c t i o n  p H  o f  1 1 . 7 ,  t h e  p r o t e i n  c o n c e n t r a t e  f r o m  

n o r m a l  c o r n  h a d  h i g h e r  p r o t e i n  c o n t e n t  t h a n  t h e  h i g h - l y s i n e  

e q u i v a l e n t  o r  e i t h e r  p r o t e i n  c o n c e n t r a t e  e x t r a c t e d  a t  p H  1 1 . 2 .  
H o w e v e r ,  t h e  h i g h e r  y i e l d  o f  p r o t e i n  c o n c e n t r a t e  a t  p H  1 1 . 7  

f o r  h i g h  l y s i n e  m o r e  t h a n  c o m p e n s a t e d  f o r  t h e  s o m e w h a t  

l o w e r  p r o t e i n  c o n t e n t  o f  t h e  c o n c e n t r a t e  f r o m  n o r m a l  c o r n  

( W u  a n d  S e x s o n ,  1 9 7 6 ) .  A p p a r e n t l y  d u r i n g  e x t r a c t i o n ,  p r o t e i n  
a n d  f a t  w e r e  c o n c e n t r a t e d  i n  t h e  p r o t e i n  c o n c e n t r a t e s  f o r  b o t h  
n o r m a l  a n d  h i g h - l y s i n e  c o r n s  a t  b o t h  p H  1 1 . 2  a n d  1 1  7 .  T h e  

s e c o n d  p r e c i p i t a t e s  h a d  p r o t e i n  c o n t e n t s  o f  4 2 —4 8 % ,  h i g h e r  

t h a n  t h e  c o r r e s p o n d i n g  f r a c t i o n s  e x t r a c t e d  a t  p H  1 1 .2
T h e  f i r s t  a n d  s e c o n d  s u p e r n a t a n t s  a t  p H  1 1 . 7  h a d  s o m e w h a t  

l o w e r  p r o t e i n  c o n t e n t s  t h a n  t h e  c o r r e s p o n d i n g  s u p e r n a t a n t s  

e x t r a c t e d  a t  p H  1 1 . 2 .  T h e  f i r s t  a n d  s e c o n d  s u p e r n a t a n t s ,  a s  
w e l l  a s  t h e  s e c o n d  p r e c i p i t a t e ,  f r o m  h i g h - l y s i n e  c o r n  h a d  

h i g h e r  p r o t e i n  c o n t e n t s  t h a n  t h o s e  f r o m  n o r m a l  c o r n .
B r a n  a n d  t h e  l a y e r  a b o v e  s t a r c h  f r o m  h i g h - l y s i n e  c o r n  w e r e  

l o w e r  i n  p r o t e i n  t h a n  e i t h e r  n o r m a l  c o r n  e x t r a c t e d  a t  p H  1 1 . 7  
o r  h i g h  l y s i n e  e x t r a c t e d  a t  p H  1 1 . 2 .  T h e  s t a r c h  f r o m  h i g h -  
l y s i n e  c o r n  c o n t a i n e d  o n l y  0 . 3 %  p r o t e i n .

N e u t r a l  c a r b o h y d r a t e s

T h e  a m o u n t  a n d  k i n d  o f  n e u t r a l  c a r b o h y d r a t e s  f r o m  a c i d  
h y d r o l y s a t e s  o f  p r o t e i n  c o n c e n t r a t e s  a n d  b y - p r o d u c t s  e x 
t r a c t e d  a t  p H  1 1 . 2  f r o m  n o r m a l  a n d  h i g h - l y s i n e  c o r n s  a r e  l i s t e d

i n  T a b l e  2 .  T h e  n o r m a l  c o r n  p r o t e i n  c o n c e n t r a t e  y i e l d e d  n o  

n e u t r a l  c a r b o h y d r a t e s ,  w h e r e a s  t h e  h i g h - l y s i n e  c o n c e n t r a t e  
p r o d u c e d  4 %  g l u c o s e .  T h e  f i r s t  a n d  s e c o n d  s u p e r n a t a n t s  f r o m  
t h e  t w o  c o r n s  y i e l d e d  1 1 — 2 1 %  n e u t r a l  c a r b o h y d r a t e s ,  w h i c h  

c o n s i s t e d  m o s t l y  o r  e x c l u s i v e l y  o f  g l u c o s e .  A b o u t  h a l f  t h e  
s u c r o s e  w i l l  a p p e a r  a s  g l u c o s e ,  a n d  n e a r l y  a l l  f r u c t o s e  i s  d e 
s t r o y e d  d u r i n g  a c i d  h y d r o l y s i s  ( S l o n e k e r ,  1 9 7 1 ) .  S i n c e  c o r n  
h a s  a b o u t  2 %  s u c r o s e  a n d  s u c r o s e  i s  l i k e l y  t o  b e  i n  s u p e r 

n a t a n t s ,  p a r t  o f  t h e  g l u c o s e  f r o m  t h e  s u p e r n a t a n t s  i s  d e r i v e d  
f r o m  s u c r o s e .

B r a n  a n d  t h e  l a y e r  a b o v e  s t a r c h  f r o m  b o t h  c o r n s  y i e l d e d  
a r a b i n o s e ,  x y l o s e  a n d  a  l a r g e  a m o u n t  o f  g l u c o s e ;  t h e  t w o  f r a c 
t i o n s  f r o m  t h e  h i g h - l y s i n e  c o r n  p r o d u c e d  g a l a c t o s e  i n  a d d i t i o n .  

B r a n  f r o m  h i g h  l y s i n e  c o r n  y i e l d e d  7 %  c e l l u l o s e .  T a b l e  2  l i s t s  

1 1 1 %  g l u c o s e  f o r  s t a r c h  f r o m  h i g h - l y s i n e  c o r n ;  g l u c o s e  v a l u e s  
a b o v e  1 0 0 %  w e r e  a l s o  o b s e r v e d  f o r  o a t  s t a r c h e s  b y  t h e  s a m e  

m e t h o d  ( W u  e t  a l . ,  1 9 7 3 ) .  S t a r c h  f r o m  b o t h  c o r n s  p r o d u c e d  
o n l y  g l u c o s e  w i t h o u t  a n y  o t h e r  n e u t r a l  c a r b o h y d r a t e ,  a n d  t h i s  

a b s e n c e ,  t o g e t h e r  w i t h  o n l y  s m a l l  a m o u n t s  o f  o t h e r  m a t e r i a l s ,  

w o u l d  i n d i c a t e  t h a t  t h e  s t a r c h  i s  q u i t e  p u r e .

A m i n o  a c i d  c o m p o s i t i o n

T h e  a m i n o  a c i d  c o m p o s i t i o n  o f  p r o t e i n  c o n c e n t r a t e s  a n d  
b y - p r o d u c t s  f r o m  h i g h - l y s i n e  a n d  n o r m a l  c o r n s  i s  l i s t e d  i n  
T a b l e  3 .  T h e  d a t a  w e r e  c a l c u l a t e d  t o  1 0 0 %  n i t r o g e n  r e c o v e r y  
a n d  e x p r e s s e d  i n  g  a m i n o  a c i d  p e r  1 6 g  n i t r o g e n  r e c o v e r e d .  A l l  
t h e  d i s c u s s i o n  o n  a m i n o  a c i d s  i s  b a s e d  o n  g  p e r  1 6 g  n i t r o g e n  
r e c o v e r e d .  T h e  h i g h - l y s i n e  c o r n  h a d  4 . 8 g  l y s i n e  p e r  1 6 g  n i t r o 
g e n  i n  c o n t r a s t  t o  t h e  l y s i n e  l e v e l  o f  n o r m a l  c o r n  ( 2 . 8 ) .  T h e  
p r o t e i n  c o n c e n t r a t e  f r o m  h i g h - l y s i n e  c o r n  ( e x t r a c t i o n  p H
1 1 . 2 )  h a d  e s s e n t i a l l y  t h e  s a m e  h i g h  l e v e l s  o f  l y s i n e  a n d  t o t a l  
s u l f u r  a m i n o  a c i d s  a s  t h e  h i g h - l y s i n e  c o r n ,  b u t  t h e  c o n c e n t r a t e  
h a d  s i g n i f i c a n t  m o r e  l e u c i n e ,  t y r o s i n e  a n d  p h e n y l a l a n i n e  a n d  
l e s s  a s p a r t i c  a c i d  t h a n  t h e  c o r n .  T h e  s e c o n d  p r e c i p i t a t e  h a d  a  
c o m p o s i t i o n  s i m i l a r  t o  t h e  p r o t e i n  c o n c e n t r a t e  i n  g e n e r a l .  
C o m p a r e d  t o  t h e  w h o l e  c o r n ,  t h e  f i r s t  s u p e r n a t a n t  h a d  h i g h e r  
a s p a r t i c  a c i d  a n d  p r o l i n e  b u t  l o w e r  h i s t i d i n e ,  a r g i n i n e ,  t h r e o 
n i n e ,  s e r i n e ,  a l a n i n e ,  h a l f - c y s t i n e ,  v a l i n e ,  m e t h i o n i n e ,  i s o 
l e u c i n e ,  l e u c i n e ,  t y r o s i n e  a n d  p h e n y l a l a n i n e .  B r a n  h a d  h i g h e r
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Table 2— Neutral carbohydrates from hydrolysates of protein concentrates and by-products from high-lysine (HL) and normal (N) corns (%  dry

basis, extraction pH 11.2) ________________________________________________ ________________________

L-Arabinose D-Xylose D-Mannose D-Galactose D-Glucose

Fraction H L N H L N H L N H L N H L N

G round  corn 1.1 1 . 2 1 . 8 1 . 6 0 0 0 0 92.0 76.0

Protein cone (first ppt) 0 0 0 0 0 0 0 0 4.3 0

First supernatant 0 0 . 8 0 0 . 2 0 1.3 0 0 20.7 17.9

Second ppt 0 0 0 0 0 0 0 0 Trace 5.0

Second supernatant 0 0 . 6 0 0 0 0 0 0 11.3 15.2

Bran 9.5 2.7 15.1 3.6 0 0 1.7 0 61 .0a 79.3

Layer above starch 1 . 8 2 . 0 2.4 1.4 0 0 2 . 8 0 52.6 87.7

Starch 0 0 0 0 0 0 0 0 1 1 1 1 0 0 . 1

a In c lu d e s  7 . 0 %  ce llu lose

t h r e o n i n e ,  p r o l i n e  a n d  l e u c i n e ,  b u t  l o w e r  a r g i n i n e ,  a s p a r t i c  

a c i d  a n d  h a l f - c y s t i n e  t h a n  g r o u n d  c o r n .  P r o t e i n  c o n c e n t r a t e s  
f r o m  h i g h - l y s i n e  c o r n  e x t r a c t e d  a t  p H  1 1 . 2  a n d  1 1 . 7  h a d  s i m i 
l a r  a m i n o  a c i d  c o m p o s i t i o n .  T h e  s m a l l  v a r i a t i o n  i n  l y s i n e  c o n 

t e n t  o f  t h e  h i g h - l y s i n e  c o r n  f r a c t i o n s  s u g g e s t s  t h a t  z e i n  ( l o w  in  

l y s i n e )  w a s  p r o p o r t i o n a l l y  d i s t r i b u t e d  r e l a t i v e  t o  t h e  g r o u n d  

c o r n .

T h e  l y s i n e  c o n t e n t  o f  n o r m a l  c o r n  f r a c t i o n s  w a s  l o w e r  t h a n  
t h e  c o r r e s p o n d i n g  f r a c t i o n s  f r o m  h i g h - l y s i n e  c o r n .  T h e  l y s i n e  

c o n t e n t  o f  n o r m a l  c o r n  b r a n  w a s  c o n s i d e r a b l y  l o w e r  t h a n  i n  

o t h e r  f r a c t i o n s .  L o w  l y s i n e  s u g g e s t s  t h a t  b r a n  f r o m  n o r m a l  
c o r n  h a s  p r o p o r t i o n a l l y  m o r e  z e i n ,  w h i c h  is  k n o w n  t o  b e  l o w  

i n  l y s i n e .  O t h e r  f r a c t i o n s  f r o m  g r o u n d  n o r m a l  c o r n  h a d  h i g h e r  

l y s i n e  t h a n  t h e  g r o u n d  c o r n .  I t  a p p e a r e d  t h a t  m o r e  a l b u m i n ,  
g l o b u l i n  a n d  g l u t e l i n  b u t  l e s s  z e i n  w e r e  p r o p o r t i o n a l l y  e x 

t r a c t e d  b y  a l k a l i .  T h e  p r o t e i n  c o n c e n t r a t e s  f r o m  g r o u n d  

n o r m a l  c o r n  e x t r a c t e d  a t  p H  1 1 . 2  a n d  1 1 .7  h a d  s i m i l a r  a m i n o  
a c i d  c o m p o s i t i o n ,  e x c e p t  t h e  c o n c e n t r a t e  e x t r a c t e d  a t  p H  1 1 . 7  
h a d  l o w e r  m e t h i o n i n e .

O n l y  t h e  e s s e n t i a l  a m i n o  a c i d s  n e e d  t o  b e  c o n s i d e r e d  f o r

n u t r i t i o n a l  p u r p o s e s .  T h e  e s s e n t i a l  a m i n o  a c i d  c o m p o s i t i o n  o f  
h i g h - l y s i n e  p r o t e i n  c o n c e n t r a t e  m e e t s  o r  e x c e e d s  t h e  F A O  

p a t t e r n  ( 1 9 6 5 )  f o r  h u m a n  c o n s u m p t i o n ,  w h i l e  t h a t  o f  n o r m a l  

p r o t e i n  c o n c e n t r a t e  i s  d e f i c i e n t  i n  l y s i n e  a n d  s l i g h t l y  l o w  i n  

i s o l e u c i n e .

N i t r o g e n  s o l u b i l i t y

T h e  c o r n  p r o t e i n  c o n c e n t r a t e s  u s e d  f o r  n i t r o g e n  s o l u b i l i t y  

s t u d i e s  w e r e  e x t r a c t e d  a t  p H  1 1 .2 .  T h e  p e r c e n t a g e s  o f  n i t r o g e n  

s o l u b l e  a t  a  n u m b e r  o f  p H  v a l u e s  f r o m  2 — 11  f o r  n o r m a l  a n d  
h i g h - l y s i n e  c o r n  p r o t e i n  c o n c e n t r a t e s  a r e  p l o t t e d  i n  F i g u r e  1 . 
T h e  h i g h - l y s i n e  p r o t e i n  c o n c e n t r a t e  h a d  a  m i n i m u m  s o l u b i l i t y  

o f  5 %  n e a r  p H  5 . 5 .  T h e  c o r n  p r o t e i n  c o n c e n t r a t e  w a s  p r e p a r e d  

b y  p r e c i p i t a t i o n  a t  p H  4 . 7  ( m i n i m u m  s o l u b i l i t y ) ,  b u t  t h e  i o n i c  
s t r e n g t h  o f  t h e  s o l u t i o n  d u e  t o  s a l t  p r e s e n t  o r i g i n a l l y  i n  c o r n  
a n d  d u e  t o  n e u t r a l i z a t i o n  o f  a l k a l i  w a s  h i g h e r  t h a n  t h a t  u s e d  

h e r e .  T h e  d i f f e r e n c e  i n  i o n i c  s t r e n g t h  l i k e l y  a c c o u n t s  f o r  t h e  

d i f f e r e n t  p H  v a l u e s  ( 4 . 7  a n d  5 . 5 )  f o r  m i n i m u m  s o l u b i l i t y  o f  
p r o t e i n  c o n c e n t r a t e .  A l s o ,  t h e  l o w e r  i o n i c  s t r e n g t h  u s e d  h e r e  
m a k e s  t h e  c o n c e n t r a t e  s l i g h t l y  s o l u b l e  a t  p H  4 . 7  i n s t e a d  o f  

i n s o l u b l e .  S o l u b i l i t y  i n c r e a s e d  r a p i d l y  a s  p H  i n c r e a s e d  b e y o n d

Table 3— Am ino acid composition of protein concentrates and by-products from high-lysine (HL) and normal (N) corns (g amino acid per 16g 
nitrogen recovered). (Extraction pH 11.2 unless otherwise specified)

Protein concentrate

(first precipitate) First Second Second

Ground corn pH 11.2 pH 11.7 supernatant precipitate supernatant Bran

Am ino acid H L N H L INI H L INI H L N H L N H L N H L N

Lysine 4.8 2 . 8 4.7 3.5 4.5 3.1 4.9 4.1 4.3 3.2 4.3 3.3 4.6 1.9
Histidine 3.5 2.9 3.5 3.5 3.5 3.3 2.9 3.7 3.6 3.5 3.4 4.2 3.5 2.5
Am m on ia 2.1 2.7 1.7 2 . 6 2 . 0 3.3 3.5 5.3 1.9 3.1 3.6 4.5 2 .1 4.1
Argin ine 7.4 4.9 8 . 0 5.8 7.2 5.3 6 . 6 6 . 0 6 .1 5.2 6 . 8 5.9 6 . 6 3.7
Aspartic acid 10.4 7.4 7.8 6 . 6 8 .1 6.4 21.3 1 0 . 6 8 . 2 6 . 0 15.8 9.5 7.6 6 .1
Threonine 4.0 4.0 4.0 3.8 4.2 3.7 3.0 3.3 4.3 3.6 3.1 3.5 4.9 3.6
Serine 4.9 5.3 5.3 4.9 5.3 5.0 3.3 3.6 5.4 4.6 3.6 3.8 5.3 4.8
G lutam ic acid 18.4 2 2 . 0 18.4 19.1 18.4 19.7 19.5 15.8 19.0 18.8 17.7 16.5 17.0 21.5
Proline 7.4 9.6 6.9 8 . 8 7.2 7.8 9.6 7.3 8.3 14.0 9.8 9.5 8 . 6 8 . 6
Glycine 5.0 4.1 5.1 4.3 5.0 4.0 4.7 5.3 5.1 4.1 4.3 5.1 5.0 2.7
Alanine 6 . 6 8.4 6.9 7.5 7.0 7.4 4.7 4.6 7.1 6 . 6 4.8 4.9 7.3 8.3
Half-cystine 1.9 2 . 0 1 . 8 1.7 1.5 1.5 1.3 2 . 8 2.3 1 . 8 2.5 3.1 1 . 2 0 . 8
Valine 5.7 5.3 6 . 0 5.4 6.1 5.2 3.3 3.4 5.9 4.9 3.9 4.2 5.9 5.0
Methionine 2 . 2 2.4 2 . 2 2.7 2.4 2 . 2 1 . 0 1.4 2.4 2.4 1.4 1 . 6 2.3 2 .1
Isoleucine 3.7 3.8 3.9 3.9 4.2 3.8 2 .1 2 . 2 4.3 3.5 2.4 2.5 4.1 4.1
Leucine 9.0 13.1 1 0 . 0 12.3 10.5 12.5 3.0 3.7 10.9 10.5 4.8 5.5 11.3 15.0
Tyrosine 4.3 3.8 5.1 5.1 4.6 4.9 3.5 2.5 4.9 4.6 3.6 2.9 4.4 4.6
Phenylalanine 4.8 4.2 6 . 0 5.4 5.6 5.4 2 . 0 1.4 5.6 4.7 2.9 2 . 0 5.3 5.6
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Fig. 7 —N itro g e n  s o lu b i l i ty  o f  co rn  p r o te in  c o n c e n tr a te s  ( e x tr a c te d  
a t  p H  11 .2 ) a t  various p H  values. P ro te in  c o n c e n tr a te  (0.1 g) was 
s tir re d  w ith  10 m l o f  w a te r  to  w h ic h  e ith e r  h y d r o c h lo r ic  a c id  (b e lo w  
p H  4) o r  s o d iu m  h y d r o x id e  s o lu t io n  (a b o ve  p H  4 .6 )  was a d d e d  to  
arrive a t  th e  d e s ire d  pH .

Table 4—Some functional properties of corn protein concentrates

Protein
cone

Extraction
pH

Hydration
capacity

Emulsifying
activity

<%)

Emulsion
stability

(%)

High lysine 1 1 . 2 3.5 32 25

High lysine 11.7 4.2 55 54

Normal 1 1 . 2 3.6 49 24

Normal 11.7 4.2 2 2 21

6 . 5 ;  a l m o s t  a l l  t h e  n i t r o g e n  w a s  s o l u b l e  a t  p H  1 0 . 4 .  A n  i n 
c r e a s e  i n  s o l u b i l i t y  w a s  a l s o  o b s e r v e d  b e l o w  p H  5 ,  a n d  t h e  
s o l u b i l i t y  r e a c h e d  3 4 %  a t  p H  2 . 3 .

P r o t e i n  c o n c e n t r a t e  f r o m  n o r m a l  c o m  w a s  l e s s  s o l u b l e  t h a n  
t h e  h i g h - l y s i n e  p r o t e i n  c o n c e n t r a t e  a t  a l l  p H  v a l u e s  i n  F i g u r e  1 , 

a l t h o u g h  t h e  s h a p e  o f  t h e  t w o  c u r v e s  a r e  g e n e r a l l y  s i m i l a r .  
N o r m a l  c o r n  p r o t e i n  c o n c e n t r a t e  h a d  a  m i n i m u m  n i t r o g e n  

s o l u b i l i t y  o f  3 %  a l s o  n e a r  p H  5 . 5 .  T h e  i n c r e a s e  i n  s o l u b i l i t y  
w a s  m o d e r a t e l y  r a p i d  a s  p H  i n c r e a s e d  b e y o n d  7 ,  a n d  5 0 %  o f  
t h e  n i t r o g e n  w a s  s o l u b l e  a t  p H  1 0 . 4 .  S o l u b i l i t y  i n c r e a s e d  

b e l o w  p H  4  a n d  2 3 %  o f  t h e  n i t r o g e n  w a s  s o l u b l e  a t  p H  2 . 3 .  
B o t h  p r o t e i n  c o n c e n t r a t e s  a r e  n o t  v e r y  s o l u b l e  i n  t h e  p H  6 — 7  
r a n g e  w h e r e  m a n y  f o o d  a p p l i c a t i o n s  h e .

H y d r a t i o n  c a p a c i t y

H y d r a t i o n  c a p a c i t i e s  ( w e i g h t  o f  s e d i m e n t  p e r  w e i g h t  o f  
s a m p l e )  o f  c o r n  p r o t e i n  c o n c e n t r a t e s  e x t r a c t e d  e i t h e r  a t  p H

1 1 .2  o r  1 1 .7  a r e  s h o w n  i n  T a b l e  4 .  T h e  h y d r a t i o n  c a p a c i t y  o f  
h i g h - l y s i n e  p r o t e i n  c o n c e n t r a t e  i n c r e a s e d  f r o m  3 . 5  t o  4 . 2  w h e n  
e x t r a c t i o n  p H  o f  t h e  c o n c e n t r a t e  i n c r e a s e d  f r o m  1 1 . 2  t o  1 1 . 7 .

T h e  s a m e  i n c r e a s e  i n  h y d r a t i o n  c a p a c i t y  o f  n o r m a l  c o r n  

p r o t e i n  c o n c e n t r a t e  w a s  o b s e r v e d  w h e n  e x t r a c t i o n  p H  o f  t h e  

c o n c e n t r a t e  i n c r e a s e d .  T h e  d i f f e r e n c e  i n  h y d r a t i o n  c a p a c i t y  
b e t w e e n  3 . 5  a n d  3 . 6  i s  p r o b a b l y  n o t  s i g n i f i c a n t .

E m u l s i f y i n g  a c t i v i t y  a n d  e m u l s i o n  s t a b i l i t y

T h e  e m u l s i f y i n g  a c t i v i t y  a n d  e m u l s i o n  s t a b i l i t y  o f  h i g h -  

l y s i n e  p r o t e i n  c o n c e n t r a t e  i n c r e a s e d  s i g n i f i c a n t l y  w h e n  e x 
t r a c t i o n  p H  o f  t h e  c o n c e n t r a t e  i n c r e a s e d  f r o m  1 1 . 2  t o  1 1 . 7  

( T a b l e  4 ) .  H o w e v e r ,  t h e  e m u l s i f y i n g  a c t i v i t y  o f  n o r m a l  c o r n  
p r o t e i n  c o n c e n t r a t e  d e c r e a s e d  d r a s t i c a l l y  w h i l e  e m u l s i o n  s t a 
b i l i t y  d e c r e a s e d  s l i g h t l y  w h e n  e x t r a c t i o n  p H  i n c r e a s e d  f r o m  
p H  1 1 . 2  t o  1 1 . 7 .  F o r  c o n c e n t r a t e s  e x t r a c t e d  a t  p H  1 1 . 2 ,  

n o r m a l  c o r n  h a d  c o n s i d e r a b l y  h i g h e r  e m u l s i f y i n g  a c t i v i t y  t h a n  
h i g h - l y s i n e  c o r n .  H o w e v e r ,  f o r  c o n c e n t r a t e s  e x t r a c t e d  a t  p H

1 1 . 7 ,  h i g h  l y s m e  h a d  m u c h  g r e a t e r  e m u l s i f y i n g  a c t i v i t y  a n d  
e m u l s i o n  s t a b i l i t y .  A  c o m m e r c i a l  s o y  p r o t e i n  i s o l a t e  g a v e  
e m u l s i f y i n g  a c t i v i t y  a n d  e m u l s i o n  s t a b i l i t y  v a l u e s  o f  4 5 %  
u n d e r  t h e  s a m e  e x p e r i m e n t a l  c o n d i t i o n s  a s  t h e  t w o  c o r n  p r o 

t e i n  c o n c e n t r a t e s  ( n o t  i n  T a b l e  4 ) .  E m u l s i f y i n g  a c t i v i t y  a n d  

e m u l s i o n  s t a b i l i t y  o f  h i g h - l y s i n e  c o n c e n t r a t e  ( e x t r a c t i o n  p H  
1 1 . 7 )  a n d  e m u l s i f y i n g  a c t i v i t y  o f  n o r m a l  c o r n  p r o t e i n  c o n c e n 
t r a t e  ( e x t r a c t i o n  p H  1 1 . 2 )  w e r e  b e t t e r  t h a n  t h a t  o f  t h e  c o m 
m e r c i a l  s o y  p r o t e i n  i s o l a t e .

P o t e n t i a l  u s e s  o f  p r o t e i n  c o n c e n t r a t e  a n d  b y - p r o d u c t s

C o r n  p r o t e i n  c o n c e n t r a t e  m a y  f i n d  a p p l i c a t i o n  i n  f o o d s  a s  a  
p r o t e i n  i n g r e d i e n t .  S i n c e  b o t h  g r o u n d  c o r n  m e a l  a n d  g r o u n d  

h i g h - l y s i n e  c o r n  m e a l  w e r e  s u c c e s s f u l l y  e x t r u d e d  ( C o n w a y  a n d  
A n d e r s o n ,  1 9 7 3 ) ,  t h e  r e s i d u e  a f t e r  o n e  p r o t e i n  e x t r a c t i o n  p r e 
s u m a b l y  c a n  b e  e x t r u d e d  i n t o  e i t h e r  b r e a k f a s t  c e r e a l  o r  s n a c k  
f o o d s ,  o r  u s e d  a s  a  s t a r c h  s o u r c e  f o r  f e r m e n t a t i o n .  P u r e  s t a r c h  

c a n  a l s o  b e  o b t a i n e d  a s  s h o w n  i n  t h e  c o m p a n i o n  p a p e r  ( W u  
a n d  S e x s o n ,  1 9 7 6 ) .  T h e  p r o t e i n  c o n c e n t r a t e  f r o m  h i g h - l y s i n e  

c o r n  h a s  a n  a : t r a c t i v e  l e v e l  o f  l y s i n e  a n d  i s  a l s o  a  n u t r i t i o u s  

p r o d u c t .
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DEATH KINETICS OF PATHOGENS IN A PASTA PRODUCT

--------------------------------  ABSTRACT --------------------------
T h e  d e a t h  k in e t ic s  o f  S a lm o n e lla e  a n a tu m  N F 3  a n d  S ta p h y lo c o c c u s  
a u re u s  1 9 6 E  w e re  d e t e r m i n e d  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  a n d  w a te r  
a c t i v i t y  (a w ). D e a th  k in e t i c s  w e re  m e a s u r e d  in  a  s o l id  m e d iu m  c o m 
p o s e d  o f  a  s e m o l in a - e g g  d o u g h  w h ic h  w a s  m ix e d  a t  c o n s t a n t  t e m p e r a 
tu r e  in  a  B r a b e n d e r  F a r in o g r a p h  b o w l .  F i r s t  o r d e r  d e a t h  k in e t i c s  w e re  
f o u n d  a t  a l l  c o n d i t i o n s .  T h e  r e s u l t s  s h o w e d  t h a t  a  m a x im u m  in  r e 
s i s ta n c e  t o  h e a t  o c c u r r e d  in  t h e  r a n g e  o f  a w  o f  0 . 7 5 - 0 . 8 0  f o r  b o t h  
o rg a n is m s  w i th  a  f o u r -  t o  t e n f o ld  in c r e a s e  in  r e s i s ta n c e  r e s p e c t iv e ly .  
T h e s e  r e s u l t s  s h o w  t h a t  t o  i n s u r e  s a f e ty  f r o m  p a th o g e n s ,  i n t e r m e d ia t e  
m o is tu r e  f o o d  c o m p o n e n t s  m a y  h a v e  t o  b e  p a s t e u r i z e d  b e f o r e  m ix in g  
t o  t h e  lo w e r  a w .

INTRODUCTION

N U M E R O U S  S T U D I E S  h a v e  b e e n  c a r r i e d  o u t  t o  i n v e s t i g a t e  
t h e  w a t e r  r e l a t i o n s  o f  m i c r o o r g a n i s m s  ( S c o t t ,  1 9 5 7 ;  T r o l l e r ,

1 9 7 3 ) .  T h e s e  s t u d i e s  w e r e  b a s i c a l l y  c o n c e r n e d  w i t h  d e t e r m i n 
i n g  t h e  m i n i m u m  w a t e r  a c t i v i t y  ( a w )  b e l o w  w h i c h  g r o w t h  
w o u l d  n o t  o c c u r  o r  d e t e r m i n i n g  t h e  r a t e  o f  g r o w t h  a s  a  f u n c 
t i o n  o f  a w . T h e s e  s t u d i e s  a r e  i m p o r t a n t  w i t h  r e s p e c t  t o  t h e  
s t o r a g e  s t a b i l i t y  a n d  s a f e t y  o f  f o o d s .  O f  e q u a l  i m p o r t a n c e  is  
t h e  e f f e c t  o f  a w  o n  t h e  d e a t h  r a t e  o f  m i c r o o r g a n i s m s  a s  a  

f u n c t i o n  o f  t e m p e r a t u r e .  T h i s  i s  a n  i m p o r t a n t  p a r a m e t e r  f o r  
t h e  d e v e l o p m e n t  o f  s a f e  f o o d  p r o c e s s e s  b e c a u s e  t h e  t i m e -  
t e m p e r a t u r e  r e q u i r e m e n t s  i n  a l l  p a s t e u r i z a t i o n  a n d  s t e r i l i z a 
t i o n  p r o c e s s e s  a r e  g o v e r n e d  b y  t h e  h e a t  r e s i s t a n c e  o f  t h e  i n 
d i c a t o r  m i c r o o r g a n i s m s .

W i t h  r e s p e c t  t o  b a c t e r i a l  s p o r e s ,  M u r r e l l  a n d  S c o t t  ( 1 9 6 6 )  
f o u n d  t h a t  t h e  g r e a t e s t  h e a t  r e s i s t a n c e  w a s  m a n i f e s t e d  a t  a w  

v a l u e s  o f  a b o u t  0 . 2 —0 . 4  w h e n  a w  w a s  c o n t r o l l e d  f r o m  t h e  
v a p o r  s t a t e .  A n g e l o t t i  e t  a l .  ( 1 9 6 8 )  a l s o  r e p o r t e d  t h a t  m a x i 
m u m  h e a t  r e s i s t a n c e  w a s  o b s e r v e d  w i t h i n  t h e  s a m e  r a n g e  o f  
a w . A l d e r t o n  a n d  S n e l l  ( 1 9 7 0 )  f o u n d  t h a t  t h e  o p t i m a l  a w  f o r  
m a x i m a l  h e a t  r e s i s t a n c e  o f  b a c t e r i a l  s p o r e s  w a s  0 . 2 8 .  P a c e  e t  
a l .  ( 1 9 7 2 )  s h o w e d  c o n t i n u a l l y  d e c r e a s i n g  s u r v i v a l  o f  s p o r e s  
w i t h  i n c r e a s i n g  a w  f r o m  0 . 5  t o  0 . 9 .  A l l  t h e s e  r e s u l t s  a r e  c o n 

s i s t e n t  w i t h  t h o s e  o f  M u r r e l l  a n d  S c o t t  ( 1 9 6 6 ) .  T h i s  w a s  
f u r t h e r  c o n f i r m e d  f o r  b a c t e r i a l  s p o r e s  b y  H a r n u l v  a n d  S n y g g
( 1 9 7 2 )  i n  s t u d i e s  w h e r e  a w  w a s  c o n t r o l l e d  b y  b o t h  v a p o r  a n d  
a q u e o u s  s o l u t i o n  s y s t e m s .

W i t h  r e s p e c t  t o  v e g e t a t i v e  c e l l s ,  G o e p f e r t  e t  a l .  ( 1 9 7 0 )  
f o u n d  t h a t  t h e  h e a t  r e s i s t a n c e  o f  s a l m o n e l l a e  a l w a y s  i n c r e a s e d  
a s  t h e  a w  o f  t h e  h e a t i n g  m e n s t r u u m  w a s  r e d u c e d .  U n f o r t u n a t e 
l y ,  t h e  r a n g e  o f  a w  s t u d i e d  w a s  o n l y  f r o m  0 . 8 7 - 0 . 9 9  i n  s u 
c r o s e  s o l u t i o n  d u e  t o  t h e  l i m i t a t i o n  o f  s o l u b i l i t y  a n d  f r o m
0 . 7 5 —0 . 9 9  f o r  a q u e o u s  g l y c e r o l  s o l u t i o n s .  G i b s o n  ( 1 9 7 3 )  
s h o w e d  t h a t  m a x i m u m  h e a t  r e s i s t a n c e  o c c u r r e d  i n  t h e  r a n g e  o f
0 . 7 0 —0 . 8 0  a w  f o r  v e g e t a t i v e  c e l l s  o f  b a c t e r i a  a n d  y e a s t s  i n  
a q u e o u s  s u c r o s e  o r  s u c r o s e  a n d  g l u c o s e  s o l u t i o n s .  E l i z o n d o -  
R u i z  ( 1 9 7 3 )  a n d  H s i e h  e t  a l .  ( 1 9 7 5 )  r e p o r t e d  t h a t  h e a t  r e 
s i s t a n c e  w a s  e n h a n c e d  i n  t h i s  s a m e  r a n g e  o f  a w  f o r  b a k e r ’s 
y e a s t  i n  g l y c e r o l - s k i m  m i l k  s o l u t i o n s  a n d  f o r  S t a p h y l o c o c c u s  
a n d  S a l m o n e l l a  s p e c i e s  i n  g l y c e r o l - B r a i n  H e a r t  I n f u s i o n  s o l u 
t i o n s .  C o r r y  ( 1 9 7 4 )  a l s o  f o u n d  t h a t  m a x i m u m  h e a t  r e s i s t a n c e  
o f  s a l m o n e l l a e  i n  a q u e o u s  g l y c e r o l  w a s  a t  0 . 6 - 0 . 8  a w .

I n  g e n e r a l ,  t h e r e f o r e ,  s p o r e s  e x h i b i t  m a x i m u m  h e a t  r e 
s i s t a n c e  a r o u n d  a n  a w  o f  0 . 2 - 0 . 4 ,  w h i l e  v e g e t a t i v e  c e l l s  a r e  

m o s t  h e a t  r e s i s t a n t  i n  t h e  i n t e r m e d i a t e  m o i s t u r e  f o o d  w a t e r  

a c t i v i t y  r a n g e  ( 0 . 6 5 - 0 . 9 0 ) .  T h e  r e a s o n s  f o r  t h e  c h a n g e s  i n  h e a t  
r e s i s t a n c e  w i t h  a w  a n d  t h e  a p p a r e n t  d i f f e r e n t  r e s p o n s e s  b e 
t w e e n  s p o r e s  a n d  v e g e t a t i v e  c e l l s  h a v e  n e v e r  b e e n  f u l l y  u n d e r 

s t o o d .  I t  a l s o  s h o u l d  b e  p o i n t e d  o u t  t h a t  m o s t  o f  t h e  c i t e d  

s t u d i e s  o n l y  r e p o r t  e i t h e r  t h e  p e r c e n t  o f  s u r v i v a l  a f t e r  a  c e r t a i n  
p e r i o d  o f  h e a t i n g  t i m e  o r  D - v a l u e s  a t  o n e  t e m p e r a t u r e  l e v e l .  
M o r e o v e r ,  t h e s e  s t u d i e s  w e r e  g e n e r a l l y  c o n d u c t e d  i n  a  s y n 
t h e t i c  l i q u i d  m e d i u m .  T h u s ,  t h e  r e s u l t s  h a v e  h a d  v e r y  l i t t l e  u s e  
f o r  r e a l i s t i c  f o o d  p r o c e s s e s  s u c h  a s  e x t r u s i o n  a n d  d r y i n g  i n  

w h i c h  b o t h  a w  a n d  t e m p e r a t u r e  c a n  c h a n g e  s i m u l t a n e o u s l y .

O f  m a j o r  i n t e r e s t  a m o n g  v a r i o u s  f o o d  p r o c e s s e s  i s  t h e  

m a n u f a c t u r e  o f  m a c a r o n i  p r o d u c t s .  W a l s h  ( 1 9 7 2 )  h a s  r e v i e w e d  
t h e  b a c t e r i o l o g i c a l  a s p e c t s ,  s p e c i f i c a l l y  t h e  s a l m o n e l l a  a n d  

s t a p h y l o c o c c u s  p r o b l e m s ,  o f  p a s t a  p r o c e s s i n g .  L e e  e t  a l .
( 1 9 7 5 )  r e p o r t e d  t h a t  r o u t i n e  s u r v e i l l a n c e  b y  t h e  F o o d  a n d  

D r u g  A d m i n i s t r a t i o n  s h o w e d  S t a p h y l o c o c c u s  a u r e u s  c o n 
t a m i n a t i o n  o f  s o m e  p a s t a  p r o d u c t s  m a n u f a c t u r e d  i n  t h e  
U n i t e d  S t a t e s .  T h e  w i d e s p r e a d  c o n s u m p t i o n  o f  t h e s e  p r o d u c t s  

a n d  t h e  i n c r e a s e d  n u m b e r  o f  s e i z u r e s  a n d  r e c a l l s  w h i c h  i n 
v o l v e d  m i c r o b i o l o g i c a l l y  c o n t a m i n a t e d  m a c a r o n i  p r o d u c t s  
( W a l s h  e t  a l . ,  1 9 7 4 )  s u g g e s t  m o r e  e x t e n s i v e  i n v e s t i g a t i o n  is  

n e e d e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  p a s t a  p r o c e s s i n g  o n  d e a t h  
r a t e  o f  m i c r o o r g a n i s m s .  T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  t o  
d e t e r m i n e  t h e  e f f e c t  o f  a w  o n  t h e  h e a t  r e s i s t a n c e  o f  t w o  r e p r e 
s e n t a t i v e  f o o d  p a t h o g e n s  o v e r  t h e  r a n g e s  o f  a w  a n d  t e m p e r a 

t u r e  u s e d  i n  t h e  d r y i n g  o f  m a c a r o n i  p r o d u c t s .  T h e  t e m p e r a 
t u r e s  o f  c o n c e r n  w e r e  1 2 0 - 1 6 0 ° F  ( 5 0 - 6 5 ° C )  w h i c h  i s  t h e  
r a n g e  o f  m o s t  m a c a r o n i  d r y i n g  o p e r a t i o n s  a n d  a w ’s  o f  0 . 9 3  t o  
0 . 6  w h i c h  i s  t h e  r a n g e  t h a t  o c c u r s  i n  d r y i n g .

MATERIALS & METHODS
T H E  O R G A N IS M S  u s e d  w e re  S ta p h y lo c o c c u s  a u re u s  1 9 6 E  a n d  S a l
m o n e lla  a n a tu m  N F 3 . T h e y  w e re  g ro w n  in  T S Y B  ( T r y p t i c a s e  s o y  b r o t h  
(B B L )  w i th  0 .5 %  y e a s t  e x t r a c t  (B B L ) )  a t  r o o m  t e m p e r a t u r e  o n  a  s h a k e r  
f o r  2 4  h r .  T h e  f in a l  p o p u l a t i o n  w a s  a b o u t  1 0 9 —1 0 1 0 o r g a n is m s  p e r  m l.

T h e  m e d iu m  f o r  t h e  t h e r m a l  d e s t r u c t i o n  t e s t  w a s  a  t y p i c a l  e x t r u d e d  
f o o d - a n  e g g  m a c a r o n i  p r o d u c t .  F o r  e a s ie r  m ix in g  a n d  p r e p a r a t i o n ,  th e  
r a w  m a t e r i a l s - s e m o l i n a  (C o m o  N o .  1 S e m o l in a ,  C a p i to l  D u r u m  D iv i
s io n ,  I n t e r n a t i o n a l  M u l t i f o o d s  C o r p . ,  M p ls . M N ) a n d  w h o le  e g g  s o l id s  
( A . J .  P i e t r u s  &  S o n s  C o .,  S le e p y  E y e ,  M N )—w e r e  u s e d  in s t e a d  o f  t h e  
f in i s h e d  p r o d u c t .  T h e  r a t i o  o f  s e m o l in a  t o  e g g  s o l id s  w a s  d e t e r m i n e d  
f i r s t  t o  m e e t  t h e  S ta n d a r d  o f  I d e n t i t y  ( A n o n . ,  1 9 7 3 )  o f  5 .5 %  w h o le  e g g  
s o l id s .  D i f f e r e n t  a m o u n t s  o f  w a te r  w e re  t h e n  a d d e d  to  r e a c h  v a r io u s  
w a te r  a c t iv i t i e s ,  w h ic h  w e re  m e a s u r e d  b y  th e  v a p o r  p r e s s u re  m a n o -  
m e t r i c  t e c h n iq u e  ( L a b u z a ,  1 9 7 3 ) .  T h e  i s o th e r m  o f  t h e  s o l id  m e d iu m  is 
s h o w n  in  F ig u r e  1.

F o r  t h e r m a l  d e s t r u c t i o n  t e s t s  in  t h e  s o l id  m e d iu m ,  a  w a t e r  j a c k e t e d  
B r a b e n d e r  F a r in o g r a p h  b o w l  (C .W . B r a b e n d e r  I n s t r u m e n t s ,  I n c . ,  S o u th  
H a c k e n s a c k ,  N .J . )  w a s  u s e d .  T h is  w a s  c o n n e c t e d  t o  a  c o n s t a n t  t e m p e r a 
t u r e  c i r c u l a t i n g  w a te r  b a t h  (H a a k e  F K 2 ,  I l a a k e  I n s t r u m e n t s ,  I n c . ,  
S a d d le  B r o o k ,  N .J . )  a n d  o u t f i t t e d  w i th  s ta in le s s  s t e e l  s h e a t h e d ,  su b -  
m in a tu r e  t h e r m o c o u p le  p r o b e s  ( S C P S S -0 6 2 G - 6 ,  O m e g a  E n g in e e r in g .  
I n c . ,  S t a n f o r d ,  C o n n .)  t o  m e a s u re  t h e  m e d iu m  t e m p e r a t u r e  i n  t h e  b o w l .  
I t  w a s  f o u n d  t h a t  5 —6  m in  w e re  n e c e s s a ry  t o  a c h ie v e  u n i f o r m  d i s t r i b u 
t i o n  o f  m ic ro o r g a n is m s  a f t e r  a d d i t i o n  o f  1 m l  i n o c u lu m  w h ile  1 2  to  13
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m in u te s  w e re  n e e d e d  t o  b r in g  t h e  m e d iu m  t e m p e r a t u r e  u p  to  c o n s t a n t  
t e m p e r a t u r e .  N o  t e m p e r a t u r e  g r a d i e n t  w a s  f o u n d  w i th in  t h e  m e d iu m  
a f t e r  s t e a d y  s t a t e  w a s  r e a c h e d .  T h e  t h e r m a l  d e s t r u c t i o n  t e s t s  w e re  c o n 
d u c t e d  a f t e r  u n i f o r m  d i s t r i b u t i o n  o f  o r g a n is m s  in  t h e  m e d iu m  w a s  e n 
s u r e d  a n d  th e  m e d iu m  t e m p e r a t u r e  w a s  a t  s t e a d y  s t a t e .  A t  p r e s e le c te d  
t im e  in te r v a l s ,  a p p r o x i m a t e l y  l g  o f  s a m p le  w a s  t a k e n  o u t  a n d  w e ig h e d  
in t o  a  b l e n d e r  j a r  w h ic h  c o n t a i n e d  9 9  m l o f  0 .1 %  p e p t o n e  w a te r .  T h e  
e x a c t  w e ig h t  o f  t h e  s a m p le  w a s  r e c o r d e d .  T h e  s a m p le  w a s  t h e n  b l e n d e d  
w e ll  a n d  a p p r o p r i a t e  d i l u t i o n s  in  p e p t o n e  w a t e r  w e re  m a d e  a n d  p l a t e d  
im m e d ia t e ly  b y  t h e  s u r f a c e  s p r e a d  te c h n iq u e  o n  T S Y A  ( T r y p t i c a s e  s o y  
a g a r  (B B L )  w i t h  0 .5 %  y e a s t  e x t r a c t  (B B L ) ) .  T h e s e  p la te s  w e re  i n 
c u b a t e d  a t  3 7 °  C  f o r  2 4  h r  b e f o r e  e n u m e r a t i o n .

RESULTS & DISCUSSION
ALL THE SURVIVOR CURVES were plotted as log N/N0 
(where N0 is the number of vegetative cells at zero time and N 
is the number of survivors at various heating times). Some 
typical results are shown in Figure 2 for S. aureus 196E and 
Figure 3 for S. anatum  NF3. The decimal reduction time D 
was obtained from the linear portion of the survivor curve. 
The reciprocal of the decimal reduction time, times 2.3, gives 
the death rate constant k. The relationship between the heat 
resistance and water activity is shown in Figures 4 and 5 for S. 
aureus 196E and S. anatum  NF3, respectively.

Fig. 1 - M o is tu r e  is o th e r m  o f  se m o lin a -eg g  d o u g h  m i x  a t  2 3 °C . Fig. 3 - S u r v i v o r  cu rve s  o f  S . a n a tu m  N F 3 in se m o lin a -eg g  d o u g h  a t
5 4 °  C.

Fig. 2 - S u r v iv o r  cu rves o f  S. a u re u s  1 9 6 E  in  se m o lin a -eg g -d o u g h  a t  
6 0 °  C.

Fig. 4 - D e a th  ra te  c o n s ta n t  (2 .3 /D )  o f  S. a n a tu m  N F 3 as a fu n c t io n  
o f  a w  a n d  te m p e r a tu r e  in  se m o lin a -eg g  d o u g h .
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R e m a r k a b l e  c h a n g e s  i n  t h e  h e a t  r e s i s t a n c e  o f  b o t h  S .  a u r e u s  
1 9 6 E  a n d  S .  a n a t u m  N F 3 a r e  o b s e r v e d  w h e n  t h e  a w  o f  t h e  
s o l i d  m e d i u m  i s  l o w e r e d  f r o m  0 . 9 2  t o  t h a t  o f  t h e  i n t e r m e d i a t e  
m o i s t u r e  f o o d  r a n g e .  S i n c e  k  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  D ,  

t h e  d e c i m a l  r e d u c t i o n  t i m e ,  a  d e c r e a s e  i n  k  m e a n s  a  l o w e r  
d e a t h  r a t e .  A s  s e e n  i n  t h e  r a n g e  o f  0 . 9 2  t o  0 . 8  a b o u t  a  f o u r f o l d  
d e c r e a s e  i n  t h e  d e a t h  r a t e  o c c u r s  f o r  S .  a n a t u m  N F 3 a n d  a  

t e n f o l d  d e c r e a s e  i n  t h e  d e a t h  r a t e  o c c u r s  f o r  S .  a u r e u s  1 9 6 E .  

D r a s t i c  c h a n g e s  i n  h e a t  r e s i s t a n c e  o f  v e g e t a t i v e  b a c t e r i a l  c e l l s  
h a v e  b e e n  n o t e d  b y  G i b s o n  ( 1 9 7 3 )  a n d  C o r r y  ( 1 9 7 4 ) .  B o t h  o f  
t h e m  f o u n d  m o r e  t h a n  t e n f o l d  c h a n g e s  i n  h e a t  r e s i s t a n c e  f o r  

s a l m o n e l l a e  i n  t h i s  r a n g e  o f  a w ’s .  I t  s e e m s  t h a t  b o t h  s p e c i e s  
a n d  s t r a i n s  o f  o r g a n i s m s  p l a y  a  r o l e  i n  d e t e r m i n i n g  t h e  c h a n g e s  

o f  h e a t  r e s i s t a n c e  w i t h  a w . T h i s  w a s  a l s o  n o t e d  b y  G o e p f e r t  e t  

a l .  ( 1 9 7 0 ) .

Fig. 5 —D ea th  ra te  c o n s ta n t  (2 .3 /D J  o f  S. a u re u s  1 9 6 E  as a fu n c t io n  
o f  a w  a n d  te m p e r a tu r e  in  se m o lin a -eg g  d o u g h .

Fig. 6 —C o m p a riso n  o f  d e a th  ra te  c o n s ta n ts  fo r  S. a u re u s  19 6 E  in  
b ra in -h ea r t in fu s io n  — g ly c e r o l vs se m o lin a -eg g  d o u g h .

I t  i s  a l s o  i n t e r e s t i n g  t o  c o m p a r e  t h e  r e s u l t s  o f  t h i s  s t u d y  

w i t h  t h o s e  o f  a  p r e v i o u s  s t u d y  u s i n g  a  s y n t h e t i c  l i q u i d  m e d i 

u m ,  B H l - G l y c e r o l  ( H s i e h  e t  a l . ,  1 9 7 5 ) .  T h e  k  v s  a w  v a l u e s  f r o m  
b o t h  l i q u i d  a n d  s o l i d  m e d i a  a r e  p l o t t e d  a t  o n e  t e m p e r a t u r e  a s  

s h o w n  i n  F i g u r e s  6  a n d  7  f o r  S .  a u r e u s  1 9 6 E  a n d  S .  a n a t u m  
N F 3 , r e s p e c t i v e l y .  A s  s e e n ,  b o t h  p a t h o g e n s  s h o w  m o r e  h e a t  

r e s i s t a n c e  i n  s o l i d  m e d i a  t h a n  i n  l i q u i d  m e d i a  a t  t h e  s a m e  a w . 

I n  a d d i t i o n ,  b o t h  t h e  a w  a t  w h i c h  t h e  m a x i m u m  h e a t  r e 
s i s t a n c e  o c c u r s  i s  s l i g h t l y  h i g h e r  f o r  s o l i d  m e d i u m  t h a n  l i q u i d  
m e d i u m .  A  s m a l l  d e c r e a s e  i n  a w  o f  t h e  s o l i d  m e d i u m  is  p o s s i 

b l e  d u r i n g  t h e  t h e r m a l  d e s t r u c t i o n  s t u d y  b e c a u s e  o f  w a t e r  
e v a p o r a t i o n .  H o w e v e r ,  t h i s  c a n n o t  f u l l y  e x p l a i n  t h e  d i f f e r e n c e .  
T h e  m a j o r  r e a s o n  is  p r o b a b l y  d u e  t o  t h e  n a t u r e  o f  t h e  m e d i 

u m .  P r e s e n c e  o f  d i s c o n t i n u i t i e s  ( M a t z ,  1 9 6 5 )  a n d  f o r m a t i o n  o f  
a g g l o m e r a t e s  ( M c D o n o u g h  a n d  H a r g r o v e ,  1 9 6 8 )  o r  o t h e r  f a c 

t o r s  w h i c h  a r e  n o t  d i r e c t l y  r e l a t e d  t o  t h e  m e a s u r e d  a w  a r e  a l s o  
s u g g e s t e d .

T h e  p h e n o m e n o n  t h a t  t h e  h e a t  r e s i s t a n c e  o f  v e g e t a t i v e  c e l l s  
i n c r e a s e s  w h e n  a w  i s  l o w e r e d  f r o m  1 .0  t o  t h a t  o f  I M F  r a n g e  
h a v e  b e e n  r e p o r t e d  b y  m a n y  o t h e r s  ( R i e m a n n ,  1 9 6 8 ;  G o e p f e r t  

e t  a l . ,  1 9 7 0 ;  B a i r d - P a r k e r  e t  a l . ,  1 9 7 0 ;  E l i z o n d o - R u i z ,  1 9 7 3 ;  

G i b s o n ,  1 9 7 3 ;  C o r r y ,  1 9 7 4 ;  H s i e h  e t  a l . ,  1 9 7 5 ) .  T h e  r e s u l t s  
w e r e  s i m i l a r  w h e t h e r  a w  w a s  c o n t r o l l e d  b y  v a p o r  h u m i d i f i c a 

t i o n  o f  t h e  c e l l s  o r  b y  a d d i n g  a w  l o w e r i n g  a g e n t s ,  s u c h  a s  
g l y c e r o l ,  s u c r o s e ,  g l u c o s e  o r  N a C l  t o  t h e  h e a t i n g  m e d i u m .  T h e  

r e a s o n  f o r  t h i s  h a s  b e e n  d i s c u s s e d  b y  G i b s o n  ( 1 9 7 3 ) ,  E l i z o n d o -  
R u i z  ( 1 9 7 3 )  a n d  H s i e h  e t  a l .  ( 1 9 7 5 )  a n d  r e v i e w e d  b y  H s i e h

( 1 9 7 5 ) .  F u r t h e r  r e s e a r c h  is  s t i l l  n e e d e d  i n  t h i s  a r e a  t o  e x p l a i n  
t h e  r e a s o n s .  H o w e v e r  b a s e d  o n  t h e s e  r e s u l t s  i t  c a n  b e  s e e n  t h a t  
a  m a x i m u m  i n  h e a t  r e s i s t a n c e  o c c u r s  i n  t h e  I M F  r a n g e .

CONCLUSION
T H I S  S T U D Y  s h o w s  t h a t  t h e  d e a t h  r a t e  o f  t h e  v e g e t a t i v e  c e l l s  

o f  s a l m o n e l l a e  a n d  s t a p h y l o c o c c i  i s  a t  a  m i n i m u m  i n  t h e  i n t e r 

m e d i a t e  m o i s t u r e  r a n g e  o f  a w  a r o u n d  0 . 8  a t  p a s t e u r i z a t i o n  
t e m p e r a t u r e s  ( 5 0 - 6 5 ° C )  f o r  s o l i d  m e d i u m .  A l t h o u g h  s i m i l a r  

p h e n o m e n o n  w a s  a l s o  s h o w n  f o r  l i q u i d  m e d i u m ,  b o t h  t h e  h e a t  
r e s i s t a n c e  a n d  t h e  r a t e  o f  c h a n g e  i n  t h e  h e a t  r e s i s t a n c e  w i t h  a w  
i s  d i f f e r e n t  f o r  d i f f e r e n t  m e d i a .  T h u s ,  t h e  h e a t  r e s i s t a n c e  o f  

m i c r o o r g a n i s m s  i n  f o o d s  c a n n o t  b e  i n f e r r e d  d i r e c t l y  f r o m  d a t a  
c o l l e c t e d  f r o m  t e s t s  i n  o t h e r  l i q u i d  o r  s y n t h e t i c  m e d i a  b u t  

m u s t  b e  e x p e r i m e n t a l l y  d e t e r m i n e d  i n  t h a t  p a r t i c u l a r  f o o d .

B e c a u s e  o f  a n  i n c r e a s e  i n  t h e  h e a t  r e s i s t a n c e  w h e n  a w  is
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l o w e r e d ,  i t  s e e m s  a d v i s a b l e  t o  p a s t e u r i z e  t h e  f o o d  a t  h i g h  a w  
w h e n e v e r  i t  i s  f e a s i b l e .  T h i s  w i l l  e n s u r e  a d e q u a t e  p a s t e u r i z a 

t i o n  w i t h  m i n i m u m  c o o k i n g  o r  p r o c e s s i n g .  T h e  d a t a  c o l l e c t e d  
i n  t h i s  s t u d y  a r e  a l s o  v e r y  u s e f u l  f o r  p r e d i c t i o n  o f  t h e  d e a t h  o f  

o r g a n i s m s  d u r i n g  p r o c e s s i n g  o f  m a c a r o n i  p r o d u c t s  i n  w h i c h  
c h a n g e s  i n  a w  a n d  t e m p e r a t u r e  a r e  k n o w n .
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EFFECT OF GLYCOALKALOIDS AND PHENOLICS ON POTATO FLAVOR

----------------------------- ABSTRACT -----------------------------
T h e  p r in c ip le s  o f  t h e  f la v o r  p r o f i l e  m e t h o d  w e re  u s e d  t o  e s ta b l i s h  t h e  
r e la t i o n s h ip  b e tw e e n  t h e  f la v o r  o f  p o t a t o e s  a n d  t h e i r  t o t a l  g ly c o a lk a lo id  
a n d  t o t a l  p h e n o l i c  c o n t e n t s .  T u b e r  t i s s u e s  f r o m  t h e  s e v e n  p o t a t o  c lo n e s  
t h a t  h a d  g ly c o a lk a lo i d  c o n t e n t s  in  e x c e s s  o f  1 4  m g /lO O g  w e r e  r a t e d  a s  
b i t t e r  b y  t h e  t a s t e  p a n e l .  T h e  c o r r e l a t i o n  b e tw e e n  g ly c o a lk a lo id  c o n 
t e n t s  a n d  b i t t e r n e s s  r a t in g s  f o r  t h e  1 3  c lo n e s  i n c lu d e d  in  t h e  s t u d y  w a s  
h ig h ly  s ig n i f i c a n t  ( r  = 0 .9 3 ) .  T i s s u e s  t h a t  h a d  g ly c o a lk a lo id  c o n t e n t s  in  
e x c e s s  o f  2 2  m g /lO O g  a ls o  p r o d u c e d  a  m i ld  t o  s e v e re  b u r n in g  s e n s a t io n  
in  t h e  m o u t h  a n d  t h r o a t .  T h e  in t e n s i t y  o f  t h e  b u r n in g  s e n s a t io n  w a s  
h ig h ly  c o r r e l a t e d  ( r  = 0 .9 7 )  w i th  g ly c o a lk a lo id  c o n t e n t s .  T h e  c o r r e la 
t i o n s  b e tw e e n  p h e n o l ic  c o n t e n t s  a n d  e i t h e r  b i t t e r n e s s  o r  b u r n in g  r a t in g s  
w e re  n o t  s ig n i f ic a n t .

INTRODUCTION
O N E  O F  T H E  Q U A L I T Y  f a c t o r s  s o m e t i m e s  n o t e d  a s  o b 
j e c t i o n a b l e  i n  c o o k e d  p o t a t o e s  i s  a n  u n p l e a s a n t ,  b i t t e r  f l a v o r  

f r e q u e n t l y  a s s o c i a t e d  w i t h  g r e e n  p o t a t o e s .  P o t a t o e s  t h a t  a r e  
e x p o s e d  t o  l i g h t  o f t e n  d e v e l o p  e l e v a t e d  c o n t e n t s  o f  g l y c o -  

a l k a l o i d s ,  a n d  t h e  b i t t e r n e s s  o f  g r e e n  p o t a t o e s  i s  b e l i e v e d  t o  b e  
c a u s e d  b y  t h e s e  a b n o r m a l  l e v e l s .

A c c o r d i n g  t o  B u r r  ( 1 9 6 6 ) ,  n o n e  o f  t h e  f o u r  p r i m a r y  t a s t e  
s e n s a t i o n s  o f  s o u r ,  s a l t y ,  s w e e t ,  o r  b i t t e r  i s  o r d i n a r i l y  p e r c e p t i 
b l e  i n  n o r m a l  c o o k e d  p o t a t o e s ,  a l t h o u g h  p o t a t o e s  m a y  b e c o m e  

s w e e t  i f  i m p r o p e r l y  s t o r e d  o r  b i t t e r  i f  e x p o s e d  t o  l i g h t  f o r  l o n g  
p e r i o d s  o f  t i m e .  I n  a d d i t i o n  t o  t a s t e ,  t h e  t e r m  “ f l a v o r ”  w h e n  
a p p l i e d  t o  p o t a t o e s  i s  a l s o  c o m m o n l y  u s e d  t o  d e n o t e  a  w h o l e  
c o m p l e x  o f  s e n s a t i o n s  i n c l u d i n g  a r o m a ,  m o u t h - f e e l ,  t e x t u r e  
a n d  e v e n  a p p e a r a n c e  ( B u r r ,  1 9 6 6 ) .

A l t h o u g h  t h e  i n t e n s i t i e s  o f  n o r m a l  p o t a t o  f l a v o r  a n d  s o m e  
t y p e s  o f  o b j e c t i o n a b l e  o f f - f l a v o r s  a r e  p r o b a b l y  v a r i e t a l  c h a r 
a c t e r i s t i c s  r e f l e c t i n g  d i f f e r e n c e s  i n  c h e m i c a l  c o m p o s i t i o n  
( S a l a m a n ,  1 9 2 6 ) ,  i n f e c t i o n  b y  c e r t a i n  p a t h o g e n s  ( B u r t o n ,
1 9 6 6 )  o r  s o i l  t r e a t m e n t s  w i t h  p e s t i c i d e s  s u c h  a s  b e n z e n e  h e x a -  
c h l o r i d e  ( P o t t e r  e t  a l . ,  1 9 5 6 )  c a n  a l s o  i m p a r t  u n p l e a s a n t  f l a 
v o r s .

B i t t e r n e s s  i s  t h e  m o s t  c o m m o n l y  s t u d i e d  c o m p o n e n t  o f  
t a s t e  i n  p o t a t o e s  a n d  t h e  m o s t  f r e q u e n t l y  n o t e d  o f f - f l a v o r  
( B a e r u g ,  1 9 6 2 ;  B o m e r  a n d  M a t t i s ,  1 9 2 4 ;  B u r r ,  1 9 6 6 ;  H i l t o n ,  
1 9 5 1 ;  L e p p e r ,  1 9 4 9 ;  S c h w a r z e ,  1 9 6 2 ) .  I n  m o s t  o f  t h e  r e p o r t s  
o n  b i t t e r n e s s  i n  p o t a t o e s  n o  a t t e m p t  h a s  b e e n  m a d e  t o  r e l a t e  
t h e  q u a n t i t y  o f  t h e  s u s p e c t e d  b i t t e r  c o m p o u n d s  t o  e v e n  t h e  
m o s t  r u d i m e n t a r y  o r g a n o l e p t i c  d a t a .  B a e r u g  ( 1 9 6 2 )  f o u n d  a  
s i g n i f i c a n t  n e g a t i v e  c o r r e l a t i o n  b e t w e e n  s o l a n i n e  c o n t e n t  a n d  

f l a v o r  w h e n  f r e s h l y  d u g  t u b e r s  w e r e  e x p o s e d  t o  d i r e c t  s u n l i g h t  
i n  t h e  f i e l d  f o r  u p  t o  7 2  h r .  A f t e r  o n l y  6  h r  o f  s u n l i g h t  e x 
p o s u r e ,  a  d e t e r i o r a t i o n  i n  f l a v o r  w a s  n o t e d ,  w h i l e  s o l a n i n e  c o n 

t e n t  i n c r e a s e d  f r o m  5 t o  2 0  m g / l O O g  f r e s h  w e i g h t  o n  a  w h o l e  
t u b e r  b a s i s .  H o w e v e r ,  t h e  t u b e r s  f o r  o r g a n o l e p t i c  a n a l y s i s  w e r e  
p e e l e d  b e f o r e  c o o k i n g ,  a n d  t h e s e  p e e l e d  t u b e r s  c o n t a i n e d  o n l y  
6  m g / l O O g  o f  s o l a n i n e  e v e n  a f t e r  7 2  h r  o f  s u n l i g h t  e x p o s u r e .  
B a e r u g  d i d  n o t  s p e c i f y  t h e  m i n i m u m  l e v e l  o f  s o l a n i n e  t h a t  
a d v e r s e l y  a f f e c t e d  f l a v o r  o r  i n d i c a t e  w h e t h e r  b i t t e r n e s s  w a s  
a s s o c i a t e d  w i t h  t h e  “ d e t e r i o r a t i o n  i n  f l a v o r ”  o f  t h e  l i g h t  e x 

p o s e d  t u b e r s .  A c c o r d i n g  t o  B o m e r  a n d  M a t t i s  ( 1 9 2 4 )  a n d  H i l 
t o n  ( 1 9 5 1 ) ,  p o t a t o e s  t h a t  a r e  s u n b u r n e d  a n d  h a v e  e x c e s s i v e  
s o l a n i n e  c o n t e n t s  a r e  v e r y  b i t t e r  a n d  l e a v e  a  p e r s i s t e n t  a c r i d  o r  

s c r a t c h y  s e n s a t i o n  i n  t h e  p h a r y n x .  P o t a t o e s  t h a t  h a v e  n o t  b e e n  

e x p o s e d  t o  l i g h t  b u t  h a v e  e l e v a t e d  s o l a n i n e  o r  g l y c o a l k a l o i d  
c o n t e n t s  d u e  t o  u n u s u a l  g r o w i n g  c o n d i t i o n s  ( B o m e r  a n d  M a t 
t i s ,  1 9 2 4 ;  H i l t o n ,  1 9 5 1 )  o r  g e n e t i c  b a c k g r o u n d  ( S c h w a r z e ,

1 9 6 2 )  c a n  a l s o  b e  v e r y  b i t t e r .
G u l l  a n d  I s e n b e r g  ( 1 9 6 0 )  f o u n d  t h a t  a  t a s t e  p a n e l  c o u l d  n o t  

d e t e c t  f l a v o r  d i f f e r e n c e s  i n  p e e l e d ,  c o o k e d  t u b e r s  t h a t  h a d  
b e e n  e x p o s e d  t o  0  o r  1 4 4  h r  o f  f l o u r e s c e n t  l i g h t .  H o w e v e r ,  
s o l a n i n e  c o n t e n t s  i n  t h e  p e e l e d  t u b e r s  f r o m  t h e  t w o  t r e a t m e n t s  
w e r e  a l s o  a b o u t  e q u a l .  M o n d y  e t  a l .  ( 1 9 7 1 )  s u g g e s t e d  t h a t  
b i t t e r n e s s  a n d  a s t r i n g e n c y  i n  p o t a t o e s  w e r e  r e l a t e d  t o  t h e i r  

p h e n o l i c  c o n t e n t .  T h e y  f o u n d  a  s i g n i f i c a n t  c o r r e l a t i o n  b e 
t w e e n  p h e n o l i c  c o n t e n t  a n d  b i t t e r n e s s  a n d  a  h i g h l y  s i g n i f i c a n t  
c o r r e l a t i o n  b e t w e e n  p h e n o l i c  c o n t e n t  a n d  a s t r i n g e n c y .

T h e  p u r p o s e s  o f  t h i s  i n v e s t i g a t i o n  w e r e :  t o  d e t e r m i n e  t h e  
r e l a t i v e  i m p o r t a n c e  o f  t o t a l  p h e n o l i c  a n d  t o t a l  g l y c o a l k a l o i d  

c o n t e n t s  i n  i m p a r t i n g  b i t t e r n e s s  a n d  o t h e r  o f f - f l a v o r s  t o  p o 
t a t o e s ;  t o  d e t e r m i n e  t h e  m i n i m u m  l e v e l s  a t  w h i c h  t h e s e  c o m 
p o u n d s  a f f e c t  f l a v o r ,  a n d  t o  d e f i n e  t h e  t a s t e  a n d  m o u t h  f e e l 

i n g s  p r o d u c e d  b y  e l e v a t e d  l e v e l s  o f  t h e s e  c o m p o u n d ,  i n  o t h e r 

w i s e  n o r m a l  p o t a t o  t i s s u e .

MATERIALS & METHODS
Sample preparation

P o t a t o e s  f o r  t h i s  s t u d y  w e r e  g r o w n  a t  P r e s q u e  Is le , M e ., a n d  D a v is ,
W. V a. A f t e r  s c r e e n in g  m o r e  t h a n  2 5  c lo n e s  f o r  g ly c o a lk a lo i d  a n d  p h e 
n o l ic  c o n t e n t s ,  a  s a m p le  o f  1 3  c lo n e s  w i th  a  w id e  r a n g e  o f  g ly c o a lk a lo i d  
a n d  p h e n o l ic  c o n t e n t s  w a s  s e le c te d  f o r  f l a v o r  e v a l u a t io n s .  B e c a u s e  b o t h  
g ly c o a lk a lo id s  a n d  p h e n o l ic s  a r e  c o n c e n t r a t e d  in  t h e  c o r t e x  t i s s u e s ,  t h e  
r a n g e  o f  c o n t e n t s  in  t h e  s a m p le  o f  13  c lo n e s  w a s  e x t e n d e d  s t i l l  f u r t h e r  
b y  u s in g  o n ly  t h e  c o r t e x  t i s s u e s  o f  t h e  t u b e r s  f o r  c h e m ic a l  a n d  f la v o r  
a n a ly s e s .

T u b e r s  w e r e  r e m o v e d  f r o m  s to r a g e  a t  4 ° C  a n d  p e e l e d  w h i le  s t i l l  c o ld  
t o  m in im iz e  o x id a t io n .  C o r t e x  t i s s u e s  w e re  c a r e f u l ly  s e p a r a t e d  f r o m  th e  
p i t h  b y  s lic in g  a n d  t h e n  c u t t i n g  a r o u n d  t h e  v a s c u la r  r in g . B e c a u s e  i t  w a s  
d i f f i c u l t  t o  r e m o v e  a l l  p e e l  a r o u n d  e y e s ,  t h e  e y e s  w e re  e x c i s e d .

S a m p le s  f o r  f la v o r  e v a l u a t io n  w e re  c o o k e d  in  a  s t e a m e r  f o r  3 0  m in  
a n d  r ic e d .  T w o  2 0 -g  s a m p le s  o f  t h e  c o o k e d  t i s s u e  w e r e  a ls o  a n a l y z e d  f o r  
g ly c o a lk a lo id  a n d  p h e n o l ic  c o n te n t .

Chemical analyses
T o r  g ly c o a lk a lo id  a n d  p h e n o l ic  a n a ly s e s  t h e  t is s u e s  w e re  b l e n d e d  f o r  

5 m in  in  t h e  e x t r a c t i n g  m e d iu m  (9 5 %  e t h a n o l ,  a c i d i f i e d  w i t h  2 5  m l 
g la c ia l  a c e t i c  a c id  p e r  l i t e r )  a n d  t h e n  e x t r a c t e d  o v e r n ig h t  in  a  S o x h le t  
a p p a r a t u s  ( S a n f o r d  a n d  S in d e n ,  1 9 7 2 ) .  T h e  e x t r a c t  w a s  d iv id e d  e q u a l ly  
f o r  g ly c o a lk a lo i d  a n d  p h e n o l i c  a n a ly s e s .  T h e  m e t h o d  o f  R o s e n b l a t t  a n d  
P e lu s o  ( 1 9 4 1 ) ,  w i th  c h lo r o g e n ic  a c id  a s  t h e  s t a n d a r d ,  w a s  u s e d  t o  d e 
t e r m in e  t o t a l  p h e n o l ic  c o n t e n t s ;  t h e  m e t h o d  o f  S a n f o r d  a n d  S in d e n  
( 1 9 7 2 ) ,  w i t h  a - s o l a n i n e  a s  t h e  s t a n d a r d ,  w a s  u s e d  f o r  t o t a l  g ly c o a lk a lo i d  
c o n te n t s .

Flavor evaluations
F o r  f l a v o r  e v a lu a t io n s  n in e  ju d g e s  w e re  t r a i n e d  t o  i d e n t i f y  a n d  r a te  

th e  i n t e n s i t y  o f  s e v e ra l  i m p o r t a n t  f la v o r  c o m p o n e n t s  o f  p o t a t o  u s in g  
th e  p r in c ip le s  o f  t h e  f la v o r  p r o f i l e  m e th o d .  C a f f e in e  a t  c o n c e n t r a t i o n s

520— JO URNAL OF FOOD SC IENCE— Volume 41 (1976)



PO TA TO FLA VOR- 521

o f  0 .0 5 % , 0 .1 0 %  a n d  0 .2 0 %  ( w /w )  d is s o lv e d  in  n o r m a l ,  c o o k e d  a n d  
r ic e d  p i t h  t i s s u e  ( v a r ie ty  I r i s h  C o b b le r )  w a s  u s e d  a s  a  b i t t e r n e s s  s t a n d a r d  
t o  t r a i n  t h e  p a n e l  t o  d i s t in g u is h  d e g re e s  o f  b i t t e r n e s s .  B i t t e r n e s s  re 
s p o n s e s  o f  t h e  j u d g e s  w e re  r e c o r d e d  e v e ry  3 0  s e c  f o r  t h e  f i r s t  2  m in ,  
s in c e  N e i ls o n  ( 1 9 5 7 )  h a d  s h o w n  t h a t  d i f f e r e n t  t y p e s  o f  b i t t e r  c o m 
p o u n d s  c o u ld  b e  d i f f e r e n t i a t e d  b y  t h e  r a t e  a t  w h ic h  t h e  b i t t e r n e s s  
r e a c h e d  a  p e a k  in t e n s i t y  a n d  t h e n  s u b s id e d .  T h e  m a x im u m  in t e n s i t i e s  
r e p o r t e d  b y  t h e  j u d g e s  w e r e  u s e d  t o  c a l c u l a t e  t h e  a v e r a g e  b i t t e r n e s s  
r a t in g s  fo r  t h e  p o t a t o  s a m p le s  a n d  f o r  t h e  c a f f e in e  s ta n d a r d s .

C i t r i c  a c id  w a s  d is s o lv e d  in  n o r m a l  p i t h  t i s s u e  a t  t h e  s a m e  c o n c e n 
t r a t i o n s  a s  c a f f e in e  t o  t r a i n  t h e  j u d g e s  t o  d e t e c t  s o u rn e s s .  D u r in g  p r e 
l im in a r y  t e s t in g  a n d  t r a in in g  t h e  p a n e l i s t s  f r e q u e n t l y  n o t e d  t h e  fo l 
lo w in g  a d d i t i o n a l  f la v o r s  in  m o d e r a t e  t o  h ig h  g ly c o a lk a lo i d  t i s s u e  s a m 
p le s :  a  w a rm in g  s e n s a t io n  t h a t  o f t e n  d e v e l o p e d  w i t h  t i m e  in to  a  d i s t i n c t  
b u r n  t h r o u g h o u t  t h e  m o u t h  a n d  t h r o a t ;  a  s p ic y ,  h o t - p e p p e r  e f f e c t ;  a  
“ b i t e ; ”  a s t r in g e n c y ;  a  “ m e ta l l i c ”  a f t e r t a s t e ;  a n  “ e a r t h y ”  f l a v o r ;  u n u s u a l  
d r y n e s s ;  a n d  m a n y  o t h e r  le s s  c o n s i s t e n t  f l a v o r  im p r e s s io n s .  A ll  o f  t h e  
t a s t e  a n d  m o u th - f e e l  im p r e s s io n s  o f  t h e  p a n e l i s t s  w e r e  r e c o r d e d ,  a n d  
th e  t im e s  w h e n  t h e  im p r e s s io n s  w e r e  r e p o r t e d .

W e  u s e d  t h e  t im e - i n t e n s i t y  m e th o d ,  d e v e l o p e d  b y  N e i l s o n  ( 1 9 5 7 )  t o  
m e a s u re  b i t t e r n e s s  in  c o u g h  s y ru p s ,  t o  m e a s u r e  b o t h  b i t t e r n e s s  in  p o 
ta to e s  a n d  t h e  d i s t in c t iv e  b u r n  r e s p o n s e  t h a t  w a s  e v o k e d  b y  c e r ta in  
p o t a t o  s a m p le s .  A ll  o f  t h e  p a n e l i s t s ’ im p r e s s io n s  o f  t h e  s a m p le  w e re  
r e c o r d e d  o v e r  a  6  m in  in te r v a l ;  p a r t i c u l a r  a t t e n t i o n  w a s  g iv e n  t o  th e  
i n t e n s i t y  o f  t h e  b i t t e r n e s s ,  a s t r i n g e n c y  a n d  b u r n ,  b y  a s k in g  e a c h  p a n e l
is t  t o  j u d g e  t h e  d e g re e  o f  e a c h  o f  t h e s e  f a c to r s  a t  s p e c i f i c  in te rv a ls .

B e f o re  e a c h  f l a v o r  e v a l u a t io n  o f  a  1 0 -g  u n k n o w n  s a m p le ,  t h e  p a n e l 
i s t  w a s  g iv e n  a  1 0 -g  s a m p le  o f  n o r m a l  p i t h  t i s s u e  ( v a r ie ty  I r i s h  C o b b le r ) ,  
in  o r d e r  t o  s ta n d a r d i z e  t h e  e v a lu a t io n s .  O n ly  r a r e ly  d id  t h i s  r a th e r  
b la n d - ta s t in g  p i t h  t i s s u e  e v o k e  a n y  r e s p o n s e  o t h e r  t h a n  “ a  g o o d  p o t a t o  
f l a v o r .”  I n  a l l  c a s e s  t h e  t a s t e  e v a l u a t io n s  w e r e  c o n d u c t e d  s e p a r a te ly  
w i th  in d iv id u a l  p a n e l i s t s  i n  a n  i s o la te d  s e t t in g ,  a n d  p a n e l i s t s  h a d  n o  
o p p o r t u n i t y  t o  c o m p a r e  t h e i r  r a t in g s  o r  im p r e s s io n s .  A l l  s a m p le s  w e re  
w a rm e d  ( 2 7 - 3 8 ° C )  a n d  p r e s e n te d  t o  p a n e l i s t s  1 - 2  m in  la te r .

B e c a u s e  o f  t h e  l in g e r in g  n a t u r e  o f  b i t t e r n e s s  a n d  b u r n in g  s e n s a t io n s ,  
a  p a n e l i s t  r e p o r t i n g  m o r e  t h a n  a  s l ig h t  d e g r e e  o f  e i t h e r  s e n s a t io n  in  a n  
u n k n o w n  s a m p le  w a s  n o t  a s k e d  t o  e v a lu a te  a n o t h e r  u n k n o w n  s a m p le  
f o r  m o r e  t h a n  4  h r . C lo n e s  w e re  c h o s e n  f o r  t a s t e  e v a l u a t io n  a n d  c h e m i
c a l a n a ly s e s  in  a  r a n d o m iz e d  o r d e r ,  a n d  t h e  w h o le  e x p e r im e n t  w a s  
r e p e a t e d  w i th  d i f f e r e n t  r a n d o m iz a t io n .

M in im u m  le v e ls

B e c a u s e  B a e ru g ’s r e s u l t s  (B a e ru g ,  1 9 6 2 )  s u g g e s te d  t h a t  g ly c c a lk a lo id  
c o n t e n t s  a s  lo w  a s  5 m g /lO O g  in  p e e l e d  tu b e r  t i s s u e  c o u ld  c a u s e  a 
d e t e r io r a t i o n  in  f la v o r ,  w e  a t t e m p t e d  t o  d e t e r m in e  a  m in im u m  le v e l a t  
w h ic h  g ly c o a lk a lo id  c o n t e n t  b e g in s  t o  a f f e c t  f la v o r .  W e  p r e p a r e d  t i s s u e  
s a m p le s  w i th  g ly c o a lk a lo id  c o n t e n t s  o f  1 4 ,  1 1 , 7 .5  a n d  4 .2  m g /lO O g  b y  
m ix in g  t is s u e s  o f  c lo n e  4  w i th  t is s u e s  o f  c lo n e  1 2 . P a n e l i s t s  w e r e  a s k e d  
to  r e p o r t  a n y  d i f f e r e n c e s  in  f l a v o r  t h e y  d e t e c t e d ,  in  p a i r e d - c o m p a r i s o n  
d i f f e r e n c e  t e s t s  ( L a r m o n d ,  1 9 6 7 ) .

A d d i t i o n s  o f  g ly c o a lk a lo id s  a n d  p h e n o l ic s

F o r  d e t e r m in in g  th e  e f f e c t s  o f  p u r e  g ly c o a lk a lo id s  o n  f l a v o r  a n d  th e  
m in im u m  le v e ls  o f  g ly c o a lk a lo id s  t h a t  c a n  a f f e c t  p o t a t o  f la v o r ,  p u r e  
a - s o la n in e  (K & K  L a b s .)  a n d  a  p u r i f i e d  m i x t u r e  o f  a - s o la n in e  a n d  a -  
c h a c o n in e  f r o m  p o t a t o  s p r o u t s  ( S in d e n  e t  aL , 1 9 7 3 )  w e re  a d d e d  to  
n o r m a l ,  c o o k e d  a n d  r i c e d  p i t h  t i s s u e  (v a r ie ty  I r i s h  C o b b le r ) .  T h e  g ly c o 
a lk a lo id s  w e re  a d d e d  t o  t h e  t i s s u e  a t  r a t e s  o f  1 5 , 2 0  a n d  6 0  m g /lO O g  b y  
d is so lv in g  in  1 m l  o f  0 .0 0  I N  HC1 a n d  m ix in g  t h e  s o lu t io n s  w i th  th e  
c o o k e d  p o t a t o  t i s s u e  a t  a r a t e  o f  1 m l t o  2 0 g  o f  t i s s u e .  C h e c k  t i s s u e s  f o r  
th i s  t r e a t m e n t  w e re  p r e p a r e d  u s in g  0 .0 0 1 N  H C1 t i t r a t e d  to  p H  5 .3  a n d  
m ix e d  w i th  t h e  t i s s u e  a t  t h e  s a m e  r a te .

T y r o s in e  a n d  c h lo r o g e n ic  a c id  a re  t h e  m a jo r  p h e n o l i c  c o m p o u n d s  
f o u n d  in  p e e l e d  t u b e r  t i s s u e s  ( S c h w im m e r  a n d  B u r r ,  1 9 5 9 ) .  T o  t e s t  t h e  
e f f e c t s  o f  h ig h  c o n c e n t r a t i o n s  o f  th e s e  tw o  c o m p o u n d s  o n  p o t a t o  f la 
v o r , e a c h  c o m p o u n d  w a s  d is s o lv e d  s e p a r a t e ly  in  n o r m a l ,  c o c k e d  a n d  
r ic e d  p i t h  t i s s u e  (v a r ie ty  I r i s h  C o b b le r )  a t  a r a t e  o f  1 2 0  m g /lO O g  o f  
t is s u e .

RESULTS & DISCUSSION
B i t t e r n e s s  a n d  b u r n i n g

C o r t e x  t i s s u e s  o f  t h e  s e v e n  c l o n e s  w i t h  g l y c o a l k a l o i d  c o n 
t e n t s  o f  m o r e  t h a n  1 4  m g / l O O g  w e r e  c o n s i s t e n t l y  r a t e d  a s  
b i t t e r  b y  t h e  t a s t e  p a n e l  ( T a b l e  1 ) .  A l l  o f  t h e  p a n e l i s t s  d e 
t e c t e d  s o m e  d e g r e e  o f  b i t t e r n e s s  i n  a l l  s a m p l e s  o f  c l o n e s  1 a n d  
2 ,  r a n g i n g  f r o m  s l i g h t  b i t t e r n e s s  ( r a t i n g  o f  1 )  t o  v e r y  s t r o n g  
b i t t e r n e s s  ( r a t i n g  o f  4 ) .  B o t h  o f  t h e s e  c l o n e s ,  w h i c h  h a d  g l y c o 

a l k a l o i d  c o n t e n t s  o f  o v e r  5 0  m g / l O O g  i n  t h e  c o r t e x  t i s s u e s ,  h a d  
m e a n  r a t i n g s  o f  m o r e  t h a n  m o d e r a t e l y  b i t t e r ,  b a s e d  o n  0 . 1 0 %  
c a f f e i n e  a s  t h e  m o d e r a t e l y  b i t t e r  t a s t e  s t a n d a r d .

T h e  s i x  c l o n e s  t h a t  h a d  g l y c o a l k a l o i d  c o n t e n t s  b e t w e e n  0 . 7  
a n d  7 . 3  m g / l O O g  i n  t h e i r  c o r t e x  t i s s u e s  ( c l o n e s  8  t h r o u g h  1 3 )  

a l l  h a d  m e a n  b i t t e r n e s s  r a t i n g s  <  0 . 2  ( 1 . 0  e q u a l s  s l i g h t l y  b i t 
t e r ) .  F o r  t w o  o f  t h e s e  s i x  c l o n e s  ( c l o n e s  8  a n d  1 3 )  t h e r e  w e r e  
n o  r e p o r t s  o f  b i t t e r n e s s  f r o m  t a s t i n g  t h e  3 6  s a m p l e s .  F o r  t h e  
c l o n e  w i t h  t h e  h i g h e s t  b i t t e r n e s s  r a t i n g  a m o n g  t h e s e  s i x  ( c l o n e  

9  w i t h  a  m e a n  r a t i n g  o f  0 . 2 )  t h e r e  w e r e  o n l y  t h r e e  r e p o r t s  o f  

b i t t e r n e s s  f r o m  t h e  1 8  s a m p l e s  t h a t  w e r e  t a s t e d ,  a n d  t h e s e  
t h r e e  r e p o r t s  w e r e  o f  s l i g h t  b i t t e r n e s s .

T h e s e  r e s u l t s  i n d i c a t e d  t h a t  t h e  c o r t e x  t i s s u e s  o f  t h e s e  s ix  
c l o n e s  w e r e  s i m i l a r  i n  t h e i r  b i t t e r n e s s  t o  t h e  p i t h  t i s s u e  ( v a r i e t y  
I r i s h  C o b b l e r )  w h i c h  w a s  u s e d  a s  a  s t a n d a r d  f o r  t h e  t a s t e  t e s t s .  
A l l  n i n e  p a n e l i s t s  d e s c r i b e d  t h e  t a s t e  o f  t h i s  s t a n d a r d  p i t h  

t i s s u e  w i t h  a  g l y c o a l k a l o i d  c o n t e n t  o f  0 . 8  m g / l O O g a n d  a  p h e 

n o l i c  c o n t e n t  o f  5 . 6  m g / l O O g  a s  b l a n d ,  w i t h  n o  b i t t e r n e s s ,  
b u r n i n g  o r  a s t r i n g e n c y .

I n  c o n t r a s t ,  c o r t e x  t i s s u e s  o f  c l o n e  7  w i t h  a  g l y c o a l k a l o i d  

c o n t e n t  o f  1 4 . 0  m g / l O O g  h a d  a  m e a n  b i t t e r n e s s  r a t i n g  o f  0 . 8 .  
T h e r e  w e r e  n i n e  r e p o r t s  o f  b i t t e r n e s s  f r o m  t a s t i n g  t h e  1 8  t i s s u e  
s a m p l e s  o f  t h i s  c l o n e ,  a n d  t w o  o f  t h e  n i n e  r e p o r t s  w e r e  o f  

m o d e r a t e  ( r a t i n g  o f  t w o )  t o  s t r o n g  ( r a t i n g  o f  t h r e e )  b i t t e r n e s s .  
T h u s  i t  a p p e a r s  l i k e l y  t h a t  c o r t e x  t i s s u e s  o f  c l o n e  7  w e r e  m o r e  
b i t t e r  t h a n  t h e  p i t h  t i s s u e  ( v a r i e t y  I r i s h  C o b b l e r )  u s e d  a s  a  
s t a n d a r d  f o r  t h e  t a s t e  t e s t s .

A  m o d e r a t e  t o  s e v e r e  b u r n  o f  t h e  m o u t h  a n d  t h r o a t  w a s  

a l s o  r e p o r t e d  b y  p a n e l i s t s  a f t e r  t a s t i n g  t i s s u e s  w i t h  h i g h  g l y c o 
a l k a l o i d  c o n t e n t s .  U s u a l l y  t h e  b u r n i n g  s e n s a t i o n  s t a r t e d  a s  a  
s l i g h t  w a r m t h  o n  t h e  t o n g u e  a n d  r o o f  o f  t h e  m o u t h ,  a b o u t  1 

m i n  a f t e r  t h e  s a m p l e  w a s  t a s t e d .  T h e  b u r n i n g  s e n s a t i o n  t h e n  
i n c r e a s e d  i n  i n t e n s i t y  a n d  s p r e a d  t o  t h e  b a c k  o f  t h e  m o u t h  a n d  

i n t o  t h e  t h r o a t .  M o s t  p a n e l i s t s  r e p o r t e d  a  s o r e  o r  s c r a t c h y  
t h r o a t  t h a t  o f t e n  p e r s i s t e d  f o r  s e v e r a l  h o u r s  a f t e r  t a s t i n g  s a m 
p l e s  w i t h  g l y c o a l k a l o i d  c o n t e n t s  g r e a t e r  t h a n  2 5  m g / l O O g .  I n  
a d d i t i o n  t o  t h e  t e r m  “ b u r n i n g , ”  p a n e l i s t s  a l s o  d e s c r i b e d  t h e  
s e n s a t i o n  a s  “ w a r m i n g , ”  “ g l o w i n g , ”  “ p e p p e r y , ”  “ s p i c y , ”  o r  
“ n u m b i n g ,  a s  w i t h  a  N o v o c a i n  i n j e c t i o n . ”

B i t t e r n e s s  a n d  b u r n i n g  w e r e  h i g h l y  c o r r e l a t e d  w i t h  g l y c o 
a l k a l o i d  c o n t e n t s .  B o t h  c o r r e l a t i o n  c o e f f i c i e n t s  w e r e  h i g h l y

T a b le  1 — E ffe c t  o f  g ly c o a lk a lo id  a n d  p h e n o lic  c o n te n ts  o n  p o 

ta to  fla v o r

B itte rn e ss B u rn in g G ly c o a lk a lo id P h e n o lic

ra tin g 13 r a tin g *3 c o n te n t c o n te n t

C lo n e 3 (0 — 4  s ca le ) (0 —4  s ca le ) (m g /100g) (m g /100g)

1 2 .4 3 .4 5 8 .0 29

2 2.2 3 .2 5 1 .0 4 3

3 1.8 2.0 2 5 .0 1 7

4 0 .9 1 .7 2 3 .0 2 3

5 1 .3 1 .7 22.0 41

6 1.9 1 .7 22.0 3 3

7 0.8 0.6 1 4 .0 5 9

8 0.0 0.1 7 .3 2 7

9 0.2 0.2 5 .9 3 0

10 0.1 0.0 4 .4 31

11 0.1 0.1 2.0 2 9

12 0.1 0.0 0 .9 2 4

1 3 0.0 0.0 0 .7 21
L S D  (0 .0 5 )  0 .6 4 0 .7 1 5 .7 6 .7

a C lones 1 th rough  8 are breeding lines; 9 th roug h  13 are cu ltivars. 
b Means o f 18 evaluations; 0 = no b itte rness o r burn ing , 4 = very

strong b itterness or burning.
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s i g n i f i c a n t  ( p  =  0 . 0 1 ) ,  0 . 9 3  f o r  b i t t e r n e s s ,  a n d  0 . 9 7  f o r  b u r n i n g  

a n d  g l y c o a l k a l o i d  c o n t e n t .
A l t h o u g h  b i t t e r n e s s  a n d  b u r n i n g  w e r e  h i g h l y  c o r r e l a t e d  ( r  =  

0 . 9 5 ) ,  t h e y  w e r e  r e a d i l y  s e p a r a t e d  i n t o  t w o  d i s t i n c t  f l a v o r  
c o m p o n e n t s  b y  t h e  t i m e - i n t e n s i t y  m e t h o d  ( N e i l s o n ,  1 9 5 7 ) .  I n  

t i s s u e s  t h a t  h a d  m o d e r a t e  g l y c o a l k a l o i d  c o n t e n t s  ( c l o n e s  3 — 7 ) ,  
b i t t e r n e s s  w a s  u s u a l l y  r e p o r t e d  i n  l e s s  t h a n  3 0  s e c  a n d  r e a c h e d  

a  p e a k  i n t e n s i t y  a b o u t  1 m i n  a f t e r  t a s t i n g  t h e  s a m p l e .  T h e  
p a n e l i s t s  d i d  n o t  u s u a l l y  n o t i c e  w a r m i n g  o r  s l i g h t  b u r n i n g  o f  
t h e  m o u t h  u n t i l  m o r e  t h a n  a  m i n u t e  h a d  e l a p s e d ,  a n d  t h e  

s e n s a t i o n  p e a k e d  in  i n t e n s i t y  a t  3 — 5 m i n .  W i t h  t i s s u e s  c o n 
t a i n i n g  v e r y  h i g h  g l y c o a l k a l o i d  l e v e l s  ( c l o n e s  1 a n d  2 ) ,  w a r m 
i n g  o r  b u r n i n g  s o m e t i m e s  w a s  r e p o r t e d  w i t h i n  t h e  f i r s t  m i n u t e  
a f t e r  t a s t i n g ,  b u t  i t  w a s  a l w a y s  p r e c e e d e d  b y  b i t t e r n e s s  ( F i g .
1 ) ;  t h e  b u r n i n g  s e n s a t i o n  c o n t i n u e d  t o  i n c r e a s e  b e t w e e n  1 a n d  

3  m i n ,  w h i l e  b i t t e r n e s s  s u b s i d e d  d u r i n g  t h i s  p e r i o d .

A s t r i n g e n c y

T h e  v a r i a t i o n  a m o n g  p a n e l i s t s  i n  t h e i r  a b i l i t i e s  t o  r e c o g n i z e  

a n d  r a t e  t h e  i n t e n s i t y  o f  a s t r i n g e n c y  i n  t h e  p o t a t o  s a m p l e s  w a s  
m u c h  g r e a t e r  t h a n  f o r  t h e  b i t t e r n e s s  a n d  b u r n i n g  f l a v o r  c o m -

Fig. 1—D iffe r e n c e  in ra tes o f  d e v e lo p m e n t  o f  th e  in te n s it ie s  o f  b i t 
te rn e ss  a n d  b u rn in g  fr o m  ta s tin g  h igh  g ly c o a lk a lo id  ( d o n e  2 )  p o ta to  
tissue. E ach p o in t  is th e  m ea n  o f  18 f la v o r  eva lu a tio n s.

T a b le  2 - E f f e c t s  on  f la v o r  fro m  a d d it io n  o f  s o la n in e  o r  a n a tu ra l 
m ix tu r e  o f p o ta to  g ly c o a lk a lo id s  to  n o rm a l p o ta to  tissu e

G ly c o a lk a lo id

a d d it io n
R a te

(m g /100g)
B itte rn e s s3 
(0 — 4  scale )

B u r n in g 3 
(0 — 4  sca le )

None*3 — 0 . 0 0 . 0
M ix tu re 0 1 5 0 .4 0.2
Solan ine 20 0 .9 0 .5
M ixture0 20 0.6 0 .7
S o lan ine 6 0 2 .7 2 .5
M ix tu r e 0 6 0 3 .1 2.8
3 Means o f  n ine e v a lu a tio n s ; 0 = no  b itte rn e s s  or b u rn in g , 4  = ve ry

strong bitterness or burn ing.
 ̂P ith  tissue o f Irish Cobb le r w ith  a g ly co a lk a lo id  con te n t o f 0.4 
mg/100g was used as the starting  m ateria l fo r g ly co a lk a lo id  ad d i
tions.

c T h e  m ix tu re  o f g ly coa lka lo id s  con ta in ed  2/3  chacon lne , 1/3 sola- 
nine.

p o n e n t s .  T h o s e  p a n e l i s t s  w h o  d i d  r e p o r t  a s t r i n g e n c y  o f t e n  h a d  
d i f f i c u l t y  i n  s e p a r a t i n g  t h i s  s e n s a t i o n  f r o m  t h e  b u r n i n g  s e n s a 

t i o n .  F r e q u e n t l y  t h e  r e p o r t s  o f  a s t r i n g e n c y  c o i n c i d e d  w i t h  o r  
w e r e  f o l l o w e d  i m m e d i a t e l y  b y  r e p o r t s  o f  a  w a r m i n g  s e n s a t i o n  
o n  t h e  t o n g u e  a n d  t h r o u g h o u t  t h e  m o u t h .  B e c a u s e  o f  t h e  v a r i 

a b i l i t y  a m o n g  p a n e l i s t s  i n  r e p o r t i n g  a s t r i n g e n c y  a n d  t h e  p o s s i 
b i l i t y  t h a t  a s t r i n g e n c y  w a s  a  p a r t  o f  t h e  w a r m i n g  o r  b u r n i n g  
s e n s a t i o n ,  t h e  a s t r i n g e n c y  r a t i n g s  w e r e  n o t  a v e r a g e d  o r  a n a 

l y z e d  f o r  c o r r e l a t i o n s  w i t h  g l y c o a l k a l o i d  a n d  p h e n o l i c  c o n 

t e n t s .
H o w e v e r ,  a l l  4 7  r e p o r t s  o f  a s t r i n g e n c y  f r o m  t h e  2 3 4  s a m 

p l e s  w e r e  e v o k e d  b y  s a m p l e s  f r o m  c l o n e s  1 t h r o u g h  6  t h a t  h a d  
g l y c o a l k a l o i d  c o n t e n t s  o f  a t  l e a s t  2 2  m g / l O O g .  I n  a l l  c a s e s  
r e p o r t s  o f  b u r n i n g  a l w a y s  f o l l o w e d  o r  c o i n c i d e d  w i t h  t h e  
r e p o r t s  o f  a s t r i n g e n c y .  A s t r i n g e n c y  w a s  n o t  r e p o r t e d  i n  s a m 
p l e s  f r o m  c l o n e s  7  t h r o u g h  1 3  t h a t  h a d  g l y c o a l k a l o i d  c o n t e n t s  
l e s s  t h a n  2 2  m g / l O O g .  T h u s ,  i t  a p p e a r s  t h a t  a s t r i n g e n c y  i s  a l s o  
a s s o c i a t e d  w i t h  h i g h  g l y c o a l k a l o i d  c o n t e n t s  i n  p o t a t o e s .  O t h e r  
r e s p o n s e s  t h a t  w e r e  f r e q u e n t l y  e v o k e d  b y  m o d e r a t e  t o  h i g h  

g l y c o a l k a l o i d  s a m p l e s  a n d  t h a t  a p p e a r e d  t o  b e  a s s o c i a t e d  w i t h  
g l y c o a l k a l o i d  c o n t e n t  w e r e :  “ a  m e t a l l i c  a f t e r t a s t e , ”  “ a  b i t e , ”  
“ a  c o a t i n g  o f  t h e  t e e t h  a n d  m o u t h , ”  a n d  a  n o n d e s c r i p t  “ u n 

p l e a s a n t  a f t e r t a s t e . ”

P h e n o l i c  c o n t e n t s  a n d  f l a v o r

I n  t h i s  s a m p l e  o f  1 3  p o t a t o  c l o n e s ,  w h i c h  i n c l u d e d  s e v e n  

c l o n e s  w i t h  m o d e r a t e  t o  h i g h  g l y c o a l k a l o i d  c o n t e n t s ,  p h e n o l i c  
c o n t e n t  d i d  n o t  a p p e a r  t o  b e  a  f a c t o r  in  p r o d u c i n g  b i t t e r n e s s ,  
b u r n i n g ,  o r  a s t r i n g e n c y  r e s p o n s e s  f r o m  t h e  p a n e l i s t s .  A l t h o u g h  

b i t t e r n e s s  a n d  p h e n o l i c  c o n t e n t  w e r e  p o s i t i v e l y  c o r r e l a t e d  ( r  =  

0 . 0 8 8 ) ,  t h e  c o r r e l a t i o n  w a s  n o t  s i g n i f i c a n t .  C l o n e  7  h a d  t h e  
h i g h e s t  p h e n o l i c  c o n t e n t  ( 5 9  m g / l O O g )  a n d  w a s  r a t e d  a s  l e s s  

t h a n  s l i g h t l y  b i t t e r  b y  t h e  p a n e l ;  w h i l e  c l o n e  3  h a d  t h e  l o w e s t  

p h e n o l i c  c o n t e n t  ( 1 7  m g / l O O g )  a n d  w a s  r a t e d  m o d e r a t e l y  b i t 
t e r  ( T a b l e  1 ) .  T h e  b u r n i n g  s e n s a t i o n  w a s  l i k e w i s e  u n r e l a t e d  t o  

p h e n o l i c  c o n t e n t s .  O u r  p a n e l  d i d  n o t  r e p o r t  e v e n  s l i g h t  ( r a t i n g  

o f  1 . 0 )  m e a n  b i t t e r n e s s  o r  a s t r i n g e n c y  i n  a n y  o f  t h e  l o w  «  7 . 3  
m g / l O O g )  g l y c o a l k a l o i d  c l o n e s ,  e v e n  t h o u g h  p h e n o l i c  c o n t e n t s  
i n  t h i s  g r o u p  o f  s i x  c l o n e s  r a n g e d  f r o m  2 1 — 3 1  m g / l O O g .

T h e  p a n e l  d i d  n o t  r e p o r t  b u r n i n g ,  b i t t e r n e s s ,  o r  a s t r i n g e n c y  
i n  t i s s u e s  a m e n d e d  w i t h  e i t h e r  c h l o r o g e n i c  a c i d  o r  t y r o s i n e .  

H o w e v e r ,  f o u r  o f  t h e  n i n e  p a n e l i s t s  r e p o r t e d  a  s l i g h t  s o u r n e s s  
i n  t h e  t i s s u e s  c o n t a i n i n g  1 2 0  m g / l O O g  o f  a d d e d  c h l o r o g e n i c  
a c i d .  N o  o t h e r  o f f - f l a v o r s  w e r e  r e p o r t e d  i n  t h e s e  a m e n d e d  s a m 
p l e s .  S i n c e  t h e  c o n c e n t r a t i o n s  o f  t h e s e  t w o  p h e n o l i c  c o m 
p o u n d s  i n  t h e  a m e n d e d  t i s s u e  s a m p l e s  w e r e  m u c h  h i g h e r  t h a n  
t h o s e  e n c o u n t e r e d  i n  n a t u r a l  p o t a t o  t i s s u e ,  i t  s e e m s  u n l i k e l y  
t h a t  e i t h e r  t y r o s i n e  o r  c h l o r o g e n i c  a c i d  i s  r e s p o n s i b l e  f o r  b i t 
t e r n e s s  o r  o t h e r  o f f - f l a v o r s  i n  p o t a t o e s .

T a n n i c  a c i d  i s  k n o w n  t o  b e  q u i t e  b i t t e r  a n d  c o u l d  b e  r e 
s p o n s i b l e  f o r  b i t t e r n e s s  a n d  a s t r i n g e n c y  i n  f o o d s  s u c h  a s  
p e a c h e s ,  w h e r e  s i g n i f i c a n t  q u a n t i t i e s  a r e  e n c o u n t e r e d .  H o w 
e v e r ,  a c c o r d i n g  t o  S c h w i m m e r  a n d  B u r r  ( 1 9 5 9 ) ,  t a n n i n s  a n d  
t a n n i c  a c i d  a r e  l o c a l i z e d  i n  t h e  s u b e r i z e d  t i s s u e  o f  t h e  p o t a t o  
t u b e r ,  w h i c h  w a s  r e m o v e d  b y  p e e l i n g  in  t h i s  i n v e s t i g a t i o n .  
T h e r e  a r e  s m a l l  q u a n t i t i e s  o f  s e v e r a l  u n i d e n t i f i e d  p o l y p h e n o l s  
i n  t u b e r  t i s s u e  ( H u n t e r  e t  a l . ,  1 9 5 7 )  a n d  p e r h a p s  o n e  o r  m o r e  

o f  t h e s e  u n i d e n t i f i e d  p o l y p h e n o l s  i s  r e s p o n s i b l e  f o r  l o w  l e v e l s  
o f  b i t t e r n e s s  o r  a s t r i n g e n c y  i n  l o w - g l y c o a l k a l o i d  t i s s u e s .  T h e r e  
a r e  p r o b a b l y  m a n y  d i f f e r e n t  o r g a n i c  c o m p o u n d s  i n  p o t a t o e s  
t h a t  c a n  c o n t r i b u t e  t o  b i t t e r n e s s ,  b u t  r e s u l t s  o f  t h i s  i n v e s t i 
g a t i o n  s h o w e d  t h a t  g l y c o a l k a l o i d  c o n t e n t  w a s  t h e  m a j o r  d e 

t e r m i n a n t  o f  u n d e s i r a b l e  b i t t e r n e s s  i n  c o r t e x  t i s s u e s  o f  t h e s e  
1 3  p o t a t o  c l o n e s .

G l y c o a l k a l o i d  a d d i t i o n s

T h e  p a n e l  d e t e c t e d  l o w  l e v e l s  o f  b i t t e r n e s s  i n  t h e  s a m p l e s  
a m e n d e d  w i t h  t h e  s o l a n i n e  o r  t h e  s o l a n i n e / c h a c o n i n e  m i x t u r e ,  
a t  a d d i t i o n  r a t e s  g r e a t e r  t h a n  2 0  m g / l O O g  ( T a b l e  2 ) .  T h e r e  

w e r e  o n l y  s m a l l  d i f f e r e n c e s  b e t w e e n  s o l a n i n e  a n d  t h e  m i x t u r e  
o f  s o l a n i n e  a n d  c h a c o n i n e  i n  p r o d u c i n g  b i t t e r n e s s  a n d  b u r n i n g
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r e s p o n s e s .  T h e  a m e n d e d  s a m p l e s  a l s o  e v o k e d  f l a v o r  r e s p o n s e s  

s u c h  a s  a s t r i n g e n c y ,  “ a  m e t a l l i c  a f t e r t a s t e , ”  “ a  b i t e , ”  “ a  c o a t 
i n g  o f  t h e  t e e t h  a n d  m o u t h , ”  a n d  “ a n  u n p l e a s a n t  a f t e r t a s t e , ”  

w h i c h  a r e  c h a r a c t e r i s t i c  o f  s a m p l e s  n a t u r a l l y  h i g h  i n  g l y c o -  
a l k a l o i d  c o n t e n t .

T h e  i n t e n s i t y  o f  t h e  b i t t e r n e s s  r e s p o n s e  a n d ,  i n  p a r t i c u l a r ,  
t h e  i n t e n s i t y  o f  t h e  b u r n i n g  s e n s a t i o n  p r o d u c e d  b y  t h e  
a m e n d e d  s a m p l e s  w e r e  n o t  a s  h i g h  a s  w o u l d  b e  e x p e c t e d  f r o m  
t h e  r e s u l t s  w e  o b t a i n e d  w i t h  t i s s u e s  t h a t  a r e  n a t u r a l l y  h i g h  i n  

g l y c o a l k a l o i d  c o n t e n t  ( T a b l e  1 ) .  P e r h a p s  o t h e r  c o m p o u n d s  i n  
c l o n e s  1 t h r o u g h  7  o r  s y n e r g i s t i c  r e l a t i o n s  a m o n g  t h e  g l y c o -  
a l k a l o i d s  a n d  o t h e r  c o m p o u n d s  i n  t h e s e  t i s s u e s  e n h a n c e d  t h e  

b i t t e r n e s s  a n d  b u r n i n g  s e n s a t i o n s .  N e v e r t h e l e s s ,  t h e  t i s s u e s  
a m e n d e d  w i t h  s o l a n i n e  o r  t h e  s o l a n i n e / c h a c o n i n e  m i x t u r e  d i d  
e v o k e  t h e  s a m e  t y p e s  o f  f l a v o r  r e s p o n s e s  a s  t i s s u e s  n a t u r a l l y  

h i g h  i n  g l y c o a l k a l o i d  c o n t e n t .  T h e s e  r e s u l t s  s t r o n g l y  s u p p o r t  
e a r l i e r  r e p o r t s  o f  a n  a c r i d  b i t t e r n e s s  i n  p o t a t o e s  t h a t  h a v e  h i g h  

s o l a n i n e  ( g l y c o a l k a l o i d )  c o n t e n t s ,  w h e t h e r  d u e  t o  l i g h t  e x 
p o s u r e  o r  o t h e r  c a u s e s  ( B o m e r  a n d  M a t t i s ,  1 9 2 4 ;  B u r r ,  1 9 6 6 ;  
H i l t o n ,  1 9 5 1 ; L e p p e r ,  1 9 4 9 ;  S c h w a r z e ,  1 9 6 2 ) .

I n  r e p l i c a t e d  p a i r e d - c o m p a r i s o n  d i f f e r e n c e  t e s t s  ( L a r m o n d ,
1 9 6 7 )  f o r  d e t e c t i n g  a  d i f f e r e n c e  t h r e s h o l d ,  m o r e  t h a n  h a l f  o f  
t h e  p a n e l i s t s  r e p e a t e d l y  i d e n t i f i e d  t h e  s a m p l e s  w i t h  g l y c o a l k a 
l o i d  c o n t e n t s  o f  1 1  o r  1 4  m g / l O O g  a s  m o r e  b i t t e r  t h a n  t h e  
s a m p l e s  w i t h  4 . 2  m g / l O O g .  S a m p l e s  w i t h  a  c o n t e n t  o f  7 . 5  
m g / l O O g  c o u l d  n o t  b e  d i f f e r e n t i a t e d  f r o m  s a m p l e s  w i t h  a  c o n 

t e n t  o f  4 . 2  m g / l O O g .  S i n c e  n o  b i t t e r n e s s  w a s  r e p o r t e d  i n  r e 
p e a t e d  t e s t s  o f  t h e  l o w  ( 4 . 2  m g / l O O g )  g l y c o a l k a l o i d  t i s s u e  s a m 
p l e s ,  t h e s e  r e s u l t s  s u g g e s t  t h a t  g l y c o a l k a l o i d  l e v e l s  b e l o w  7 .5  

m g / l O O g  d o  n o t  c a u s e  b i t t e r n e s s  i n  p o t a t o  t i s s u e s .  W h e n  t h e  
g l y c o a l k a l o i d  l e v e l s  o f  t h e  t i s s u e s  i n  t h e s e  p a i r e d - c o m p a r i s o n  

d i f f e r e n c e  t e s t s  w e r e  11 o r  1 4  m g / l O O g  p a n e l i s t s  w e r e  a b l e  t o  
d e t e c t  a  d i f f e r e n c e  i n  b i t t e r n e s s ,  i n d i c a t i n g  t h a t  l e v e l s  i n  e x c e s s  

o f  1 1  m g / l O O g  c a n  c a u s e  b i t t e r n e s s  i n  p o t a t o  t i s s u e s .

R e s u l t s  o f  t h e  t a s t e  t e s t s  o f  c o r t e x  t i s s u e s  f r o m  t h e  1 3  

c l o n e s  ( T a b l e  1 )  a l s o  i n d i c a t e d  t h a t  g l y c o a l k a l o i d  c o n t e n t s  
b e l o w  7 . 3  m g / l O O g  d o  n o t  c a u s e  b i t t e r n e s s  i n  p o t a t o e s .  A l l  t h e  

c o r t e x  t i s s u e s  t h a t  h a d  g l y c o a l k a l o i d  c o n t e n t s  >  1 4  m g / l O O g  
( c l o n e s  1 t h r o u g h  7 )  e v o k e d  b i t t e r n e s s  r e s p o n s e s  i n  5 0 %  o r  
m o r e  o f  t h e  i n d i v i d u a l  t a s t e  t e s t s .  C o r t e x  t i s s u e s  t h a t  h a d  

g l y c o a l k a l o i d  c o n t e n t s  <  7 . 3  m g / l O O g  ( c l o n e s  8  t h r o u g h  1 3 )  
e v o k e d  l o w  a n d  i n c o n s i s t e n t  ( l e s s  t h a n  2 0 %  o f  t h e  i n d i v i d u a l  

t a s t e  t e s t s )  b i t t e r n e s s  r e s p o n s e s .

O u r  n i n e  p a n e l i s t s  w e r e  n o t  s e l e c t e d  b e c a u s e  o f  t h e i r  s e n s i 
t i v i t y  o r  l a c k  o f  s e n s i t i v i t y  t o  b i t t e r n e s s ,  s o  t h e s e  r e s u l t s  m a y  
b e  r e p r e s e n t a t i v e  o f  t h e  a p p r o x i m a t e  m i n i m u m  l e v e l  o f  g l y c o -  

a l k a l o i d s  t h a t  c a n  a f f e c t  p o t a t o  f l a v o r  f o r  t h e  p u b l i c .  T h e  a d d i 
t i o n  o f  s a l t ,  b u t t e r ,  o r  g r a v y  t o  p o t a t o e s  c o u l d  o f  c o u r s e  a f f e c t  

t h e  m i n i m u m  l e v e l  o f  g l y c o a l k a l o i d s  t h a t  c a n  c a u s e  b i t t e r n e s s  

i n  c o o k e d  p o t a t o e s .

M o s t  n o r m a l  p o t a t o e s  h a v e  w h o l e - t u b e r  g l y c o a l k a l o i d  c o n 
t e n t s  o f  l e s s  t h a n  1 0  m g / l O O g  f r e s h  w e i g h t  ( S i n d e n  a n d  W e b b ,

1 9 7 2 ) .  P e e l e d  t u b e r s  h a v e  e v e n  l o w e r  c o n t e n t s ,  s i n c e  u p  t o  

6 0 %  o f  t h e  t o t a l  g l y c o a l k a l o i d  i n  w h o l e  t u b e r s  i s  r e m o v e d  w i t h  
t h e  p e e l .  G l y c o a l k a l o i d  c o n t e n t s  o f  m o r e  t h a n  3 0  m g / l O O g  a r e  
s o m e t i m e s  f o u n d  u n d e r  u n f a v o r a b l e  g r o w i n g  c o n d i t i o n s ,  w h e n  

p o t a t o e s  d o  n o t  f u l l y  m a t u r e  b e f o r e  h a r v e s t  ( B o m e r  a n d  
M a t t i s ,  1 9 2 4 ;  S i n d e n  a n d  W e b b ,  1 9 7 2 ) .  T h e  r e s u l t s  o f  t h i s  
s t u d y  s u g g e s t  t h a t  t h e s e  p o t a t o e s  c o u l d  h a v e  a n  u n d e s i r a b l e  
b i t t e r  f l a v o r  a n d  o t h e r  o f f - f l a v o r s ,  a n d  m i g h t  e v e n  c a u s e  b u r n 
i n g  o f  t h e  m o u t h  a n d  t h r o a t .  T h e r e f o r e ,  i t  w o u l d  b e  d e s i r a b l e  
t o  g r o w  p o t a t o e s  t h a t  a r e  i n h e r e n t l y  l o w  g l y c o a l k a l o i d  p r o 
d u c e r s  a n d  p r o t e c t  t h e m  f r o m  l i g h t  a n d  o t h e r  i n d u c e r s  o f  
g l y c o a l k a l o i d  s y n t h e s i s  i n  o r d e r  t o  a v o i d  t h e  p o s s i b i l i t i e s  o f  
b i t t e r n e s s  a n d  o t h e r  o f f - f l a v o r s .
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----------------------------- ABSTRACT -----------------------------
D e h y d r a t e d  s w e e t  p o t a t o  f l a k e s  w e re  p r e p a r e d  in  a  p i lo t  p l a n t  b y  (1 )  
p e e l in g  a n d  c o m m in u t in g  f r e s h  s w e e t  p o t a t o e s ;  ( 2 )  h e a t in g  s w e e t  p o t a t o  
p u r e e  t o  7 5 .5 ° C  a n d  h o ld in g  a t  t h a t  t e m p e r a t u r e  t o  a l lo w  n a tu r a l l y  
p r e s e n t  a m y la s e s  t o  c o n v e r t  a  c e r t a in  p r o p o r t i o n  o f  t h e  s ta r c h  in to  
s u g a r s ;  (3 )  h e a t in g  p u r e e  t o  1 0 5 ° C  t o  i n a c t iv a t e  e n z y m e s ;  ( 4 )  a t 
m o s p h e r ic  d r u m  d ry in g  a n d  f l a k in g ;  a n d  (5 )  p a c k in g  f la k e s  in  c a n s  
u n d e r  N 2 a tm o s p h e r e .  T o t a l  m o n o c a r b o n y l s  in  f r e s h  s w e e t  p o t a t o e s  
g e n e r a l ly  i n c r e a s e d  w i t h  t im e  o f  s to r a g e  o f  t h e  r o o t s .  D u r in g  p ro c e s s in g  
o f  f r e s h ly  d u g  s w e e t  p o t a t o e s  i n t o  d e h y d r a t e d  f l a k e s ,  m o n o c a r b o n y l s  
i n c r e a s e d  a s  p ro c e s s in g  p ro g r e s s e d .  D u r in g  p ro c e s s in g  o f  “ c u r e d ,”  a n d  
o f  u p  t o  4 - m o n t h s ’ s t o r e d  s w e e t  p o t a t o e s  t h e  c o n t e n t  o f  m o n o 
c a r b o n y l s  p e a k e d  d u r in g  c o n v e r s io n  o f  s t a r c h  t o  s u g a r s ,  a n d  d e c r e a s e d  
a f t e r  h e a t in g  t o  1 0 5 ° C  p r i o r  t o  d r u m  d ry in g .  L e v e ls  o f  s a t u r a t e d  a ld e 
h y d e s  a n d  o f  m e th y l  k e to n e s  w e re  a ls o  h ig h e s t  d u r in g  a m y lo ly s is .  D u r 
in g  s to r a g e  o f  t h e  p a c k a g e d  f l a k e s  a t  2 7 ° C  f o r  1 2 8  d a y s ,  t o t a l  m o n o 
c a r b o n y l  c o n t e n t  r e m a in e d  r a t h e r  c o n s t a n t ,  w h i le  s a tu r a t e d  a ld e h y d e s  
i n c r e a s e d  a n d  m e t h y l  k e to n e s  d e c r e a s e d .  A t  4 5 ° C  s to r a g e  t e m p e r a tu r e ,  
t o t a l  m o n o c a r b o n y l s  a n d  s a t u r a t e d  a ld e h y d e s  s h o w e d  a  m a r k e d  in 
c re a s e ,  w h i le  k e to n e s  d e c r e a s e d .  T h e r e  w a s  a  s l ig h t  n e t  in c r e a s e  in  C 0 2 
a n d  0 2 a n d  a  s l ig h t  d e c r e a s e  in  N 2 in  t h e  g a s  p r e s e n t  in  c a n s  o f  f la k e s  
s to r e d  f o r  1 y r  a t  2 4 ° C . A f t e r  1 2  m o n t h s  s to r a g e ,  0 .0 2 6 %  C O  w a s  
f o u n d .  I n  t h e  d e h y d r a t e d  s w e e t  p o t a t o  f l a k e  p r o d u c t  m o n o c a r b o n y l s ,  
p a r t i c u l a r ly  a ld e h y d e s ,  a r e  p r o b a b ly  a  f a c t o r  in  o f f - f la v o r  d e v e l o p m e n t  
d u r in g  s to ra g e .

INTRODUCTION
P R E - C O O K E D  d e h y d r a t e d  f l a k e s  o f  s w e e t  p o t a t o  ( I p o m o e a  
b a t a t a s )  i s  a  r e l a t i v e l y  n e w  i n t r o d u c t i o n  i n  t h e  m a r k e t .  T h e  
r e s e a r c h  a n d  d e v e l o p m e n t  w o r k  d o n e  t o  t h e  p r e s e n t  o n  t h a t  

p r o d u c t  h a s  s t r e s s e d  p r o b l e m s  r e l a t e d  t o  t h e  m a n u f a c t u r e ,  b u t  
l i t t l e  w o r k  h a s  b e e n  d o n e  o n  b a s i c  a s p e c t s .

I n  f o o d  d e h y d r a t i o n  p r a c t i c e ,  i t  i s  g e n e r a l l y  r e c o g n i z e d  t h a t  
w h e n  u s i n g  h i g h  q u a l i t y  r a w  m a t e r i a l s ,  p r o c e s s i n g  t h e m  u n d e r  
g o o d  c o n d i t i o n s  t o  a  f i n i s h e d  p r o d u c t  l o w  i n  m o i s t u r e  a n d  in  

o x y g e n ,  a n d  s t o r i n g  t h e  p r o d u c t  a t  l o w  t e m p e r a t u r e s ,  a  h i g h l y  
a c c e p t a b l e  p r o d u c t  w i l l  r e s u l t .  S o m e t i m e s  t h a t  i s  n o t  t r u e .  
S o m e  f o o d  m a t e r i a l s  a r e  i n  a  d y n a m i c  s t a t e  o f  c h e m i c a l  r e a c 
t i v i t y  w h i c h  m a y  c o n t i n u e  f o r  s o m e  t i m e  i n  t h e  f i n i s h e d  
p r o d u c t ,  e v e n  u n d e r  o p t i m u m  c o n d i t i o n s  o f  s t o r a g e .  T h o s e  
c o n d i t i o n s  m a y  a p p l y  t o  a u t o x i d a t i o n  o f  l i p i d s  i n  d e h y d r a t e d  
s w e e t  p o t a t o  f l a k e s .

C a r b o n y l  c o m p o u n d s  m a y  d e v e l o p  i n  d e h y d r a t e d  s w e e t  
p o t a t o  f l a k e s  f o l l o w i n g  t h e  s c h e m e  p r e s e n t e d  b y  B a d i n g s
( 1 9 6 0 ) .  I n  t h a t  s c h e m e ,  a l k o x y  r a d i c a l s  f o r m e d  b y  h y d r o 
p e r o x i d e  d i s m u t a t i o n  r e a c t  f o r m i n g  a n  a l k y l  t y p e  r a d i c a l  a n d  
a n  a l d e h y d e .  A b s t r a c t i o n  o f  a  h y d r o g e n  a t o m  f r o m  a n o t h e r  
m o l e c u l e  y i e l d s  a l c o h o l s  a n d  n e w  f r e e  r a c i d a l s .  T h e  f r e e  r a d i 
c a l s  c o n t i n u e  p r o p a g a t i n g  t h e  a u t o x i d a t i v e  c h a i n  r e a c t i o n  

f o r m i n g  k e t o n e s  a n d  o t h e r  n o n r a d i c a l  e n d  p r o d u c t s .

R e v i e w  o f  l i t e r a t u r e

S c h w a r t z  a n d  P a r k s  ( 1 9 6 1 )  r e p o r t e d  t h a t  t r a c e  a m o u n t s  
o f  c a r b o n y l s  i n  s o l v e n t s  c a n  b e  c o n v e r t e d  t o  t h e i r  2 , 4 -  
d i n i t r o p h e n y l h y d r a z o n e s  w h e n  t h e y  a r e  p a s s e d  t h r o u g h  a  

C e l i t e  c o l u m n  i m p r e g n a t e d  w i t h  2 , 4 - d i n i t r o p h e n y l h y d r a z i n e

( D N P H ) ,  p h o s p h o r i c  a c i d ,  a n d  w a t e r .  H o r n s t e i n  a n d  C r o w e

( 1 9 6 2 )  f o u n d  t h a t  s o l v e n t s ,  s u c h  a s  h e x a n e ,  t h a t  a r e  b a d l y  
c o n t a m i n a t e d  w i t h  c a r b o n y l  c o m p o u n d s  m a y  b e  c l e a n e d  u p  

e f f e c t i v e l y ,  r a p i d l y ,  a n d  c o n t i n u o u s l y  o n  a  c o l u m n  p r e p a r e d  
f r o m  C e l i t e  i m p r e g n a t e d  w i t h  c o n c e n t r a t e d  s u l f u r i c  a c i d .

T h e  u s e  o f  2 , 4 - d i n i t r o p h e n y l h y d r a z i n e  a s  a  s p e c i f i c  r e a g e n t  

f o r  c a r b o n y l  c o m p o u n d s  h a s  b e e n  k n o w n  f o r  s o m e  t i m e .  J o n e s  
e t  a l .  ( 1 9 5 6 )  f o u n d  t h a t  t h e  i n f o r m a t i o n  a f f o r d e d  b y  t h e  u l t r a 
v i o l e t  a n d  v i s i b l e  s p e c t r a  o f  t h e  2 , 4 - d i n i t r o p h e n y l h y d r a z o n e s  
i n  n e u t r a l  s o l u t i o n  a n d  in  b a s i c  s o l u t i o n  p r e s e n t e d  a  m e a n s  o f  
d i f f e r e n t i a t i n g  t h e  t y p e  o f  p a r e n t  c a r b o n y l  c o m p o u n d .

S e p a r a t i o n  o f  a l i p h a t i c  m o n o c a r b o n y l s  i n t o  c l a s s e s  i s  a  v a l u 
a b l e  a i d  i n  t h e  c h a r a c t e r i z a t i o n  o f  c a r b o n y l s  o b t a i n e d  a s  a  
m i x t u r e  a t  t h e  m i c r o m o l e  l e v e l .  S c h w a r t z  e t  a l .  ( 1 9 6 2 )  h a v e  

d e s c r i b e d  a  m e t h o d  f o r  s e p a r a t i n g  t h e  2 , 4 - d i n i t r o p h e n y l h y d r a -  
z o n e  d e r i v a t i v e s  o f  a l i p h a t i c  m o n o c a r b o n y l s  i n t o  c l a s s e s  o n  a  
m a g n e s i a - C e l i t e  c o l u m n .  T h e  c l a s s e s  e l u t e  i n  t h e  s e q u e n c e :  

m e t h y l  k e t o n e s ,  s a t u r a t e d  a l d e h y d e s ,  2 - e n a l s ,  a n d  2 , 4 - d i e n a l s .  
T h e  s h o r t  c h a i n  m e m b e r s  o f  e a c h  c l a s s  b e h a v e  a n o m a l o u s l y ,  
m o v i n g  c l o s e  t o ,  o r  i n t o ,  t h e  c l a s s  i m m e d i a t e l y  f o l l o w i n g .  
C h a r a c t e r i s t i c  c o l o r s  f o r  e a c h  c l a s s  a r e  d i s p l a y e d  o n  t h e  a d 
s o r b e n t  a n d  a i d  i n  t h e i r  s e p a r a t i o n  a n d  i d e n t i f i c a t i o n .  M e t h y l  

k e t o n e s  a r e  g r a y ;  s a t u r a t e d  a l d e h y d e s  a r e  t a n ;  2 - e n a l s  a r e  r u s t -  
r e d ;  a n d  2 , 4 - d i e n a l s  a r e  l a v e n d e r .

T h e  r e l a t i o n s h i p  b e t w e e n  t h e  c a r b o n y l  c o m p o u n d s  p r o 
d u c e d  b y  o x i d a t i o n  a n d  t h e  r e v e r s i o n  f l a v o r  o f  s o y b e a n  o i l  h a s  
b e e n  s t u d i e d  e x t e n s i v e l y .  M o o k h e r j e e  a n d  C h a n g  ( 1 9 6 3 )  d e 

s c r i b e d  a  t e c h n i q u e  f o r  t h e  i d e n t i f i c a t i o n  o f  t h e  m o n o c a r b o n y l  

c o m p o u n d s  b y  c o l u m n  c h r o m a t o g r a p h y  s e p a r a t i o n  a n d  l i q u i d -  
l i q u i d  p a r t i t i o n  c h r o m a t o g r a p h y  i n d i v i d u a l  c o m p o u n d  i d e n t i f i 
c a t i o n .

A n o t h e r  q u a n t i t a t i v e  p r o c e d u r e  f o r  t h e  d i r e c t  i s o l a t i o n  o f  
c a r b o n y l  c o m p o u n d s  i s  g i v e n  b y  S c h w a r t z  e t  a l .  ( 1 9 6 3 ) .  

C a r b o n y l  c o m p o u n d s  i n  t h e  f a t  a r e  c o n v e r t e d  t o  t h e i r  2 , 4 - d i -  

n i t r o p h e n y l h y d r a z o n e s ,  s u b s e q u e n t l y  f r e e d  o f  f a t ,  a n d  f r a c 
t i o n a t e d  b y  a d s o r p t i o n  o n  a c t i v a t e d  m a g n e s i a  a n d  p a r t i a l l y  
d e a c t i v a t e d  a l u m i n a .  T h e  f a t - f r e e  m o n o c a r b o n y l  f r a c t i o n  is  
t h e n  s e p a r a t e d  i n t o  c l a s s e s  o n  m a g n e s i a  a n d  t h e  m e m b e r s  o f  
e a c h  c l a s s  a r e  o b t a i n e d  b y  c o l u m n  p a r t i t i o n  c h r o m a t o g r a p h y  
a n d  i d e n t i f i e d  b y  s u p p l e m e n t a r y  t e c h n i q u e s .

B o y d  e t  a l .  ( 1 9 6 5 )  c o n d u c t e d  s t u d i e s  o n  t h e  r e l a t i o n s h i p  
b e t w e e n  c h o c o l a t e  a r o m a  a n d  t h e  m o n o c a r b o n y l  c o m p o u n d s  
i n  u n r o a s t e d  c o c o a  b e a n s  a n d  c h o c o l a t e  l i q u o r .  T h e  m o n o 
c a r b o n y l  c o m p o u n d s  w e r e  c o n v e r t e d  t o  2 , 4 - d i n i t r o p h e n y l 
h y d r a z o n e s  a n d  t h e n  s e p a r a t e d  i n t o  m e t h y l  k e t o n e ,  s a t u r a t e d  
a l d e h y d e ,  2 - e n a l ,  a n d  2 , 4 - d i e n a l  f r a c t i o n s .  Q u a n t i t a t i v e  d a t a  
s h o w e d  t h a t  e a c h  c a r b o n y l  c l a s s  i s  a n  i m p o r t a n t  c o n t r i b u t o r  t o  
c h o c o l a t e  a r o m a .

MATERIALS & METHODS
A p p a r a tu s

(a )  B e c k m a n  D U -2  S p e c t r o p h o t o m e t e r
(b )  C h r o m a to g r a p h ic  c o lu m n s .  C o lu m n s  u s e d  w e r e  s im i la r  t o  th o s e  

r e p o r t e d  in  B o y d  e t  aL ( 1 9 6 5 ) ,  e x c e p t  t h a t  d im e n s io n s  o f  c o lu m n s  u s e d

524-JO U R N A L  OF FOOD SCIENCE-Volum e 41 (1976)
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w e re  a s  f o l l o w s :  E x t r a c t i o n :  2 .5  c m  i.d .  b y  8 0  c m  lo n g ;  R e a c t io n :  2 .5  
c m  i.d . b y  3 0  c m  l o n g ;  D e f a t t i n g :  lo w e r  c o lu m n ,  1 c m  i.d .  b y  15  c m  
lo n g ;  u p p e r  2 .5  c m  i.d .  b y  15  c m  lo n g ;  A lu m in a :  lo w e r ,  0 .7 5  c m  b y  15 
c m  lo n g ;  u p p e r ,  2 .5  c m  L d . b y  15  c m  lo n g ;  S e p a r a t io n :  lo w e r ,  1 c m  i.d . 
b y  1 5  c m  lo n g ;  u p p e r ,  2 .5  c m  L d . b y  1 5  c m  lo n g .

R e a g e n ts

R e a g e n ts  u s e d  f o r  t h e  c o lu m n  c h r o m a to g r a p h y  s e p a r a t i o n  o f  t h e  
d i f f e r e n t  c la s s e s  o f  c o m p o u n d s  w e re  t h o s e  u s e d  b y  B o y d  e t  aL ( 1 9 6 5 ) .  

P r o c e s s in g  o f  f la k e s

C e n t e n n ia l  v a r ie ty  o f  s w e e t  p o t a t o e s  p r o d u c e d  o n  t h e  e a s te r n  s h o r e  
o f  V irg in ia  w e re  u s e d  t h r o u g h o u t  t h i s  s t u d y .  T h e  s iz e  o f  t h e  s w e e t  
p o t a t o  r o o t s  r a n g e d  f r o m  l V i  t o  3 in . in  d i a m e te r .  T h e  p ro c e s s in g  o f  
s w e e t  p o t a t o  f la k e s  w a s  b a s e d  in  p r in c ip l e  o n  t h e  m e t h o d  r e p o r t e d  b y  
H o o v e r  ( 1 9 6 7 )  w i t h  s ig n i f i c a n t  m o d i f i c a t i o n s  in  t e m p e r a t u r e  a n d  t im e  
c o n d i t i o n s  i n  m o s t  o f  t h e  s te p s ,  a s  f o l l o w s :

1. T h e  s w e e t  p o t a t o  r o o t s  w e r e  w a s h e d  in  a  r e e l - ro d  w a s h e r  w i th  
w a te r  s p r a y  a t  1 3 ° C .

2 . T h e  r o o t s  w e r e  t h e n  s u b m e r g e d  in  a  w a te r  b a t h  o f  5 4 ° C  f o r  3 0  
m in .

3 . F r o m  t h e  w a te r  b a t h  t h e  r o o t s  w e r e  s u b m e r g e d  in  a  1 4 %  s o lu 
t i o n  o f  c o m m e r c ia l  g r a d e  c a u s t i c  s o d a  a t  1 0 1 ° C  f o r  5  m in .

4 . T h e  r o o t s  w e re  r u n  t h r o u g h  a  v e g e t a b le  b r u s h e r - w a s h e r  w i th  
w a te r  s p r a y s  a t  a  t e m p e r a t u r e  o f  1 3 ° C  a n d  c o n v e y e d  i n t o  1 8 ° C  w a te r  
b a th s  w h e r e  t h e y  w e r e  h e ld  f o r  a p p r o x i m a t e l y  15 m in  u n t i l  h a n d  
t r im m e d .

5 . T h e  p e e l e d  r o o t s  w e re  c o n v e y e d  i n t o  a n  1 8 ° C  w a te r  b a t h  w h e r e  
t h e y  w e re  h e ld  f o r  a p p r o x i m a t e l y  1 5  m in  u n t i l  h a n d  t r i m m e d  a n d  
c o m m in u te d  in  a  R ie t z  D i s in t e g r a to r  w i t h  a  0 .0 3 2  in .  m e s h  s c r e e n .

6 . T h e  t o t a l  s o l id s  o f  t h e  s w e e t  p o t a t o  w e r e  a d ju s t e d  t o  2 0 %  w i th  
1 3 ° C  t a p  w a te r  a n d  h e a t e d  t o  a  t e m p e r a t u r e  o f  7 5 ° C  b y  p u m p in g  i t  
th r o u g h  a  s te a m  in j e c t io n  h e a t e r  t o  a c t iv a te  t h e  n a tu r a l l y  p r e s e n t  
a m y la s e  e n z y m e s .  T h e  h e a t e d  p u r e e  w a s  h e ld  in  a  s t a r c h - to - s u g a r  c o n 
v e r s io n  t a n k  f o r  a  t im e  s u f f i c i e n t  t o  o b t a i n  a n  o p t i m u m  r a t i o  o f  s t a r c h  
t o  s u g a rs .

7 . T h e  p u r e e  w a s  p u m p e d  t h r o u g h  a n o t h e r  s t e a m  i n j e c t io n  n e a t e r  
w h e r e  t h e  t e m p e r a t u r e  o f  t h e  p u r e e  w a s  e le v a te d  t o  1 0 5 ° C  a n d  h e ld  in  a  
t a n k  f o r  1 5  m in  a t  9 3 - 9 9 ° C  to  i n a c t iv a t e  t h e  a m y la s e s  b e f o r e  b e in g  
p u m p e d  i n t o  a  1 2  in . d i a m e t e r  a t m o s p h e r i c  d o u b le  d r u m  d r i e r  a t  10  
r p m  a n d  8 0  p s ig .

8 . S w e e t  p o t a t o  f l a k e s  w e re  p a c k e d  in  2 1 1  x  3 0 1  p la in  t i n  p la te  
c a n s ,  1 6 3 g  in  e a c h  c a n .  P r io r  t o  d o u b l e  s e a m in g ,  t h e  c a n s  w e re  
v a c u u m e d  t h r e e  t im e s  u n d e r  2 6  in . v a c u u m  a n d  t h e  v a c u u m  b r o k e n  
w i th  n i t r o g e n  gas, w h ic h  r e s u l te d  in  a  9 5 %  N 2 - 5 %  0 2 a tm o s p h e r e  in  
t h e  c a n s .

A n a ly t ic a l  m e th o d s  a n d  e x p e r i m e n t a l  d e s ig n

T h e  p r o c e d u r e s  f o l l o w e d  t o  i s o la te  a n d  q u a n t i f y  m o n o c a r b o n y l  
c o m p o u n d s  w e r e  b a s e d  o n  th o s e  g iv e n  b y  B o y d  e t  a l. ( 1 9 6 5 ) .  T h e  s te p s  
in v o lv e  a  s e r ie s  o f  e x t r a c t i o n ,  r e a c t io n ,  d e f a t t i n g ,  a lu m in a ,  a n d  c la ss  
s e p a r a t i o n  c o lu m n s .  T h e  c la s s e s  o f  t h e  c h r o m a to g r a p h ic  f r a c t i o n s  w e r e  
i d e n t i f i e d  b y  t h e i r  s p e c t r o p h o t o m e t r i c  a b s o r p t i o n  m a x im a .  D a t a  w e re  
c o l le c te d  o n  t o t a l  m o n o c a r b o n y l s ,  m e th y l  k e to n e s ,  s a tu r a t e d  a ld e h y d e s ,
2 -e n a ls ,  a n d  2 ,4 -d ie n a ls .

T h e  w o r k  w a s  d iv id e d  in t o  f o u r  m a jo r  s e c t io n s  a s  fo l lo w s .
E f f e c t  o f  s to r a g e  t im e  o f  r a w  s w e e t  p o t a t o e s  o n  c o n t e n t  o f  m o n o 

c a r b o n y ls  d u r in g  p ro c e s s in g .  T o  d e t e r m i n e  t h e  e f f e c t  o f  s to r a g e  t i m e  o n  
r a w  s w e e t  p o t a to e s ,  a n a ly s e s  w e r e  m a d e  f o r  c a r b o n y l s  in  f r e s h ly  d u g  
p o ta to e s ,  c u r e d  p o t a t o e s ,  a n d  in  2 - m o n t h s ,  a n d  4 - m o n t h s  s to r e d  p o ta 
to e s .  E x c e p t  f o r  t h e  f r e s h ly  d u g  p o t a t o e s ,  a l l  r o o t s  w e re  “ c u r e d ”  a t  
2 7 ° C  a n d  8 0 %  re la t iv e  h u m i d i t y  f o r  7 - 1 0  d a y s .  T h e y  w e re  t h e n  s to r e d  
a t  1 3 ° C  a n d  8 0 %  re la t iv e  h u m id i ty .

S a m p le s  w e re  t a k e n  p r io r  t o  a n d  d u r in g  th e  v a r io u s  u n i t  o p e r a t i o n s  
in  th e  p ro c e s s in g  o f  s w e e t  p o t a t o  f la k e s .  S a m p l in g  w a s  d o n e  a t  t h e  
f o l lo w in g  s ta g e s : (a )  f r e s h  s w e e t  p o t a t o e s ;  (b )  p u r e e d  ra w  s w e e t  p o t a 
to e s ;  (c )  a f t e r  e n z y m a t i c  c o n v e r s io n  o f  s t a r c h  to  s u g a r s ;  a n d  (d )  d u r in g  
h o ld in g ,  a f t e r  i n a c t iv a t io n  o f  a m y la s e s ,  j u s t  p r i o r  t o  d r u m  d ry in g .

E f f e c t  o f  t e m p e r a t u r e  d u r in g  a m y lo ly t i c  c o n v e r s io n  o f  s t a r c h  to  
s u g a r s  o n  m o n o c a r b o n y l  le v e ls  d u r in g  p ro c e s s in g  o f  s w e e t  p o t a t o  f la k e s .  
C o n v e r s io n  t e m p e r a t u r e s  o f  6 6 ° C  a n d  8 1 ° C  w e r e  u s e d .  C o n v e r s io n  
t im e s  w e re  o p t i m u m  f o r  t h e  c o n d i t i o n  o f  t h e  r a w  p r o d u c t .  E n z y m e s  
w e re  in a c t iv a t e d  b y  h e a t in g  t h e  p r o d u c t  t o  1 0 5 ° C  f o r  5  m in .

E f f e c t  o f  s to r a g e  a t  d i f f e r e n t  t e m p e r a t u r e s  o n  m o n o c a r b o n y l s  in  
s w e e t  p o t a t o  f la k e s .  F la k e s  p a c k e d  in  c a n s  w e r e  h e ld  in  f r o z e n  s to ra g e  
f o r  9 0  d a y s  b e f o r e  b e in g  p u t  in  2 7 ° C  a n d  4 5 ° C  s to r a g e .  S a m p le s  w e re  
t a k e n  o u t  o f  t h e  2 7 ° C  s to r a g e  a t  0 , 1 6 , 3 2 ,  6 4  a n d  1 2 8  d a y s ,  a n d  o u t  o f  
t h e  4 5 ° C  s to r a g e  a t  0 , 4 , 8 , 16 , 3 2 , 6 4  a n d  1 2 8  d a y s .

C h a n g e s  in  h e a d s p a c e  g a s  c o m p o s i t i o n  d u r in g  s to r a g e .  C a n s  p a c k e d

b y  t h e  m e t h o d  d e s c r ib e d  u n d e r  P r o c e s s in g  o f  f la k e s  w e r e  s to r e d  a t  2 4 ° C  
f o r  1 y r .  D e te r m in a t io n s  o f  N 2 , 0 2 , C 0 2 a n d  C O  w e re  m a d e  in  d u p l i 
c a t e  c a n s  e v e r y  3 m o n th s .  A  M o d e l  2 9  F i s h e r  S c ie n t i f i c  C o m p a n y  G a s  
P a r t i t i o n e r  w a s  u s e d .  T h e  g a s  p a r t i t i o n e r  w a s  e q u i p p e d  w i t h  tw o  
c o lu m n s ,  c o lu m n  1 b e in g  f i l l e d  w i t h  D E H S  a n d  c o lu m n  2  w i t h  M o le c 
u la r  S ie v e  1 3 X . T h e  c a r r ie r  g a s  w a s  h e l iu m ,  t h e  s a m p le  s iz e  5 0 0  p i ,  th e  
f lo w  4 0  m l /m i n ,  a n d  t h e  c h a r t  s p e e d  1 c m /m in .

RESULTS & DISCUSSION
T H E  C O L U M N  C H R O M A T O G R A P H Y  m e t h o d s  u s e d  f o r  
s e p a r a t i n g  m o n o c a r b o n y l s  i n t o  c l a s s e s  d i d  n o t  m a k e  i t  p o s s i b l e  
t o  o b t a i n  a  s h a r p  s e p a r a t i o n  a n d  d i f f e r e n t i a t i o n  b e t w e e n  
c l a s s e s .  C o n s e q u e n t l y ,  t h e  e l u t e d  d r y  w e i g h t  o f  e a c h  o f  t h e  
c a r b o n y l  c l a s s e s  m a y  h a v e  c o n t a i n e d  s m a l l  a m o u n t s  o f  o t h e r  
c l a s s e s .  T h i s  m a y  e x p l a i n  s o m e  o f  t h e  v a r i a b i l i t y  i n  t h e  q u a n 
t i t y  o f  t h e  d i f f e r e n t  m o n o c a r b o n y l  c l a s s e s  w i t h i n  d e t e r m i n a 
t i o n s  o f  c a r b o n y l s  a m o n g  s a m p l e s  t a k e n  a t  a  s p e c i f i c  p r o c e s s 
i n g  s t a g e .

D u r i n g  m i x i n g  a n d  g r i n d i n g  t h e  c a r b o n y l s  p r e s e n t  w e r e  

p r o b a b l y  u n d e r g o i n g  o x i d a t i o n  d u e  t o  b r e a k d o w n  o f  t i s s u e s  
a n d  s u b s e q u e n t  e x p o s u r e  t o  l a r g e  q u a n t i t i e s  o f  a i r  a n d  n a t u r a l 
l y  p r e s e n t  c o m p o u n d s  l i b e r a t e d  b y  l y s i n g  o f  t h e  c e l l s .

E f f e c t  o f  s t o r a g e  t i m e  o f  r a w  s w e e t  p o t a t o e s  o n  
c o n t e n t  o f  m o n o c a r b o n y l s  d u r i n g  p r o c e s s i n g

D a t a  i n  T a b l e  1 i n d i c a t e  t h a t  t h e  c o n t e n t  o f  c a r b o n y l s  o f  
t h e  f r e s h  s w e e t  p o t a t o e s  g e n e r a l l y  i n c r e a s e s  d u r i n g  s t o r a g e  
w i t h  t i m e .  T h e  s a m e  d a t a  s h o w  t h a t  d u r i n g  p r o c e s s i n g  o f  f r e s h 

l y  d u g  s w e e t  p o t a t o e s  c a r b o n y l s  i n c r e a s e d  a s  p r o c e s s i n g  
p r o g r e s s e d ,  w h i l e  i n  t h e  c u r e d ,  2 - m o n t h s  a n d  4 - m o n t h s  s t o r e d  

s w e e t  p o t a t o e s  t h e  c o n t e n t  o f  c a r b o n y l s  p e a k e d  d u r i n g  c o n 

v e r s i o n  o f  s t a r c h  t o  s u g a r s ,  a n d  d e c r e a s e d  a f t e r  t h e  1 5 - m i n  
h o l d i n g  p r i o r  t o  d r u m  d r y i n g .  A s  t h e  s t o r a g e  t i m e  o f  d i f f e r e n t  

t r e a t m e n t s  o f  f r e s h  s w e e t  p o t a t o e s  i n c r e a s e d ,  t h e  c a r b o n y l s  
c o n t e n t  d e c r e a s e d  a f t e r  t h e  1 5 - m i n  h o l d i n g  p e r i o d  p r i o r  t o  
d r u m  d r y i n g .  T h e r e  w a s  a  m a r k e d  i n c r e a s e  i n  c a r b o n y l s  d u r i n g  
c o n v e r s i o n  o f  s t a r c h  t o  s u g a r s .  T h e  i n c r e a s e  i n  c a r b o n y l s  d u r 
i n g  s t a r c h  t o  s u g a r  c o n v e r s i o n  t o  a  l e v e l  a b o v e  t h a t  f o u n d  i n  
f r e s h  s w e e t  p o t a : o e s  m a y  b e  c a u s e d  b y  t h e  h i g h e r  t e m p e r a t u r e  
d u r i n g  c o n v e r s i o n  w h i c h  i n c r e a s e d  t h e  a c t i v i t y  o f  t h e  n a t u r a l l y  
p r e s e n t  e n z y m e s  t h a t  c a t a l y z e  t h e  r e a c t i o n s  p r o d u c i n g  c a r 
b o n y l s .  T h e  r e d u c e d  c a r b o n y l  c o n t e n t  f o u n d  a t  t h e  9 3 — 9 9 ° C  
1 5 - m i n  h o l d i n g  s t a g e  p r i o r  t o  d r u m  d r y i n g  m a y  h a v e  c a u s e d  

b i n d i n g  o f  t h e  c a r b o n y l s  t o  o t h e r  c o m p o u n d s ,  r e s u l t i n g  in  
l o w e r  c a r b o n y l  l e v e l s  a t  t h a t  s t a g e  o f  t h e  p r o c e s s .

T r a c e s  o f  2 - e n a l s  a n d  2 , 4 - d i e n a l s  w e r e  d e t e c t e d  i n  f r e s h  
s w e e t  p o t a t o e s  a n d  a t  s e v e r a l  s t a g e s  o f  p r o c e s s i n g ,  b u t  t h e  d a t a  
o b t a i n e d  s h o w e d  n o  t r e n d s  a n d  w e r e  i n c o n c l u s i v e .  T h e r e f o r e ,  
n o  o t h e r  r e s u l t s  a r e  r e p o r t e d  o n  t h i s  p h a s e  o f  t h e  w o r k .

F i g u r e  1 s h o w s  o v e r a l l  m a t h e m a t i c a l  t r e n d  l i n e s  f o r  t o t a l  
m o n o c a r b o n y l s  c o n t e n t  a t  d i f f e r e n t  s t a g e s  o f  p r o c e s s i n g  f r e s h 
l y  d u g ,  c u r e d ,  a n d  s t o r e d  s w e e t  p o t a t o e s .  A  t r e n d  o b s e r v e d  in  

t h e  f r e s h l y  d u g  s w e e t  p o t a t o e s  t o  i n c r e a s e  i n  m o n o c a r b o n y l  
c o n t e n t  w i t h  l o n g e r  s t o r a g e  p e r i o d s — c u r e d ,  2 - m o n t h s  s t o r a g e ,
4 - m o n t h s  s t o r a g e — w a s  r e v e r s e d  t o  a  d e c r e a s e  w h e n  t h e  s t o r a g e  

p e r i o d s  o f  t h e  f r e s h  s w e e t  p o t a t o e s  a r e  c o n s i d e r e d  i n  s e q u e n c e ,  
a s  s h o w n  i n  F i g u r e  2 .  T h e  l o w e r  l e v e l s  o f  c a r b o n y l s  o b s e r v e d  i n  
f l a k e s  p r e p a r e d  f r o m  s w e e t  p o t a t o e s  s t o r e d  f o r  l o n g e r  p e r i o d s  
p r i o r  t o  p r o c e s s i n g  m a y  i n d i c a t e  t h a t  l e n g t h  o f  s t o r a g e  p r i o r  t o  
p r o c e s s i n g  is  a  f a c t o r  c o n t r i b u t i n g  t o  b e t t e r  f l a v o r  s t a b i l i t y  i n  

t h e  f l a k e  p r o d u c t .

E f f e c t  o f  t e m p e r a t u r e  d u r i n g  a m y l o l y t i c  c o n v e r s i o n  
o f  s t a r c h  t o  s u g a r s  o n  m o n o c a r b o n y l  l e v e l s  d u r i n g  

p r o c e s s i n g  o f  s w e e t  p o t a t o  f l a k e s

T h e  m a x i m u m  c o n t e n t  o f  t o t a l  m o n o c a r b o n y l s  w a s  f o u n d  
d u r i n g  t h e  s t a r c . i  c o n v e r s i o n  s t a g e  a t  b o t h  6 6 ° C  a n d  8 1 ° C ,  a s  

s h o w n  b y  d a t a  i n  T a b l e  2 .
W h e n  t h e  a m y l o l y s i s  t o o k  p l a c e  a t  6 6 ° C ,  t h e  l e v e l s  o f  

s a t u r a t e d  a l d e h y d e s  a n d  o f  m e t h y l  k e t o n e s  w e r e  a l s o  h i g h e s t  a t  
t h e  s t a r c h - t o - s u g a r s  c o n v e r s i o n  s t a g e .  W h e n  a m y l o l y s i s  t o o k
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T a b le  1 — C h an g e s in  c o n te n t o f c a rb o n y ls  d u rin g  p ro ce ssin g o f sw e et p o ta to  fla k e s , a fte r d iffe r e n t  tre a tm e n ts  o f th e  fre sh ro o ts

F re sh P ureed

sw e e t p o ta to es sw e e t p o ta to e s

F re s h ly S to re d  f o r S to re d  fo r F re s h ly S to re d  fo r S to re d  f o r

d u g " C u r e d "  tw o  m o n th s f o u r  m o n th s d ug " C u r e d 1 tw o  m o n th s f o u r  m o n th s

(p M /1 0 0 g )a (p M /1 0 0 g )a

Total carbonyls 6 .4 4.1 1 7 .3 3 1 . 0 8 .9 8.0 20.6 1 4 .7

Methyl ketones 2 .7 1.9  4 .5 1 6 .3 0.0 1 .7 2.1 0.0
Saturated aldehydes 2 .7 1 .4  1 1 .7 7 .4 6 .5 4 .2 1 5 .2 1 3 .0

A ft e r  p a rtia l H o ld in g

c o n v e rs io n  o f p r io r  to

s ta rc h  to  sug a rs d ru m  d ry in g

F re s h ly S to re d  fo r S to re d  fo r F re s h ly S to re d  fo r S to re d  fo r

d u g " C u r e d "  tw o  m o n th s f o u r  m o n th s d ug " C u r e d "  tw o  m o n th s f o u r  m o n th s

(ju M /1 0 0 g )a (ju M /1 0 0 g )a

Total carbonyls 2 7 .7 4 0 .7  3 0 .5 3 0 .9 3 5 . 3 1 7 .8 11.2 3 .3

Methyl ketones 1 8 .4 3 7 . 5  2 0 .7 21.1 3 5 . 3 1 3 .4 10.0 1.8
Saturated aldehydes 9 .4 3 .2  9 .8 9 .8 0.0 4 .4 1.1 1 .5

a D ry  w e igh t basis

F ig . 1 —M a th e m a t
ica l tr e n d  lin es  fo r  
t o t a l  c o n te n t  o f  
m o n o c a r b o n y ls  a t  
d i f fe r e n t  s ta g es o f  
p ro c ess in g  d i f f e r e n t 
ly  tr e a te d  ra w  s w e e t  
p o ta to e s .

Fig. 2 —E ffe c t  o f  s to ra g e  te m p e r a tu re  o n  m o n o c a r b o n y ls  in s w e e t  
p o ta to  fla kes .

p l a c e  a t  8 1 ° C ,  t h e  l e v e l  o f  k e t o n e s  r e m a i n e d  a t  a  l o w ,  b u t  
r a t h e r  c o n s t a n t  l e v e l ,  w h i l e  a l d e h y d e s  w h i c h  w e r e  a t  a  r a t h e r  
h i g h  l e v e l  i n  b o t h  t h e  f r e s h  s w e e t  p o t a t o e s  a n d  d u r i n g  a m y l o -  
l y s i s ,  w e r e  r e d u c e d  t o  a l m o s t  z e r o  a f t e r  t h e  h o l d i n g  p e r i o d  
p r i o r  t o  d r u m  d r y i n g .  T h e  d e c r e a s e  i n  t o t a l  m o n o c a r b o n y l s  
a n d  s a t u r a t e d  a l d e h y d e s  d u r i n g  h o l d i n g  p r i o r  t o  d r u m  d r y i n g  
m a y  b e  c a u s e d  b y  l o s s  t h r o u g h  v o l a t i l i z a t i o n  o f  t h o s e  c o m 
p o u n d s .

E f f e c t  o f  s t o r a g e  t e m p e r a t u r e  o n  c a r b o n y l s  
i n  s w e e t  p o t a t o  f l a k e s

F i g u r e  2  s h o w s  t h a t  d u r i n g  t h e  s t o r a g e  p e r i o d  a t  2 7 ° C  t o t a l  
m o n o c a r b o n y l s  r e m a i n e d  r a t h e r  c o n s t a n t ,  w h i l e  s a t u r a t e d  a l d e 

h y d e s  i n c r e a s e d  a n d  m e t h y l  k e t o n e s  d e c r e a s e d .  A t  t h e  4 5 ° C  
s t o r a g e ,  t o t a l  m o n o c a r b o n y l s  a n d  s a t u r a t e d  a l d e h y d e s  i n 
c r e a s e d  m a r k e d l y ,  w h i l e  k e t o n e s  d e c r e a s e d .  T h e s e  o b s e r v a t i o n s  

i n d i c a t e  t h a t  s a t u r a t e d  a l d e h y d e s  a s  a  c l a s s  m a y  b e  r e l a t e d  t o  
f l a v o r  c h a n g e s  d u r i n g  t h e  s t o r a g e  o f  s w e e t  p o t a t o  f l a k e s ,  w h i l e  

m e t h y l  k e t o n e s  p r o b a b l y  d o  n o t  d i r e c t l y  c o n t r i b u t e  t o  t h o s e  
c h a n g e s .

T a b le  2 — C h an g e s in  co n te n t o f m o n o c a rb o n y ls  d u r in g  p ro ce ssin g  
o f " c u r e d "  sw e et p o ta to e s

F re sh  P ure ed  A ft e r  p a rtia l H o ld in g

sw e e t sw e e t c o n v e rs io n  o f  p r io r  to

p o ta to e s p o ta to e s s ta rc h  to  su gars d ru m  d r y in g

(p M /1 0 0 g )a

Total carbonyls 4.1 8 . 0 40.7 17.8
Methyl ketones 1.9 1.7 37.5 13.4
Saturated aldehydes 1.4 4.2 3.2 4.4

a D ry  w e igh t basis
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Fig. 3 —H ea d sp a ce  gases in  s w e e t  p o ta to  fta k e s  p a c k e d  in  ca n s  a n d  
s to r e d  fo r  1 y r  a t  2 4 0 C.

H e a d s p a c e  g a s  c o m p o s i t i o n  d u r i n g  s t o r a g e

F i g u r e  3  s h o w s  t h e  v o l u m e t r i c  c o m p o s i t i o n  o f  t h e  g a s  

p r e s e n t  i n  t h e  c a n  a f t e r  0 ,  3 ,  6 ,  9  a n d  1 2 - m o n t h s  s t o r a g e .  T h e  
t r e n d s  o b s e r v e d  w e r e  o f  s l i g h t  n e t  i n c r e a s e  i n  C 0 2 a n d  0 2 , a n d  

s l i g h t  d e c r e a s e  i n  N 2 . C O  w a s  n o t  d e t e c t e d  u n t i l  1 2  m o n t h s  

s t o r a g e ,  w h e n  0 . 0 2 6 %  w a s  f o u n d .  T h e  r e s u l t s  s h o w  t h a t  f r o m  a  
n e t  e n d  p r o d u c t  a n d  s t o i c h i o m e t r i c  s t a n d p o i n t s  n o  s i g n i f i c a n t  
r e a c t i o n s  t h a t  c o n s u m e  o x y g e n  t o o k  p l a c e  d u r i n g  t h e  1 2 -  

m o n t h  s t o r a g e  p e r i o d .  T h e  s m a l l  q u a n t i t i e s  o f  C 0 2 p r o d u c e d  

a n d  s m a l l  a m o u n t  o f  C O  d e t e c t e d ,  i n d i c a t e  t h e  p r o b a b i l i t y  o f  
d e c a r b o x y l a t i o n  r e a c t i o n s  t a k i n g  p l a c e  a t  a  s l o w  r a t e  d u r i n g  

s t o r a g e .  A d d i t i o n a l l y  s o m e  o f  t h e  C 0 2 p r o d u c e d  m i g h t  b e  
d i s s o l v e d  a n d / o r  d i s p e r s e d  i n  t h e  s w e e t  p o t a t o  m a t e r i a l  a n d  
t h u s  n o t  b e  p r e s e n t  i n  t h e  h e a d s p a c e  g a s .  V o l u m e t r i c a l l y ,  t h e

g a s  a n a l y s i s  a c c o u n t e d  f o r  b e t w e e n  9 9 . 8 0 %  a n d  1 0 0 . 0 5 %  o f  
t h e  g a s e s  p r e s e n t  i n  e a c h  c a n  a t  e a c h  s t o r a g e  p e r i o d .

CONCLUSIONS
R E S U L T S  i n  g e n e r a l  s h o w  d e v e l o p m e n t  o f  m o n o c a r b o n y l  
c o m p o u n d s  d u r i n g  t h e  i n i t i a l  s t a g e s  o f  p r o c e s s i n g  o f  t h e  s w e e t  
p o t a t o  f l a k e s ,  f o l l o w e d  g e n e r a l l y  b y  a  r e d u c t i o n  i n  m o n o 
c a r b o n y l  c o n t e n t  d u r i n g  t h e  h i g h e r  t e m p e r a t u r e  h e a t i n g  
p r o c e s s  j u s t  b e f o r e  d r u m  d r y i n g .  R e s u l t s  a l s o  i n d i c a t e  t h a t  
d u r i n g  s t o r a g e  o f  t h e  d e h y d r a t e d  p r o d u c t  t h e r e  w a s  a n  i n c r e a s e  

i n  t o t a l  m o n o c a r b o n y l s  a n d  s a t u r a t e d  a l d e h y d e s  c o n t e n t ,  a n d  a  
d e c r e a s e  i n  c o n t e n t  o f  m e t h y l  k e t o n e s .

C o n s i d e r i n g  t h e  i n f l u e n c e  o f  a u t o x i d a t i o n  o f  l i p i d s  a n d  

d e v e l o p m e n t  o f  c a r b o n y l  c o m p o u n d s  o n  t h e  f l a v o r  o f  o t h e r  
p r o d u c t s ,  i t  i s  p r o b a b l e  t h a t  i n  t h e  d e h y d r a t e d  s w e e t  p o t a t o  
f l a k e  p r o d u c t  m o n o c a r b o n y l s ,  p a r t i c u l a r l y  a l d e h y d e s ,  a r e  a  

f a c t o r  i n  o f f - f l a v o r  d e v e l o p m e n t  d u r i n g  s t o r a g e .  M o n o 
c a r b o n y l s ,  h o w e v e r ,  d o  n o t  a c c u m u l a t e  d u r i n g  p r o c e s s i n g ,  b u t  

h a v e  a  t e n d e n c y  t o  d e c r e a s e  d u e  t o  e x p o s u r e  o f  t h e  p r o d u c t  
d u r i n g  p r o c e s s i n g  t o  r a t h e r  h i g h  t e m p e r a t u r e s  t h a t  p r o b a b l y  
p r o d u c e  a  l o s s  o f  c a r b o n y l s  t h r o u g h  v o l a t i l i z a t i o n .  M o n o 

c a r b o n y l s  c o u l d  a l s o  b r e a k - d o w n  a t  h i g h  t e m p e r a t u r e  t o  C 0 2 

a n d  o t h e r  c o m p o u n d s ,  o r  b e  o x i d i z e d  t o  d i c a r b o x y l i c  a c i d s .
A l t h o u g h  n o  t r e n d s  w e r e  o b s e r v e d  i n  t h e  d a t a  c o l l e c t e d  o n

2 - e n a l s  a n d  2 , 4 - d i e n a l s ,  t h e  p r e s e n c e  o f  t h e s e  c o m p o u n d s  w a s  
d e t e c t e d .  I t  i s  p o s s i b l e  t h a t  c a r b o n y l s  o f  t h e s e  c l a s s e s  m a y  a l s o  
c o n t r i b u t e  t o  o f f - f l a v o r  d e v e l o p m e n t  d u r i n g  s t o r a g e .
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------------------ -------------- ABSTRACT --------------------------------
M a il la r d  b r o w n in g  is o n e  o f  t h e  m a in  c h e m ic a l  r e a c t io n s  c a u s in g  d e t e r i 
o r a t i o n  a n d  s h o r te n in g  s h e l f  l i f e  o f  i n t e r m e d i a t e  m o i s tu r e  f o o d  ( I M F )  
s y s te m s .  T h e  p u r p o s e  o f  t h i s  r e s e a r c h  w a s  t o  s tu d y  M a il la r d  b r o w n in g  in  
a n  IM F  m o d e l  s y s te m  c o n ta in in g  c a s e in ,  g lu c o s e  a n d  th e  l iq u id  h u m e c -  
t a n t  g ly c e ro l .  T h e  k in e t ic s  o f  p ig m e n t  p r o d u c t i o n ,  g lu c o s e  u t i l i z a t i o n  
a n d  lo s s  o f  D N P -a v a ila b le  ly s in e  w e re  s tu d i e d  a s  a  f u n c t i o n  o f  t e m p e r a 
t u r e ,  m o is tu r e  c o n t e n t  a n d  w a te r  a c t iv i ty .  I t  w a s  f o u n d  t h a t  t h e  f a c to r s  
w h ic h  c o n t r o l  r e a c t a n t  ( g lu c o s e  a n d  a v a i la b le  ly s in e )  u t i l i z a t i o n  a lso  
c o n t r o l  e n d - p r o d u c t  ( b r o w n  p ig m e n t )  a c c u m u l a t i o n .  T h e  r a t e  o f  
th e  M a il la rd  b r o w n in g  p ig m e n t  p r o d u c t i o n ,  a f t e r  a n  i n i t i a l  i n d u c t io n  
p e r io d ,  f o l l o w s  z e r o  o r d e r  k in e t ic s .  T h e  in i t i a l  lo s s  r a te  o f  b o t h  g lu c o s e  
a n d  a v a i la b le  ly s in e ,  h o w e v e r ,  f o l l o w s  f i r s t  o r d e r  k in e t ic s .  E x c e e d in g ly  
la rg e  n u t r i t i o n a l  ( a v a i la b le  ly s in e )  lo s s e s  o c c u r  b e f o r e  b r o w n  d i s c o l o r a 
t i o n  is  a p p r e c i a b l e .  S l ig h t ly  g r e a t e r  t h a n  o n e  m o le  o f  g lu c o s e  r e a c t s  p e r  
m o le  o f  ly s in e  m a d e  u n a v a i la b le .  B a s e d  o n  th i s ,  n u t r i t i o n a l  lo s s e s  m a y  
b e  r e la t iv e ly  e a s i ly  e s t i m a t e d  b y  m o n i to r in g  t h e  lo s s  o f  s p e c i f i c  r e d u c in g  
s u g a r s .  T h e  M a il la rd  b r o w n in g  r e a c t i o n  p r o c e e d s  3 3  t im e s  f a s t e r  a t  4 5 ° C  
t h a n  a t  2 5 ° C ,  w i th  t h e  m a x im u m  r a t e  o c c u r r in g  a t  0 . 4 - 0 . 5  a w . T h i s  is 
a n  a w  r a n g e  c o n s id e r a b ly  lo w e r  t h a n  t h e  0 . 6 5 - 0 . 7 5  a w  r a n g e  u s u a l ly  
f o u n d  fo r  m a x im u m  b r o w n in g  in  d e h y d r a t e d  f o o d s .  T h e  d o w n w a r d  
s h i f t  in  t h e  a w  m a x im u m  f o r  b r o w n in g  is  b e c a u s e  g ly c e r o l  b e in g  l iq u id  
h a s  w a te r - l ik e  p r o p e r t i e s  a n d  in c r e a s e s  r e a c t a n t  m o b i l i t y  a n d / o r  s o lu b i l 
i t y  a t  a w ’s b e lo w  w h ic h  m o s t  w a te r  s o lu b le  r e a c t io n s  o c c u r  v e ry  s lo w ly .

INTRODUCTION
F O O D  S T A B I L I T Y  h a s  b e e n  s h o w n  t o  b e  c o n t r o l l e d  b y  t h e  
m o i s t u r e  c o n t e n t  o r  w a t e r  a c t i v i t y  ( a w ) o f  f o o d s  ( B o n e ,  1 9 6 9 ;  
L a b u z a ,  1 9 7 0 ,  1 9 7 5 ;  L e a ,  1 9 5 8 ) .  B a c t e r i a l  d e g r a d a t i o n  o f  

f o o d s  c a n  u s u a l l y  b e  c o n t r o l l e d  b y  k e e p i n g  t h e  w a t e r  a c t i v i t y  
o f  t h e  f o o d  a t  l e s s  t h a n  a w  0 . 9 .  Y e a s t  a n d  m o l d  g r o w t h  c a n  b e  
i n h i b i t e d  b y  m a i n t a i n i n g  t h e  a w  a t  l e s s  t h a n  0 . 8  ( B o n e ,  1 9 6 9 ) .  
C h e m i c a l  d e g r a d a t i o n  r e a c t i o n s  o f  f o o d s  c a n  u s u a l l y  b e  c o n 
t r o l l e d  b y  k e e p i n g  t h e  w a t e r  a c t i v i t y  o r  m o i s t u r e  c o n t e n t  o f  

f o o d s  l o w .  M a x i m u m  s t a b i l i t y  i s  u s u a l l y  t h o u g h t  t o  o c c u r  

w h e n  t h e  f o o d ’s m o i s t u r e  c o n t e n t  i s  n e a r  t h e  B E T  ( B r u n a u e r  
e t  a l . ,  1 9 3 8 )  m o n o m o l e c u l a r  m o i s t u r e  l a y e r  c o v e r a g e  o f  f o o d s  
( S a l w i n ,  1 9 5 9 ) .  A s  t h e  m o i s t u r e  c o n t e n t  i n c r e a s e s  a b o v e  t h e  

B E T  c o v e r a g e ,  t h e  r a t e  o f  c h e m i c a l  d e g r a d a t i o n  o f  f o o d s  u s u a l 
l y  i n c r e a s e s .  A n d  a s  t h e  m o i s t u r e  c o n t e n t  d e c r e a s e s  b e l o w  t h e  
B E T  c o v e r a g e ,  l i p i d  o x i d a t i o n  c a n  a g a i n  i n c r e a s e  t o  c a u s e  r a p i d  
d e g r a d a t i o n  o f  f o o d s .

W a t e r  c o n t r o l s  t h e  d e g r a d a t i v e  r e a c t i o n s  o f  f o o d s  b y  v a r i o u s  
m e a n s .  O s m o t i c  s h o c k ,  i n s u f f i c i e n t  a v a i l a b i l i t y  o f  r e q u i r e d  n u 
t r i e n t s ,  o r  a  b u i l d - u p  o f  m e t a b o l i c  e n d - p r o d u c t s  t h a t  a r e  t o x i c  
t o  t h e  o r g a n i s m  a r e  t h o u g h t  t o  b e  s o m e  o f  t h e  m e a n s  b y  w h i c h  

l o w  m o i s t u r e  c o n t e n t s  o r  a w  l i m i t s  o r  i n h i b i t s  t h e  g r o w t h  o f  
m i c r o o r g a n i s m s .  I n  a d d i t i o n ,  t h e  c h e m i c a l  d e g r a d a t i v e  r e a c 
t i o n s  w i t h i n  f o o d s  a r e  c o n t r o l l e d  t h r o u g h  t h e  e f f e c t  o f  m o i s 
t u r e  c o n t e n t  o r  a w  o n  r e a c t a n t  d i s s o l u t i o n ,  m o b i l i t y  a n d  c o n 
c e n t r a t i o n .  A n  i n c r e a s e  i n  m o i s t u r e  c o n t e n t  o r  a w  c a n  i n c r e a s e  
s o l u t e  ( r e a c t a n t )  s o l u b i l i t y  a n d / o r  m o b i l i t y  a n d  t h e r e b y  c a u s e  
t h e  r a t e  o f  a  c h e m i c a l  r e a c t i o n  t o  i n c r e a s e .  C o n v e r s e l y ,  a n  

i n c r e a s e  i n  m o i s t u r e  c o n t e n t  w i l l  t e n d  t o  d i l u t e  t h e  c o n c e n t r a -

1 Present address: American Can Company, Packaging R&D, 333 N. 
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t i o n  o f  r e a c t a n t s  a n d  t h e r e b y  d e c r e a s e  c h e m i c a l  r e a c t i o n  r a t e .  

I f  w a t e r  i s  a  p r o d u c t  o f  t h e  r e a c t i o n  o f  c o n c e r n ,  a n  i n c r e a s e  i n  

m o i s t u r e  c o n t e n t  w i l l  d e c r e a s e  t h e  r e a c t i o n  r a t e  b y  m a s s  a c 
t i o n ,  i . e . ,  e n d - p r o d u c t  i n h i b i t i o n .  T h i s  i n c r e a s e  m a y  b e  s m a l l  

o v e r a l l ,  b u t  a t  t h e  r e a c t i o n  s i t e  i f  d i f f u s i o n  i s  s l o w  w i l l  h a v e  a  

g r e a t  e f f e c t .  O n e  o r  a  c o m b i n a t i o n  o f  t h e  a b o v e  f a c t o r s  m a y  b e  
r a t e  l i m i t i n g  a n d  t h e r e b y  l i m i t  t h e  r a t e  o f  d e g r a d a t i v e  r e a c t i o n s  

w i t h i n  a  f o o d  a s  t h e  f o o d ’s  m o i s t u r e  c o n t e n t  o r  a w  i s  i n c r e a s e d  

o r  d e c r e a s e d .
M a i l l a r d  b r o w n i n g  i s  a  r e a c t i o n  w h e r e i n  a  r e d u c i n g  s u g a r ,  

s u c h  a s  g l u c o s e ,  c o m b i n e s  w i t h  a  f r e e  a m i n o  g r o u p ,  s u c h  a s  t h e  
e - a m i n o  g r o u p  o f  a v a i l a b l e  l y s i n e  a n d  t h e r e b y  d e c r e a s e s  t h e  

b i o l o g i c a l  a v a i l a b i l i t y  o f  t h e  p r o t e i n .  I n  f o o d  p r o d u c t s  w h e r e  
p r o c e s s i n g  o r  s t o r a g e  c o n d i t i o n s  c a u s e  a n  a c c e l e r a t e d  r a t e  o r  
p r o l o n g e d  d u r a t i o n  o f  t h e  M a i l l a r d  r e a c t i o n ,  a  s i g n i f i c a n t  l o s s  

o f  f o o d  q u a l i t y  m a y  r e s u l t .
I t  i s  g e n e r a l l y  o b s e r v e d  t h a t  m o s t  f o o d s  e x h i b i t  a  m a x i m u m  

r a t e  o f  b r o w n i n g  n e a r  a w  0 . 6 5 —0 . 7 5 .  T h e  d a t a  o f  L o n c i n  e t  a l .

( 1 9 6 8 )  s h o w s  t h a t  f o r  m i l k  p o w d e r  w h i c h  w a s  h u m i d i f i e d  t o  a  
m o i s t u r e  c o n t e n t  a b o v e  t h e  B E T  m o n o l a y e r ,  b o t h  a n  u n d e s i r a 
b l e  a c c u m u l a t i o n  o f  b r o w n  p i g m e n t s  a n d  a  l o s s  o f  a v a i l a b l e  

l y s i n e  o c c u r r e d  w h e n  t h e  m i l k  p o w d e r  w a s  h e l d  a t  4 0 ° C  f o r  
o n l y  1 0  d a y s .  I t  w a s  o b s e r v e d  t h a t  t h e  m a x i m u m  i n  p i g m e n t  
p r o d u c t i o n  o c c u r r e d  n e a r  a w  0 . 6 5 ,  a n  a w  o f  i n t e r m e d i a t e  

m o i s t u r e  f o o d s ,  w i t h  a  c o n c o m m i t a n t  l o s s  o f  7 5 %  o f  t h e  a v a i l 
a b l e  l y s i n e .  A  s i m i l a r  o b s e r v a t i o n  i s  f o u n d  f o r  m o s t  d e h y d r a t e d  
f o o d s  h u m i d i f i e d  t o  a n  a w  c o m m o n  t o  i n t e r m e d i a t e  m o i s t u r e  

f o o d s .  N o n e n z y m a t i c  b r o w n i n g  ( N E B )  i s  o n e  o f  t h e  m a i n  d e g 

r a d a t i v e  r e a c t i o n s  t h a t  o f t e n  o c c u r s  a t  a  m a x i m u m  r a t e  i n  
i n t e r m e d i a t e  m o i s t u r e  f o o d s  w h i c h  h a v e  a n  a w  r a n g e  o f  

0 . 6 0 —0 . 8 5  ( K a r e l  a n d  L a b u z a ,  1 9 6 9 ;  L a b u z a ,  1 9 7 0 ;  L o n c i n  e t  
a l . ,  1 9 6 8 ) .

V e r y  l i t t l e  d a t a  a r e  a v a i l a b l e  o n  t h e  e x t e n t  o f  M a i l l a r d  

b r o w n i n g  i n  I M F  s y s t e m s  t o  w h i c h  a  l i q u i d  h u m e c t a n t  h a s  
b e e n  a d d e d .  A  l i q u i d  h u m e c t a n t  c a n  i n c r e a s e  t h e  p a l a t a b i l i t y  

o f  a  f o o d  o r  l o w e r  t h e  w a t e r  a c t i v i t y  o f  t h e  f o o d  a n d  t h e r e b y  
i n c r e a s e  i t s  m i c r o b i a l  s t a b i l i t y .  E i c h n e r  a n d  K a r e l  ( 1 9 7 2 )  s t u d 

i e d  t h e  e x t e n t  o f  M a i l l a r d  b r o w n i n g  i n  a  l i q u i d  m o d e l  s y s t e m  
o f  g l y c i n e - g l u c o s e  w h i c h  c o n t a i n e d  t h e  h u m e c t a n t  g l y c e r o l .  
T h e y  f o u n d  t h a t  u n d e r  c e r t a i n  c o n d i t i o n s  t h e  m a x i m u m  i n  
b r o w n i n g ,  a s  m e a s u r e d  b y  p i g m e n t  p r o d u c t i o n ,  o c c u r r e d  n e a r  
a w  0 . 4 .  T h e y  c o n c l u d e d  t h a t  g l y c e r o l ,  t h r o u g h  i t s  p l a s t i c i z i n g  

e f f e c t ,  p a r t i a l l y  r e s t o r e s  r e a c t a n t  m o b i l i t y  t o  i n c r e a s e  t h e  
b r o w n i n g  r a t e  a t  l o w  m o i s t u r e  c o n t e n t s .

S i n c e  s o l i d  I M F  i t e m s ,  s u c h  a s  m e a l  r e p l a c e m e n t  i t e m s ,  a r e  
b e c o m i n g  m o r e  c o m m o n  i n  t h e  m a r k e t p l a c e ,  a  s t u d y  o f  t h e  
r a t e  o f  t h e  M a i l l a r d  b r o w n i n g  r e a c t i o n  a s  w e l l  a s  a  d e t e r m i n a 
t i o n  o f  t h e  l o s s  o f  n u t r i t i o n a l  v a l u e  w i t h i n  t h e s e  I M F  f o o d s  i s  
n e c e s s a r y .  T h i s  c u r r e n t  s t u d y  e x a m i n e s  t h e  r a t e  o f  M a i l l a r d  
b r o w n i n g  a s  i t  o c c u r s  d u r i n g  t h e  s t o r a g e  o f  a  s o l i d  I M F  m o d e l  
s y s t e m  w h i c h  c o n t a i n s  t h e  l i q u i d  h u m e c t a n t  g l y c e r o l .

MATERIALS & METHODS
T O  F A C I L I T A T E  t h e  c o l l e c t i o n  o f  b r o w n in g  d a t a ,  a  m o d e l  f o o d  s y s 
t e m  w a s  u s e d .  T h e  c o m p o s i t i o n  o f  t h e  m o d e l  s y s te m  is  s h o w n  in  T a b le
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1. P o ta s s iu m  s o r b a t e  w a s  u s e d  a s  a n  a n t im ic r o b ia l  a g e n t .  G lu c o s e  is  t h e  
s o le  s o u rc e  o f  r e d u c in g  s u g a r  f o r  t h e  M a il la r d  r e a c t i o n  in  t h i s  s t u d y .  
G ly c e r o l  is  u s e d  a s  a  l i q u id  h u m e c t a n t  t o  c o n t r o l  t h e  w a t e r  a c t i v i t y  a n d  
p l a s t i c i t y  o f  t h e  m o d e l  s y s te m .  C a s e in  s e rv e s  a s  t h e  o n ly  s o u rc e  o f  f r e e  
a m in o  g r o u p s  f o r  t h e  M a i l la r d  r e a c t i o n .  A p ie z o n  B  o i l ,  w h ic h  is  l i q u id  a t  
r o o m  t e m p e r a t u r e ,  a d d s  p l a s t i c i t y  t o  t h e  p r o d u c t .  I t  is  s a t u r a t e d  a n d  
th e r e f o r e  s h o u ld  n o t  p a r t i c i p a t e  i n  t h e  M a i l la r d  r e a c t i o n .  M ic ro  c r y s ta l 
l in e  c e l lu lo s e  is  i n e r t  t o  t h e  M a il la rd  r e a c t i o n  a n d  s e rv e s  a s  a  s o l id  
s u p p o r t  f o r  t h e  m o d e l  s y s te m .  W a te r  is  a d d e d  in  v a ry in g  a m o u n t s  so  th e  
r a t e  o f  M a il la rd  b r o w n in g  c o u ld  t h e r e b y  b e  s t u d i e d  a s  a  f u n c t i o n  o f  
w a te r  a c t i v i t y  o r  m o i s tu r e  c o n t e n t .  T h e  a v e ra g e  in i t i a l  g lu c o s e /a v a i la b le  
ly s in e  m o la r  r a t i o  w a s  2 .9 .

T h e  c o m p o n e n t s ,  a s  t a b u l a t e d  i n  T a b le  1 , w e r e  m ix e d  t o g e t h e r  in  
d e s c e n d in g  o r d e r  o f  a p p e a r a n c e  in  t h e  T a b le .  W a te r  w a s  a d d e d  b y  tw o  
d i f f e r e n t  m e t h o d s  s u c h  t h a t  t h e  e f f e c t  o f  m e t h o d  o f  w a te r  a d d i t i o n  o n  
th e  r a t e  o f  M a il la rd  b r o w n in g  c o u ld  b e  s tu d i e d .  D i r e c t  M ix  s y s te m s  
w e re  b r o u g h t  t o  p r o p e r  m o i s tu r e  c o n t e n t  b y  m ix in g  in  a  p r e d e t e r m in e d  
a m o u n t  o f  l iq u id  w a te r  t o  t h e  n o n a q u e o u s  i n g r e d ie n t s .  T h e  D i r e c t  M ix  
s a m p le s  w e re  t h e n  h e ld  i n  v a c u o  o v e r  a n  a p p r o p r i a t e  s a t u r a t e d  s a l t  
s o lu t io n  ( R o c k la n d ,  1 9 6 0 )  f o r  1 d a y  a t  r o o m  t e m p e r a t u r e  f o r  f in a l  
m o is tu r e  e q u i l i b r a t i o n .  T h e  H u m id i f i e d  M ix  s a m p le s  w e r e  h u m id i f i e d  
b y  s to r in g  t h e  m ix e d  n o n a q u e o u s  c o m p o n e n t s  in  v a c u o  o v e r  a n  a p p r o 
p r i a t e  s a t u r a t e d  s a l t  s o l u t i o n  f o r  3 —6 d a y s  a t  r o o m  t e m p e r a t u r e  u n t i l  
t h e  p r o p e r  w a te r  a c t i v i t y  w a s  o b t a i n e d .  M o is tu r e  c o n t e n t  w a s  m e a s u r e d  
w i th  a  m e t h a n o l  e x t r a c t i o n  G C  t e c h n i q u e  ( T jh io  e t  a l . ,  1 9 6 9 ) .  W a te r  
a c t iv i ty  w a s  m e a s u r e d  b y  a  v a p o r  p r e s s u r e  m a n o m e t r i c  t e c h n iq u e  (K a re l  
a n d  L a b u z a ,  1 9 6 7 ;  K a re l  a n d  N ic k e r s o n ,  1 9 6 4 ) .

F o l lo w in g  t h e  f o r m u l a t i o n  p r o c e s s ,  i n c lu d in g  t h e  a d d i t i o n  o f  w a te r ,  
t h e  s a m p le s  w e re  t r a n s f e r r e d  t o  2 0 2  x  2 1 4  e p o x y - l i n e d  c a n s .  T h e  c a n s  
w e re  s e a le d  a n d  t h e  n e w ly  s e a le d  e n d s  w e re  d i p p e d  in  g l y p t o l  t o  r e t a r d  
m o is tu r e  lo s s  s h o u ld  t h e  c a n  s e a l n o t  b e  p e r f e c t .  T h e  c a n n e d  s a m p le s  
w e re  t h e n  in c u b a t e d  a t  2 5 ,  3 5  o r  4 5 ° C  a n d  p e r io d i c a l ly  a n a ly z e d  f o r  
e x t e n t  o f  M a il la rd  b r o w n in g .  I f  s a m p le  a n a ly s is  c o u ld  n o t  b e  d o n e  o n  
th e  d e s i r e d  d a y ,  t h e  s a m p le s  w e re  h e ld  a t  - 2 9 °  C  u n t i l  t h e  a n a ly s is  
c o u ld  b e  p e r f o r m e d .

T h e  M a il la rd  b r o w n in g  r e a c t i o n  w a s  m o n i t o r e d  b y  m e a s u r in g  N E B  
( m e la n o id in )  p ig m e n t  p r o d u c t i o n ,  g lu c o s e  u t i l i z a t i o n ,  a n d  lo s s  o f  a v a i l
a b le  ly s in e .  N E B  p ig m e n t  c o n c e n t r a t i o n  w a s  m e a s u r e d  b y  t h e  t r y p s in  
d ig e s t ,  a q u e o u s  e x t r a c t  p r o c e d u r e  o f  C h o i  e t  a l .  ( 1 9 4 9 )  a s  m o d i f i e d  b y  
L a b u z a  ( 1 9 7 1 ) .  G lu c o s e  c o n t e n t  w a s  m e a s u r e d  w i t h  a  g lu c o s e  o x id a s e  
B lo o d  S u g a r  t e s t  k i t  [ B o lh r in g e r  M a n n h e im  C o r p . ,  N e w  Y o r k ,  C a t .  N o . 
1 5 7 5 6 .  M e th o d :  a d a p t e d  f r o m  W e r n e r ,  W ., R e y ,  H .G . a n d  W ie lin g e r ,  H .
( 1 9 7 0 )  . Z . A n a l .  C h e m . 2 5 2 :  2 2 4 ] ,  T h e  F D N B  m e t h o d  o f  B o o th
( 1 9 7 1 )  w a s  u s e d  t o  m e a s u re  a v a i la b le  ly s in e  c o n t e n t .

RESULTS & DISCUSSION
T H E  I N C R E A S E  o f  p i g m e n t  c o n c e n t r a t i o n  a s  a  f u n c t i o n  o f  
s t o r a g e  t i m e ,  t e m p e r a t u r e  a n d  a w  i s  p r e s e n t e d  i n  F i g u r e  1. 

A f t e r  a n  i n i t i a l  i n d u c t i o n  p e r i o d ,  t h e  a m o u n t  o f  N E B  p i g m e n t  
i n c r e a s e s  l i n e a r l y  w i t h  t i m e  f o r  e a c h  c o n d i t i o n .  D u r i n g  t h e  
i n i t i a l  i n d u c t i o n  p e r i o d ,  p r e d o m i n a n t l y  c o l o r l e s s  b r o w n i n g  i n 

t e r m e d i a t e s  a r e  b e i n g  f o r m e d .  A f t e r  a  s u f f i c i e n t  a m o u n t  o f  
t h e s e  i n t e r m e d i a t e s  h a v e  b e e n  f o r m e d ,  t h e  r a t e  o f  p i g m e n t  

p r o d u c t i o n  f o l l o w s  z e r o  o r d e r  k i n e t i c s .
T e m p e r a t u r e  c o n t r o l s  b o t h  t h e  l e n g t h  o f  t h e  i n d u c t i o n  p e r i 

o d  a n d  t h e  r a t e  o f  p i g m e n t  p r o d u c t i o n  d u r i n g  t h e  z e r o  o r d e r  

p e r i o d .  A t  t h e  h i g h e r  t e m p e r a t u r e ,  t h e  r a t e  o f  N E B  p i g m e n t  
p r o d u c t i o n  is  i n c r e a s e d .  T h e  a v e r a g e  a c t i v a t i o n  e n e r g y  f o r  p i g 

m e n t  p r o d u c t i o n  is  3 2 . 9  k c a l / m o l e ,  w h i c h  g iv e s  a  Q 1 0  o f  
a b o u t  6 .1  b e t w e e n  2 5  a n d  3 5 ° C  a n d  5 . 4  b e t w e e n  3 5  a n d  4 5 ° C .  
T h u s ,  t h e  r e a c t i o n  o c c u r s  3 3  t i m e s  f a s t e r  a t  4 5 ° C  t h a n  a t  
2 5 ° C .  A l s o ,  a s  i s  s h o w n  i n  T a b l e  2 ,  t h e  i n d u c t i o n  t i m e  is  l e s s  a t  

t h e  h i g h e r  t e m p e r a t u r e .
T h e  3 5 ° C  d a t a  o f  F i g u r e  1 a l s o  s h o w  t h a t  b r o w n i n g  r a t e s  

a r e  c o n t r o l l e d  b y  w a t e r  a c t i v i t y .  T h e  i n f l u e n c e  o f  w a t e r  a c t i v 
i t y  o n  b r o w n i n g  r a t e  i s  f u r t h e r  s h o w n  i n  F i g u r e  2  f o r  3 5  a n d  
4 5 ° C .  T h e  s a m e  p a t t e r n  w a s  a l s o  f o u n d  a t  2 5 ° C  ( W a r m b i e r ,
1 9 7 5 ) .  A s  s e e n ,  t h e  m a x i m u m  r a t e  o f  N E B  p i g m e n t  p r o d u c 
t i o n  o c c u r s  a t  a w  0 . 4 5 - 0 . 5 5 ;  t h i s  i s  u n l i k e  t h a t  f o u n d  i n  m o s t  
s o l i d  f o o d  s y s t e m s  w h i c h  s h o w  a  m a x i m u m  r a t e  n e a r  a w  
0 . 7 - 0 . 8 .  T h e  r a t e  m a x i m u m  a t  3 5 ° C  o c c u r s  a t  a  m o i s t u r e  
c o n t e n t  o f  8 . 9 g  H 2 O / 1 0 0 g  s o l i d s .  A t  4 5 ° C ,  t h e  m a x i m u m  is  a t  
lO g  H 2 O / 1 0 0 g  s o l i d s .  T h e  c a l c u l a t e d  B E T  m o n o l a y e r  f o r  t h e  
s y s t e m s  o f  t h i s  s t u d y  i s  8 .1  g  H 2 O / 1 0 0 g  s o l i d s .  A  d e h y d r a t e d

T a b le  1 —M o d e l s y ste m  c o m p o s it io n

C o m p o n e n t G ra m s

K-sorbate 0.3
G lucose 1 0 . 0
Glycerol 2 0 . 0
Casein 30.0
Ap iezon B oil 2 0 . 0
Microcrystalline cellulose 2 0 . 0
Water Variable

T a b le  2 — P e rce n t loss o f  re a c ta n ts  (g lu co se  a n d  a v a ila b le  ly s in e ) 

d u rin g  th e  in d u c t io n  tim e  f o r  m e la n o id in  p ig m e n t p r o d u c t io n

T e m p

(° C )

A vg

aw

B ro w n in g  in d u c t io n  

tim e  (D a y s )

G lu c o s e  

%  L o s s

L y s in e  

%  L o ss

2 5 0.86 100 10 6 0

2 5 0 .7 2 100 21 6 5

2 5 0 .6 7 100 26 5 5

3 5 0 .8 7 20 1 3 20
3 5 0 .5 1 20 3 3 6 0

3 5 0 .3 2 20 18 12
4 5 0 .8 4 7 29 3 7

4 5 0 .3 9 7 3 3 69

4 5 0 .1 4 7 1 7 7 1

tn

Fig. 1 —B ro w n in g  p ig m e n t  p r o d u c t io n  as a fu n c t io n  o f  t im e  in  m o d e l  
s y s te m s  a s a fu n c t io n  o f  a w  a n d  te m p e r a tu re . D M —d ir e c t  a d d it io n  
o f  w a te r  to  sy s te m .

^  35 ° Z  Storage 45 °C Storage

Fig. 2 —R a te  o f  b r o w n in g  as a fu n c t io n  o f  a w  a t  2 5  a n d  3 5 ° C. 
D M —w a ter  a d d e d  d ir e c t ly  as l iq u id ;  H M —w a te r  a d d e d  b y  h u m id i f i 
ca tio n .
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f o o d  is  u s u a l l y  c o n s i d e r e d  t o  b e  m o s t  s t a b l e  t o  c h e m i c a l  r e a c 

t i o n s  i f  i t s  m o i s t u r e  c o n t e n t  i s  a t  o r  n e a r  t h e  B E T  m o n o l a y e r  
( S a l w i n ,  1 9 5 9 ) .  I n  t h i s  s t u d y ,  h o w e v e r ,  w i t h  a  l i q u i d  g l y c o l  
a d d e d  a  m a x i m u m  i n  t h e  r a t e  o f  d e g r a d a t i o n  o c c u r s  c l o s e  t o  
t h e  B E T  v a l u e .

T h e  a b o v e  o b s e r v a t i o n  i s  s i m i l a r  t o  t h e  f i n d i n g s  o f  E i c h n e r  
a n d  K a r e l  ( 1 9 7 2 ) .  T h e i r  l i q u i d  m o d e l  s y s t e m  c o n t a i n i n g  g l y c 

e r o l  h a d  a  m a x i m u m  i n  b r o w n i n g  a t  a w  0 . 4 1  w h e n  s t o r e d  a t  
3 7 ° C .  T h e y  c o n c l u d e d  t h a t  g l y c e r o l  c a n  i n c r e a s e  t h e  r a t e  o f  
b r o w n i n g  a t  l o w  a w  v a l u e s  b y  i n c r e a s i n g  r e a c t a n t  m o b i l i t y  a n d  

t h a t  a s  a w  i n c r e a s e s ,  t h e  w a t e r  d e c r e a s e s  t h e  b r o w n i n g  r a t e  b y  
a  m a s s  a c t i o n  e f f e c t .  T h i s  s h o u l d  a l s o  b e  t h e  m e c h a n i s m  i n  t h e  
s o l i d  f o o d  s y s t e m s  u s e d  i n  t h i s  c u r r e n t  s t u d y .  T h e  r e s u l t s  o f

GLUCOSE L O S S - 45 °C LYSINE L O S S -45 °C

Fig. 3 —L o ss  o f  g lu co se  a n d  ly s in e  vs t im e  as a fu n c t io n  o f  a w  a t  
4 5 °  C. D M —w a ter  a d d e d  d ir e c t ly  as liq u id .

ui ■>;

° w

Fig. 4 —In itia l g lu co se  a n d  ly s in e  lo ss ra te s  as a fu n c t io n  o f  a w  a t  
4 5 °  C.

F i g u r e  2  t h u s  i n d i c a t e  t h a t  g l y c e r o l  c o u l d  c a u s e  a  d e c r e a s e  i n  

b r o w n i n g  i f  i t  i s  a d d e d  t o  i n t e r m e d i a t e  m o i s t u r e  f o o d s .

O n e  a d d i t i o n a l  o b s e r v a t i o n  t o  b e  d r a w n  f r o m  F i g u r e  2  i s  

t h a t  t h e  m e t h o d  o f  w a t e r  a d d i t i o n  t o  t h e  f o o d  s a m p l e s  d o e s  
n o t  a p p r e c i a b l y  i n f l u e n c e  t h e  r a t e  o f  N E B  p i g m e n t  p r o d u c 

t i o n .  A t  a n y  g i v e n  w a t e r  a c t i v i t y  o r  m o i s t u r e  c o n t e n t ,  s a m p l e s  
t o  w h i c h  l i q u i d  w a t e r  w a s  a d d e d  d i r e c t l y  ( D i r e c t  M i x  s y s t e m )  
b r o w n e d  a t  t h e  s a m e  r a t e  a s  t h o s e  s a m p l e s  t o  w h i c h  w a t e r  w a s  
a d d e d  b y  a  v a p o r  h u m i d i f i c a t i o n  p r o c e s s  ( H u m i d i f i e d  M i x  
s y s t e m ) .  T h i s  s u g g e s t s  t h a t  s o l u b i l i z a t i o n  o f  t h e  r e a c t a n t s  i s  t h e  
s a m e  n o  m a t t e r  w h a t  t h e  m e t h o d  o f  a d d i t i o n  o f  t h e  w a t e r  i s .

A s  s t a t e d  e a r l i e r ,  t h e  i n d u c t i o n  p e r i o d  m u s t  o c c u r  b e f o r e  
t h e  r a t e  o f  p i g m e n t  p r o d u c t i o n  f o l l o w s  ( c o n s t a n t )  z e r o  o r d e r  

k i n e t i c s .  D u r i n g  t h i s  i n i t i a l  s t o r a g e  p e r i o d  w h e n  p i g m e n t  p r o 

d u c t i o n  i s  n o t  y e t  a p p r e c i a b l e ,  r e a c t a n t s  o f  t h e  M a i l l a r d  r e a c 
t i o n  a r e  u t i l i z e d  t o  f o r m  c o l o r l e s s  b r o w n i n g  i n t e r m e d i a t e s .  F i g 

u r e  3  s h o w s  t h e  l o s s  o f  b o t h  g l u c o s e ,  a  r e d u c i n g  s u g a r ,  a n d  
a v a i l a b l e  l y s i n e  a t  4 5 ° C .  T h e  l y s i n e  s e r v e s  a s  a  s o u r c e  o f  f r e e  

e - a m i n o  g r o u p s  f o r  t h e  f o r m a t i o n  o f  g l y c o s y l a m i n e s  f o r  t h e  
M a i l l a r d  r e a c t i o n .  T h e  d a t a  i n d i c a t e  t h a t  i n i t i a l l y  t h e  d e s t r u c 
t i o n  r a t e s  o f  b o t h  g l u c o s e  a n d  a v a i l a b l e  l y s i n e  f o l l o w  f i r s t  
o r d e r  k i n e t i c s .  A  s i g n i f i c a n t  a m o u n t  o f  g l u c o s e  a n d  a v a i l a b l e  

l y s i n e  i s  d e s t r o y e d  e v e n  b e f o r e  p i g m e n t  p r o d u c t i o n  b e c o m e s  

a p p r e c i a b l e .  A s  is  s h o w n  i n  T a b l e  2 ,  u p  t o  o n e - t h i r d  o f  t h e  

g l u c o s e  a n d ,  m o r e  i m p o r t a n t l y ,  a s  m u c h  a s  7 0 %  o f  t h e  a v a i l 
a b l e  l y s i n e  i s  r e a c t e d  b e f o r e  t h e  r a t e  o f  p i g m e n t  p r o d u c t i o n  

f o l l o w s  z e r o  o r d e r  k i n e t i c s  a n d  v i s u a l  b r o w n i n g  a p p e a r s .  O b 
v i o u s l y  t h i s  h a s  s e r i o u s  n u t r i t i o n a l  i m p l i c a t i o n s .  A  f o o d  i n  

w h i c h  M a i l l a r d  b r o w n i n g  c a n  o c c u r  m a y  n o t  h a v e  p r o d u c e d  

p i g m e n t s  a t  a  s u f f i c i e n t  r a t e  s u c h  t h a t  t h e  c o l o r  o f  t h e  f o o d  
b e c o m e s  o b j e c t i o n a b l y  b r o w n  d u r i n g  p r o c e s s i n g  o r  s t o r a g e .  
H o w e v e r ,  t h e  p r o t e i n  n u t r i t i o n a l  l o s s  w i t h i n  t h e  f o o d ,  a s  i n d i 
c a t e d  b y  d e c r e a s e d  a v a i l a b l e  l y s i n e  c o n t e n t ,  m a y  b e  s i g n i f i c a n t .

A s  p r e v i o u s l y  i n d i c a t e d  i n  F i g u r e  3 ,  w a t e r  i n f l u e n c e s  t h e  
r a t e  o f  g l u c o s e  a n d  a v a i l a b l e  l y s i n e  l o s s .  F i g u r e s  4  a n d  5 s h o w  

t h e  i n i t i a l  ( f i r s t  o r d e r )  l o s s  r a t e  o f  g l u c o s e  a n d  a v a i l a b l e  l y s i n e  
a t  3 5  a n d  4 5 ° C  a s  a  f u n c t i o n  o f  w a t e r  a c t i v i t y .  I n  g e n e r a l ,  t h e

uj s ;

Fig. 5 —In itia l g lu co se  a n d  ly s in e  loss ra te s  a s a fu n c t io n  o f  a w  a t  
3 5 °C . D M —w a te r  a d d e d  as l iq u id ;  H M —w a te r  a d d e d  b y  h u m id i f ic a 
tio n .
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l o s s  r a t e  o f  b o t h  g l u c o s e  a n d  a v a i l a b l e  l y s i n e  a r e  c o n t r o l l e d  i n  

t h e  s a m e  w a y  b y  w a t e r  a c t i v i t y .  I t  c a n  a l s o  b e  o b s e r v e d  t h a t  

t h e  m a x i m u m  l o s s  r a t e  o f  t h e s e  r e a c t a n t s  o c c u r s  n e a r  t h e  s a m e  
a w  a s  f o r  t h e  m a x i m u m  r a t e  o f  b r o w n i n g .

L o n c i n  e t  a l .  ( 1 9 6 8 )  s h o w e d  t h a t  m a x i m u m  l y s i n e  l o s s  i n  
d e h y d r a t e d  f o o d s  o c c u r s  a t  a n  a w  g r e a t e r  t h a n  a p p r o x i m a t e l y  

a w  0 . 6 .  T h e i r  f o o d  s y s t e m s  w e r e  v e r y  s i m i l a r  t o  o u r  m o d e l  
s y s t e m s  e x c e p t  a  l i q u i d  h u m e c t a n t  w a s  n o t  a d d e d  t o  t h e i r  
s y s t e m s .  T h e r e f o r e ,  t h e  d o w n w a r d  s h i f t  i n  t h e  a w  m a x i m u m  

f o r  l y s i n e  l o s s  a n d  g l u c o s e  l o s s  m u s t  b e  c a u s e d  b y  g l y c e r o l  i n  a  
m a n n e r  s i m i l a r  t o  t h a t  w h i c h  c o n t r o l s  N E B  p i g m e n t  p r o d u c 

t i o n  a s  p r o p o s e d  b y  E i c h n e r  a n d  K a r e l  ( 1 9 7 2 ) .  T h e  p r a c t i c a l  
s i g n i f i c a n c e  o f  t h e  a d d i t i o n  o f  g l y c e r o l  i s  t h u s  o b v i o u s .  G l y c 

e r o l ,  o r  p e r h a p s  o t h e r  l i q u i d  h u m e c t a n t s ,  w h e n  a d d e d  t o  m e a l  
b a r s ,  s e m i - m o i s t  p e t  f o o d s ,  o r  o t h e r  I M F ’s ,  c a n  d e c r e a s e  t h e  

r a t e  a t  w h i c h  l y s i n e ,  a n d  p e r h a p s  o t h e r  e s s e n t i a l  n u t r i e n t s  w i t h  
f r e e  a m i n o  g r o u p s ,  b e c o m e s  u n a v a i l a b l e .

O n e  f u r t h e r  o b s e r v a t i o n  d r a w n  f r o m  t h i s  s t u d y  i s  t h a t  a t  3 5  
a n d  4 5 ° C ,  a n  a v e r a g e  o f  1 .3  m o l e s  o f  g l u c o s e  i n i t i a l l y  r e a c t  f o r  
o n e  m o l e  o f  l y s i n e  t h a t  b e c o m e s  u n a v a i l a b l e .  F r o m  a  p r a c t i c a l  

s t a n d p o i n t ,  t h e  m o n i t o r i n g  o f  t h e  l o s s  o f  g l u c o s e  o r  o t h e r  
s p e c i f i c  r e d u c i n g  s u g a r s  m a y  b e  u s e d  a s  a  r e l a t i v e l y  r a p i d  a n d  
e a s y  m e t h o d  f o r  e s t i m a t i n g  t h e  n u t r i t i o n a l  ( a v a i l a b l e  l y s i n e )  

l o s s  o f  f o o d s  s u s p e c t e d  o f  b e i n g  d e g r a d e d  b y  t h e  M a i l l a r d  n o n -  
e n z y m a t i c  b r o w n i n g  r e a c t i o n .  T h i s  t y p e  o f  m e t h o d  i s  m u c h  
m o r e  s i m p l e  t h a n  t h e  F D N B  p r o c e d u r e  w h i c h  r e q u i r e s  m u c h  

t e c h n i c a l  t r a i n i n g  a n d  o v e r  2 4  h r  f o r  t h e  d e t e r m i n a t i o n  o f  
a v a i l a b l e  l y s i n e .

-  SUMMARY

T H R E E  S I G N I F I C A N T  a n d  p r a c t i c a l  c o n c l u s i o n s  c a n  b e  
f o u n d  f r o m  t h i s  r e s e a r c h .  F i r s t ,  t h e  a d d i t i o n  o f  g l y c e r o l  t o  
i n t e r m e d i a t e  m o i s t u r e  f o o d s  c a n  c a u s e  t h e  a w  m a x i m u m  f o r  
t h e  M a i l l a r d  r e a c t i o n  t o  b e  s h i f t e d  d o w n w a r d .  T h u s ,  I M F ’s 

w h i c h  c o n t a i n  g l y c e r o l ,  o r  p e r h a p s  o t h e r  l i q u i d  h u m e c t a n t s ,  
w o u l d  h a v e  a  b r o w n i n g  r a t e  t h a t  i s  l e s s  t h a n  w o u l d  o c c u r  i f  a  
l i q u i d  h u m e c t a n t  w e r e  n o t  p r e s e n t .  S e c o n d ,  t h e  M a i l l a r d  r e a c 

t i o n  c a n  c a u s e  s i g n i f i c a n t  n u t r i t i o n a l  l o s s e s ,  e .g .  o f  a v a i l a b l e  

l y s i n e ,  t o  o c c u r  b e f o r e  t h e  f o o d  h a s  b e c o m e  a p p r e c i a b l y  o r  
o b j e c t i o n a b l y  b r o w n .  T h i r d ,  i t  i s  p o s s i b l e  t h a t  t h e  p r o t e i n  n u 

t r i t i o n a l  l o s s  o f  f o o d s  s u s c e p t i b l e  t o  M a i l l a r d  b r o w n i n g  m a y  b e

r e l a t i v e l y  e a s i l y  a n d  q u i c k l y  e s t i m a t e d  b y  f o l l o w i n g  s p e c i f i c  

r e d u c i n g  s u g a r  l o s s  d u r i n g  s t o r a g e .
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D ep t, o f  F o o d  S c ie n c e  & N u tr i t io n , U n iv e rs ity  o f  M in n eso ta , S t. P aul, M N  5 5 1 0 8

PREDICTION OF WATER ACTIVITY LOWERING 
ABILITY OF FOOD HUMECTANTS AT HIGH aw

-------------------------------------------------  A B S T R A C T  -------------------------------------------------

E q u a t i o n s  f o r  p r e d i c t i o n  o f  t h e  a w  lo w e r in g  e f f e c t  o f  h u m e c t a n t s  in  a 
c o m p le x  IM F  f o o d  s y s te m  w e r e  in v e s t ig a te d  in  t h e  r a n g e  0 . 9 8 - 0 . 8 1  
w a te r  a c t iv i ty .  T h r e e  e q u a t io n s  h a v e  p r e v io u s ly  b e e n  u s e d  t o  p r e d i c t  a w  
lo w e r in g  e f f e c t  o f  s im p le  s o lu te s  in  s o lu t io n ,  b u t  h a v e  n e v e r  b e e n  te s t e d  
in  a n  IM F  s y s te m .  In  a d d i t i o n ,  tw o  e q u a t io n s  w e r e  d e r iv e d ,  a  l in e a r  
s lo p e  m e th o d  a n d  a  g r a p h ic a l  p r o c e d u r e .  F o u r  c o m m o n ly  u s e d  fo o d  
h u m e c t a n t s  w e r e  i n c o r p o r a t e d  in to  a  m o d e l  IM F  s y s te m  a n d  t h e  r e s u l t 
in g  a w ’s m e a s u re d .  T h e  m e a s u r e d  r e s u l t s  w e re  c o m p a r e d  t o  t h e  p r e 
d i c t e d  v a lu e s  o f  th e s e  e q u a t io n s .  T h e  l in e a r  s lo p e  m e th o d  w a s  s h o w n  to  
b e  t h e  m o s t  a c c u r a t e  o f  t h e  f iv e  e q u a t i o n s  s tu d ie d .  I t  is  s im p le  a n d  
r e q u i r e s  o n ly  t h e  in i t i a l  a w  a n d  m o i s tu r e  c o n t e n t  o f  t h e  s y s te m  a lo n g  
w i th  a  p r e d e t e r m in e d  s lo p e  v a lu e  f o r  t h e  m o i s tu r e  s o r p t i o n  i s o th e r m  f o r  
e a c h  l i u m e c ta n t .  T h e  R o s s  d e r iv a t io n  a lso  p ro v id e s  a  r e la t iv e ly  a c c u r a t e  
m e th o d  o f  p r e d e t e r m in in g  t h e  f in a l  a w  in  th i s  ra n g e .

I N T R O D U C T I O N

M A N Y  H Y G R O S C O P I C  c h e m i c a l  c o m p o u n d s  a r e  e m p l o y e d  
b y  t h e  f o o d  i n d u s t r y  t o  b i n d  w a t e r  i n  f o o d  p r o d u c t s .  T h e s e  

w a t e r  b i n d i n g  a g e n t s  o r  h u m e c t a n t s  a r e  i n c o r p o r a t e d  i n t o  f o o d  
s y s t e m s  t o  l o w e r  t h e  w a t e r  a c t i v i t y  ( a w )  o f  t h e  f o o d  m a t e r i a l  

i n  o r d e r  t o  i n c r e a s e  s h e l f  s t a b i l i t y  ( L a b u z a  e t  a l . ,  1 9 7 4 b ;  K a r e l ,
1 9 7 3 ) .

T h e s e  h u m e c t a n t s  a r e  p a r t i c u l a r l y  i m p o r t a n t  i n  t h e  p r o d u c 
t i o n  o f  i n t e r m e d i a t e  m o i s t u r e  f o o d s  ( I M F )  ( B o n e  e t  a l . ,  1 9 7 4 ) .  

A  w i d e  r a n g e  o f  h u m e c t a n t s  i n c l u d i n g  p o l y o l s ,  s u g a r s  a n d  s a l t s  
a r e  i n c o r p o r a t e d  i n t o  t h e s e  f o o d s  t o  l o w e r  t h e  a w  i n t o  t h e  

i n t e r m e d i a t e  m o i s t u r e  r a n g e  ( B o n e ,  1 9 7 3 ) .  T h i s  i s  u s u a l l y  b e 
t w e e n  a n  a w  o f  0 . 6 5 —0 . 9 0 .

W h e n  a  h u m e c t a n t  i s  i n c o r p o r a t e d  i n t o  a  f o o d  s y s t e m ,  i t  i s  
d i f f i c u l t  t o  p r e d e t e r m i n e  t h e  f i n a l  a w  o f  t h e  p r o d u c t ,  a s  s o m e  
h u m e c t a n t s  l o w e r  t h e  a w  o f  t h e  s y s t e m  t o  a  g r e a t e r  e x t e n t  
t h a n  o t h e r s  d e p e n d i n g  o n  m o l e c u l a r  w e i g h t ,  s o l u b i l i t y  a n d  s o l 
u t e  i n t e r a c t i o n s  ( S l o a n  a n d  L a b u z a ,  1 9 7 5 a ;  B o n e ,  1 9 6 9 ) .

I n  o r d e r  t o  m i n i m i z e  p r o d u c t  d e v e l o p m e n t  t i m e  f o r  t h e s e  
p r o d u c t s ,  i t  w o u l d  b e  u s e f u l  t o  h a v e  a  p r e d i c t i o n  e q u a t i o n  f o r  
h u m e c t a n t  a w  l o w e r i n g  e f f e c t  i n  a  c o m p l e x  f o o d  s y s t e m  c o n 
t a i n i n g  s o l i d s  w h i c h  d o  n o t  g o  c o m p l e t e l y  i n t o  s o l u t i o n .

P r e d i c t i o n  e q u a t i o n s  a v a i l a b l e  i n  t h e  l i t e r a t u r e

S e v e r a l  i n v e s t i g a t o r s  h a v e  d e r i v e d  e q u a t i o n s  f o r  p r e d i c t i n g  
t h e  a w  l o w e r i n g  e f f e c t  o f  s i m p l e  s o l u t e s  i n  s o l u t i o n .  T h e  m a 
j o r i t y  o f  t h e s e  e q u a t i o n s  w e r e  d e s i g n e d  f o r  u s e  b y  t h e  c o n f e c 
t i o n e r y  i n d u s t r y  i n  o r d e r  t o  p r e d i c t  t h e  e q u i l i b r i u m  r e l a t i v e  
h u m i d i t y  ( E R H )  o f  s u g a r  s o l u t i o n s ,  s y r u p s  a n d  c o n f e c t i o n e r y  
p r o d u c t s .  T h e  a w  ( E R H  4- 1 0 0 )  o f  a  c o n f e c t i o n e r y  p r o d u c t  
d e t e r m i n e s  w h e t h e r  l o s s  o r  g a i n  o f  m o i s t u r e  c a n  o c c u r  d u r i n g  
s t o r a g e  a n d  w h e t h e r  t h e  f o o d s t u f f  w i l l  b e  s u s c e p t i b l e  t o  m i c r o 

b i a l  d e t e r i o r a t i o n  d u r i n g  s t o r a g e  ( G r o v e r ,  1 9 4 7 ;  M a n s v e l t ,  

1 9 6 3 ;  M a n s v e l t ,  1 9 7 3 ) .  T h e s e  e q u a t i o n s  h a v e  n o t  b e e n  u s e d  
f o r  m o s t  s o l i d  I M F  f o o d s  p o s s i b l y  d u e  t o  t h e  n o n i d e a l  b e h a v 

i o r  o f  t h e  s o l u t e s  a n d  t o  f o o d  s o l i d s / h u m e c t a n t  i n t e r a c t i o n s .  
E v e n  t h o u g h  c o r r e c t i o n  f a c t o r s  h a v e  b e e n  e s t a b l i s h e d ,  n o  o n e  
h a s  p u b l i s h e d  r e s u l t s  o f  t h e  e f f e c t i v e n e s s  o f  t h e s e  e q u a t i o n s .

T h e  b a s i c  e q u a t i o n  o f  a w  p r e d i c t i o n ,  R a o u l t ’ s  L a w ,  i s  s e e n  

i n  E q  ( 1 ) :

=  7 -
N ,

N j  +  N 2
( 1 )

w h e r e :  7  =  a c t i v i t y  c o e f f i c i e n t ;  N ( =  m o l e s  w a t e r  i n  s y s t e m ;  
N 2 =  m o l e s  o f  t h e o r e t i c a l  s o l u t e  i n  s y s t e m ;  P  =  v a p o r  p r e s s u r e  

o f  w a t e r  a b o v e  s y s t e m ;  a n d  P 0  =  v a p o r  p r e s s u r e  o f  p u r e  w a t e r .
R a o u l t ’ s  L a w  u s u a l l y  c a n n o t  b e  a p p l i e d  d u e  t o  t h e  d e v i a 

t i o n  i n  i d e a l i t y  o f  h u m e c t a n t s  b e y o n d  a  m i n i m u m  c o n c e n t r a 
t i o n ;  t h e  i n a b i l i t y  t o  a c c o u n t  f o r  f o o d  s o l i d s / h u m e c t a n t  i n t e r 
a c t i o n s ;  a n d  t h e  i n a b i l i t y  t o  c a l c u l a t e  a  m o l e c u l a r  w e i g h t  f o r  

u n d i s s o l v e d  s o l i d s .
H i l d e b r a n d  a n d  S c o t t  ( 1 9 6 2 )  d e v e l o p e d  E q  ( 2 )  f o r  t h e  a c 

t i v i t y  c o e f f i c i e n t  o f  b i n a r y  r e g u l a r  s o l u t i o n s ,  a s  a  f u n c t i o n  o f  
s o l u t e  c o n c e n t r a t i o n ,  e m p l o y i n g  V a n  L a a r ’ s  a p p r o x i m a t i o n s  
o n  m o l e c u l a r  i n t e r a c t i o n s  ( T o l e d o ,  1 9 7 3 ) :

I n  7 i  =  K X l  ( 2 )

w h e r e :  y x =  a c t i v i t y  c o e f f i c i e n t  o f  t h e  s o l v e n t  i n  t h e  s o l u t i o n ;  
K  =  a  c o n s t a n t ;  a n d  X 2 =  m o l e  f r a c t i o n  o f  t h e  s o l u t e .

N o r r i s h  ( 1 9 6 6 )  o f  K n e c t h e l  L a b o r a t o r i e s  L t d .  u s i n g  s i m i l a r  
r e a s o n i n g  a s  t h a t  o f  H i l d e b r a n d  a n d  S c o t t  ( 1 9 6 2 )  d e r i v e d  E q
( 3 ) :

I n  a w  -  In  X j  +  In  7  
=  I n  X j  +  K 2 X |

( 3 )

w h e r e :  a w  =  f i n a l  w a t e r  a c t i v i t y ;  X i  =  m o l  f r a c t i o n  o f  w a t e r ;  7  

=  a c t i v i t y  c o e f f i c i e n t ;  K 2 =  c o n s t a n t  f o r  s p e c i f i c  h u m e c t a n t  =  
s l o p e  o f  I n  a w / X] v s  I n  X 2 ; a n d  X 2 =  m o l e  f r a c t i o n  o f  s o l u t e  
f o r  p r e d i c t i n g  t h e  f i n a l  a w  l o w e r i n g  e f f e c t  o f  a  s i n g l e  s u g a r  i n  

s o l u t i o n ,  w h i c h  h e  g e n e r a l i z e d  t o  i n c l u d e  m u l t i c o m p o n e n t  
s y s t e m s  ( E q  4 ) :

I n  a w  =  I n  X !  +  ( ( - K 2 ) ' /2 X 2 +  ( - K 3 ) *  X 3 +  , . . . ) 2 ( 4 )

w h e r e :  a w  =  f i n a l  w a t e r  a c t i v i t y ;  K 2 , K 3 . . .  =  b i n a r y  c o e f f i 

c i e n t s  o f  c o m p o n e n t s  2  a n d  3  w i t h  w a t e r ;  a n d  X j , X 2 , X 3 . . .  =  

m o l e  f r a c t i o n s  o f  w a t e r  c o m p o n e n t s  2  a n d  3  r e s p e c t i v e l y .  T h i s  
e q u a t i o n  d o e s  n o t  a c c o u n t  f o r  t h e  e f f e c t  o f  f o o d  s o l i d s / h u m e c 

t a n t  i n t e r a c t i o n s ,  b u t  d o e s  a c c o u n t  f o r  n o n i d e a l i t y  o f  t h e  s o l -  
u t e / w a t e r  s y s t e m .  N o r r i s h  ( 1 9 6 6 )  a n d  T o l e d o  ( 1 9 7 3 )  p r e 
s e n t e d  a c t i v i t y  c o e f f i c i e n t  f a c t o r s  f o r  a  w i d e  r a n g e  o f  s o l u t e s  
w h i c h  a r e  s h o w n  i n  T a b l e  1 .

G r o v e r  ( 1 9 4 7 ) ,  o n  a n  e m p i r i c a l  b a s i s ,  d e r i v e d  E q  ( 5 )  f o r  t h e  
p r e d i c t i o n  o f  w a t e r  a c t i v i t y  o f  s u g a r - w a t e r  s o l u t i o n s :

E R H
a w  =  7 0 0  =  1 0 4  ~  1 0 ( E s O ) +  ° . 4 5  ( E s ° ) 2 ( 5 )

5 3 2 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  4 1  ( 1 9 7 6 )



PREDICTION OF WATER ACTIVITY-533

w h e r e :  E s =  E !  X  +  E 2 X 2 ....... E n X n  ( 6 )

E ;  =  c o n s t a n t  f o r  s p e c i f i c  c o m p o n e n t ;  a n d  X x =  g  c o m p o n e n t  
i n  s y s t e m / g  H 2 0  i n  s y s t e m .  T h i s  f o r m u l a  p r e d i c t s  t h e  f i n a l  a w  
b a s e d  o n  t h e  c o m p o s i t i o n  o f  t h e  s y s t e m  a n d  t h e  w e i g h t  r a t i o s  
o f  e a c h  c o m p o n e n t  t o  t h e  a m o u n t  o f  w a t e r  i n  t h e  f o o d .  V a r i 

o u s  e m p i r i c a l  c o n s t a n t s  h a v e  b e e n  d e t e r m i n e d  f o r  s e v e r a l  c o m 
m o n  f o o d  c o m p o n e n t s  a n d  a r e  l i s t e d  i n  T a b l e  2 .  G r o v e r  c l a i m s  
t h i s  e q u a t i o n  t o  b e  e f f e c t i v e  b e t w e e n  t h e  a w  r a n g e  0 . 5 0 — 0 . 9 0  

f o r  c o n f e c t i o n e r y  i t e m s ,  b u t  i t  i s  n o t  c o n s i d e r e d  v a l i d  a t  h i g h  
c o n c e n t r a t i o n s .

R e c e n t l y ,  R o s s  o f  t h e  T h e  Q u a k e r  O a t s  C o .  d e r i v e d  E q  ( 7 )  
b a s e d  o n  t h e  G i b b s - D u h e m  r e l a t i o n s h i p  ( R o s s ,  1 9 7 5 ) :

a f  =  a i '  a H > • aH 2 .......a H N  ( 7 )

w h e r e  a f  =  f i n a l  a w  o f  s y s t e m  +  h u m e c t a n t ;  a ;  =  i n i t i a l  a w  o f  

f o o d  ( n o  h u m e c t a n t  a d d e d ) ;  a H [  =  a w  o f  s p e c i f i c  h u m e c t a n t /  

H 2 0  s o l u t i o n  b a s e d  o n  t o t a l  w a t e r  c o n t e n t ;  a n d  a n , ,  a n  =  
a w  o f  h u m e c t a n t / H 2 O  s o l u t i o n  b a s e d  o n  t o t a l  w a t e r  c o n t e n t  

f o r  c o m p o n e n t s  2  a n d  3 ,  r e s p e c t i v e l y .  T h i s  e q u a t i o n  a s s u m e d  

t h a t  i n  a  f o o d  s y s t e m ,  e a c h  a w  l o w e r i n g  c o m p o n e n t  b e h a v e s  
i n d e p e n d e n t l y .  T h e  f i n a l  a w  i s  a  p r o d u c t  o f  e a c h  c o m p o n e n t  

a w  b a s e d  o n  i t s  b e i n g  d i s s o l v e d  i n  a l l  o f  t h e  w a t e r  i n  t h e  

s y s t e m .  R o s s  h a s  d i s c u s s e d  i n  d e t a i l  t h e  p r o b l e m s  c o n c e r n i n g  
h i s  p r e d i c t i o n  e q u a t i o n  a n d  p r e s e n t s  m e t h o d s  f o r  c o p i n g  w i t h  

n o n i d e a l i t y  f o r  s i m p l e  s o l u t i o n s .  H o w e v e r ,  t h e s e  d a t a  h a v e  n o t  
b e e n  a p p l i e d  t o  m o s t  s o l i d  f o o d  s y s t e m s .

I n  t h e  N o r r i s h  a n d  R o s s  p r e d i c t i o n  e q u a t i o n s ,  a  t r u e  s o r p 

t i o n  i s o t h e r m  i s  n e e d e d  t o  d e t e r m i n e  t h e  a w  v a l u e  o f  a  h u m e c 
t a n t  a t  a  g i v e n  m o i s t u r e  c o n t e n t .

MATERIALS & METHODS

S o r p t io n  e x p e r im e n t s

S o r p t i o n  e x p e r i m e n t s  w e r e  c o n d u c t e d  f o r  t h e  h u m e c t a n t s  l i s te d  in  
T a b le  3. T r u e  a d s o r p t io n  a n d  d e s o r p t i o n  i s o th e r m s  w e r e  m e a s u r e d  fo r  
e a c h  o f  th e s e  h u m e c t a n t s  b y  s t a t i c  m o i s tu r e  g a in  f r o m  d r y  m a te r ia l  
u s in g  a m o r p h o u s  a n d / o r  c r y s ta l l in e  m a te r i a l  o r  b y  m o i s tu r e  lo s s  f r o m  a  
h ig h  aw  l i q u id  s o lu t io n  ( 0 . 9 5 - 0 . 9 7 ) .  A  s e r ie s  o f  1 0  s a t u r a t e d  s a l t  s o lu 
t i o n  d e s i c c a to r s  r a n g in g  f r o m  a w  =  0 . 1 1 - 0 . 9 7  ( R o c k la n d ,  1 9 6 0 )  w e r e  
u s e d  f o r  p e r io d s  f r o m  4 - 8  m o n t h s  a t  r o o m  t e m p e r a t u r e .  I n  a d d i t i o n ,  
d e s o r p t i o n  c u rv e s  w e r e  p r e p a r e d  b y  m e a s u r in g  t h e  a w  o f  h u m e c t a n t / w a 

HUMECTANT/TOTAL WT. ( }

Fig. 1—L in ea r  s lo p e  m e th o d  d e r iv e d  b y  S lo a n  a n d  L a b u za  fo r  p re 
d ic tio n  o f  a w  G raph is w a te r  a c t iv i ty  p l o t t e d  vs w e ig h t % (on  100  
basis) o f  h u m e c ta n t  /w a te r  so lu tio n . I/V1 is  in itia l % h u m e c ta n t ,  W 2 is 
fin a l %, 7  is s lo p e  in d e s ire d  reg ion .

t e r  s o lu t io n s  b y  t h e  v a p o r  p r e s s u r e  m a n o m e t r i c  t e c h n i q u e  (L a b u z a ,  
1 9 7 4 a ;  T o l e d o ,  1 9 7 3 ) .  T h e  h u m e c t a n t  c u rv e s  a n d  p r o c e d u r e s  u s e d  a re  
d i s c u s s e d  in  d e t a i l  b y  S lo a n  a n d  L a b u z a  ( 1 9 7 5 ) .  T h e  c u rv e s  m a y  b e  
o b t a i n e d  f r o m  t h e  a u th o r s .

I n  a d d i t i o n  t o  o u r  w o r k ,  l i t e r a t u r e  d a t a  o n  t h e  w a te r  s o r p t io n  p r o p 
e r t i e s  o f  t h e s e  h u m e c t a n t s  w e re  a ls o  c o l le c te d .  M a n y  o t h e r  m e th o d s  
h a v e  b e e n  u s e d  a s  w e l l

N e w  p r e d i c t i o n  e q u a t i o n s  d e r iv e d

D u e  to  t h e  c o m p l e x i t y  o f  t h e  p r e v io u s  p r e d i c t i o n  e q u a t io n s ,  tw o  
o t h e r  p r e d i c t i o n  e q u a t io n s  w e re  d e r iv e d .  T h e  f i r s t  m e th o d ,  t h e  l in e a r  
s lo p e  m e th o d ,  a s s u m e s  t h e  f o o d  b e h a v e s  a s  a  h u m e c t a n t .  A s  s h o w n  in  
F ig u r e  1, t h e  f o o d  a t  t h e  i n i t i a l  a w  is  a s s u m e d  to  h a v e  a  t h e o r e t i c a l

Table 1 — Binary coefficients of solutes Norrish equation

Sol ute K  Value

Sucrose -2 .7 0
Corn syrup D E 4 2 -2 .3 1
Sorbito l - 0 . 8 5
Dextrose -0 .7 0
Fructose -0 . 7 0
NaCI - 7 . 6 0
KC I - 4 . 7 0
G lycerol -0 . 3 8
Propylene glycol - 0 . 2 0
1,3 Butylene glycol - 0 . 2 0

Table 2— Grover's food component conversion factors (E¡)

Sucrose, lactose 1.0

Invert sugar 1.3
Gelatin, casein 1.3

Confectioners glucose solids 0.8
Starch 0.8
Gum s, pectin, etc. 0.8
Tartaric and citric acids and their salts 2.5

G lycerol and other g lycols 4.0
Sod ium  chloride and other salts 9.0

Protein 1.3
Corn syrup D E 4 2  0.8

Table 3— Humectants

Polyols Supplier

Propylene g lyco l3 D ow  Chemical

1,3 Butylene glycol Celanese Chem ical Co.

G lycerol M a llinckrodt

Polyethylene glycol 400 Un ion  Carbide Chemicals

Sorb ito l (crystalline )3 IC I, United States

Sugars

Fructose J.T. Baker Chemical Co.

Sucrose3 Mallinckrodt

G lucose J.T. Baker Chemical Co.

Lactose Eastman O rganic Chem icals

Corn syrup D E 4 2 C linton  Corn  Processing Co.

Salts

K C L M allinckrodt

N aC la M a llinckrodt

a H um ec tan ts  used fo r  aw  p re d ic t io n  e q u a tio n  tests
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h u m e c t a n t  c o n c e n t r a t i o n  a t  t h a t  a w  f r o m  t h e  h u m e c t a n t  i s o th e r m .  W a
t e r  a c t i v i t y  l o w e r in g  is t h e n  b a s e d  s o le ly  o n  t h e  in c r e a s e  in  w e ig h t  o f  
h u m e c t a n t  a b o v e  th i s  c o n c e n t r a t i o n  b u t  c o r r e c t e d  f o r  t h e  a m o u n t  o f  
w a te r  in  t h e  f o o d  i t s e l f .  T h e  p r e d ic te d  v a lu e  c a n  th e n  b e  c a l c u la te d  
f r o m  t h e  s lo p e  o f  t h e  c u rv e ,  a s  s h o w n  b y  E q  (8 ) :

a f  = a i -
7Z  (1  -  W , )

W d
(8 )

w h e r e :  a f  =  f in a l  a w ; a ;  = i n i t i a l  a w ; 7 =  s lo p e  o f  w /w  o f  s o l u t i o n  c u rv e  
a t  i n i t i a l  a w  in  ( g  h u m e c t a n t / g  s y s t e m ) '1 ; z  =  g  h u m e c t a n t  a d d e d  p e r  
g ra m  f o o d ;  1 -  W 2 =  w e t  b a s is  m o i s tu r e  c o n t e n t  in  g  H 2 0 / g  h u m e c t a n t  
s y s te m ;  a n d  W d  =  m o i s tu r e  c o n t e n t  o f  s y s te m - w e t  b a s is  in  g  H 2 0 / g  
f o o d .  S lo p e  v a lu e s  a r e  s h o w n  in  T a b le  4  fo r  a ll  t h e  h u m e c t a n t s  in  th e  
r a n g e s  b e tw e e n  0 .9 0  a n d  0 .8 5 .  T h e  m o i s tu r e  c o n t e n t  a t  a w  0 .9 0  is  a ls o  
s h o w n .  A s  w i t h  t h e  R o s s  d e r iv a t io n ,  t h i s  m e t h o d  a s s u m e s  t h a t  t h e  fo o d

Table 4— Linear slope method

Humectant Slope

(1 -  W, ) at 
am 0.90

Glycerol 0.556 0 . 6 8

Propylene glycol 0.455 0.71
1,3 Butylene glycol 0.430 0.60
Polyethylene glycol 400 0.330 0.60
Sorbito l 0.343 0.57
Sucrose 0.182 0.415
Fructose 0.455 0.610
Lactose 0.882 0.030
Glucose 0.360 0.520
Corn syrup  solids D E 4 2 0.500 0.425
NaCI 0.960 0.975
KC I 0.526 0.825

Table 5— Meat-soy flour model IM F  system

%  by wt

Meat (lean ground hamburger) 19.5
Soy  flour (PD I-20) 78.2

(Cargill, Inc.)
C itric acid 2 . 0

(J.T. Baker Chemical Co.)
Potassium  sorbate 0.3

(Anheuser-Busch, Inc.)

Table 6— Model IM F  dog food system

g added 
100g system

Measured

aw Ross Linear Graph Norrish Grover

Am orphous sucrose

4.69 0.94 0.94 0.94 0.95 0.96 0.91
9.38 0.93 0.93 0.93 0.95 0.96 0.90

14.06 0.92 0.92 0.92 0.95 0.96 0.89
20.31 0.91 0.91 0.91 0.94 0.95 0.89
25.00 0.90 0.90 0.89 0.94 0.95 0 . 8 8

Crystalline sorbitol

4.69 0.89 0 . 8 8 0 . 8 8 0.89 0.91 0.91
6.25 0 . 8 8 0 . 8 6 0.87 0.89 0.91 0.90
9.38 0.87 0.85 0 . 8 6 0 . 8 8 0.91 0.90

14.06 0 . 8 6 0.84 0.84 0 . 8 8 0.90 0.89
20.31 0 . 8 6 0.83 0.84 0.87 0.90 0.89
25.00 0.80 0.81 0.80 0 . 8 6 0 . 8 8 0 . 8 8

s o l id s  b e h a v e  in d e p e n d e n t l y  a n d  o n ly  c o n t r i b u t e  t o  t h e  i n i t i a l  a w  v a lu e  
a n d  m o is tu r e  c o n t e n t  o f  t h e  f o o d .  I n  t h i s  w a y  t h e  e q u a t i o n s  a r e  s im i la r .

T h e  s e c o n d  m e th o d ,  a  s im p l i f i c a t io n  o f  t h e  s lo p e  m e th o d ,  is  a  g r a p h 
ic a l p r o c e d u r e ;  h o w e v e r ,  m o i s tu r e  c o n t e n t  c o r r e c t i o n  is n o t  d o n e .  W ith  
t h i s  m e th o d ,  a s  s h o w n  in  E q  (9 ) ,  t h e  p r e d i c t e d  v a lu e  c a n  b e  r e a d  d i r e c t 
ly  f r o m  a  h u m e c t a n t  i s o th e r m  a s s u m in g  t h e  f o o d  s o l id s  t o  b e  e q u iv a l e n t  
t o  h u m e c t a n t  a t  t h e  s a m e  a w . F o r  t h i s  m e th o d ,  o n ly  t h e  i n i t i a l  a w  o f  
t h e  f o o d  a n d  th e  h u m e c t a n t  i s o th e r m  a r e  n e c e s s a ry .  B y  p lu g g in g  in to  
E q  (9 ) ,  o n e  g e t s  M 2 a n d  r e a d s  t h e  f in a l  a w  f r o m  F ig u r e  ( 2 )  w h ic h  is  a n  
i s o th e r m  f o r  t h e  h u m e c t a n t  u s e d :

M , =
M,

1 0 0  +  z
X 1 0 0 (9 )

W h e re :  M 2 =  m o is tu r e  c o n t e n t  o f  h u m e c t a n t  s y s te m  in  g  H 2 O /1 0 0 g  
h u m e c t a n t  a t  in i t i a l  w a te r  a c t i v i t y  ( a , )  o f  f o o d  s y s t e m ;  M 2 = m o i s tu r e  
c o n t e n t  a t  f in a l  w a te r  a c t i v i t y  ( a 2 )  in  g  H 2 O /1 0 0 g  h u m e c t a n t  so lid s . 
T h i s  is t h e  p r e d i c t e d  a w  o f  t h e  s y s t e m ;  a n d  z  = g h u m e c t a n t  a d d e d  p e r  
lO O g  o f  f o o d  s y s te m .

M o d e l s y s te m  f o r  t e s t in g  aw  lo w e r in g

A  m e a t- s o y  f l o u r  m o d e l  i n t e r m e d i a t e  m o i s tu r e  d o g  f c o d  s y s te m  w a s  
e m p lo y e d  in  th i s  s tu d y .  T h e  c o m p o s i t i o n  o f  t h i s  s y s te m  is  s h o w n  in  
T a b le  5 . I n c r e a s in g  in c r e m e n t s  o f  f o u r  t y p e s  o f  h u m e c t a n t s  m o s t  c o m 
m o n ly  u s e d  in  IM F  p r o d u c t s  ( T a b le  3 )  w e r e  e a c h  d is s o lv e d  in  a  p r e 
d e t e r m in e d  a m o u n t  o f  w a te r ,  f o r  e x a m p le ,  t h e  a m o u n t  n e e d e d  t o  r e a c h  
a n  a w  o f  0 .9 0  w i t h o u t  h u m e c t a n t ,  a n d  b l e n d e d  f o r  5  m in  a t  h ig h  s p e e d  
in  a  B r a b e n d e r - F a r in o g r a p h .  T h e  a w ’s w e r e  m e a s u r e d  b y  th e  v a p o r  p r e s 
s u r e  m a n o m e t r i c  t e c h n iq u e  ( L a b u z a ,  1 9 7 4 a ;  T o l e d o ,  1 9 7 3 )  o r  t h e  F e t t -  
V o s  i s o p ie s t ic  t e c h n iq u e  (V o s  a n d  L a b u z a ,  1 9 7 4 )  a f t e r  2 4  h r  e q u i l i b r a 
t i o n  a t  4 ° C .  T h e  f in a l  aw ’s w e r e  c a l c u l a t e d  b y  e a c h  o f  t h e  f iv e  e q u a t i o n s  
p r e v io u s ly  d is c u s s e d .

RESULTS & DISCUSSION
F I G U R E  3  s h o w s  t h e  i s o t h e r m  m e a s u r e d  f o r  s o r b i t o l .  A s  
s h o w n ,  a  h y s t e r e s i s  e f f e c t  e x i s t s  b e t w e e n  t h e  a m o r p h o u s  a n d  
a n h y d r o u s  c r y s t a l l i n e  f o r m s  i n  w h i c h  a  d i f f e r e n t  m o i s t u r e  c o n 

t e n t  c a n  o c c u r  a b o v e  a  g i v e n  a w  v a l u e .  T h e r e f o r e ,  t h e o r e t i c a l 
l y ,  t h e  p r o p e r  c u r v e  f o r  a w  p r e d i c t i o n  m u s t  b e  u s e d  i n  t e r m s  o f

where -  f in a l  a
mZ “ mc a t  f^ na l a 

=■ i n i t i a l  mç at 
a A -  i n i t i a l  av 
Z ■ g humectant added

Fig. 2 —D e s c r ip tio n  o f  g ra p h ica l p ro c e d u re  as d e r iv e d  b y  S lo a n  a n d  
L a b u za . M o is tu re  c o n te n t  o f  h u m e c ta n t /H 2 0  s y s te m  in  g /1 0 0 g  
h u m e c ta n t  vs w a te r  a c t iv i ty  o f  s y s te m . /W, is th e o r e tic a l m o is tu r e  
c o n te n t  o f  fo o d  a t  in itia l a w  o f  a l . M 2 is p r e d ic te d  m o is tu r e  c o n te n t  
a f te r  a d d in g  z  g ra m s h u m e c ta n t  w h ich  g ives a p r e d ic te d  a w o f  a 2.
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Table 7 — M ode l IM F  dog food  system

g added 

1 0 0 g system

Measured

aw Ross Linear Graph Norrish Grover

3.13 0 . 8 8

Propylene glycol

0.89 0.87 0.89 0 . 8 6 0.91
4.69 0.85 0 . 8 6 0 . 8 6 0.89 0 . 8 6 0.89
6.25 0.85 0.85 0.85 0 . 8 8 0.85 0 . 8 8
7.81 0.83 0.84 0.84 0 . 8 8 0.84 0.87

10.94 0.81 0.83 0.82 0 . 8 8 0.83 0.85

2.89 0.94

Sod ium  chloride

0.94 0.94 0.98 0.98 0.96
5.71 0.90 0.90 0.89 0.98 0.97 0.90
7.14 0.89 0.87 0.87 0.98 0.97 0 . 8 8

1 0 . 0 0 0.85 0.85 0.83 0.98 0.97 0 . 8 6

Table 8 — Equation  prediction ab ility

Overall avg prediction Range of deviation from
Method variability predicted value

Ross 0.006 +0.03 to - 0 . 0 2
Linear Slope 0 . 0 0 1 +0 . 0 1  to - 0 . 0 2
Graphical 0.044 +0.13  to 0
Norrish 0.042 +0 . 1 2  to - 0 . 2
Grover 0 . 0 2 0 +0.07 to - 0 . 3

h o w  t h e  h u m e c t a n t  w a s  a d d e d  t o  t h e  f o o d .  H o w e v e r ,  a s  s h o w n  
b y  S l o a n  a n d  L a b u z a  ( 1 9 7 6 ) ,  e v e n  i f  t h e  h u m e c t a n t  i s  a d d e d  in  
a  d r y  s t a t e ,  a t  l e a s t  i n  t h e  h i g h  a w  r a n g e ,  t h e  a m o r p h o u s  s o l u 
t i o n  c u r v e  c a n  a l w a y s  b e  u s e d  f o r  s u g a r - t y p e  m a t e r i a l .

T a b l e  6  s h o w s  t h e  p r e d i c t e d  a w  v a l u e s  a n d  t h e  a c t u a l  m e a s 

u r e d  v a l u e s  f o r  a m o r p h o u s  s u c r o s e  a n d  c r y s t a l l i n e  s o r b i t o l .  A s  
s e e n ,  b o t h  t h e  R o s s  m e t h o d  a n d  t h e  l i n e a r  s l o p e  m e t h o d  p r e 
d i c t  t h e  a w  v a l u e s  q u i t e  w e l l ,  w i t h  t h e  l i n e a r  s l o p e  m e t h o d  

p r e d i c t i n g  t h e  a w  v a l u e s  w i t h i n  ± 0 .0 1  a w  u n i t s  a n d  t h e  R o s s  

e q u a t i o n  p r e d i c t i n g  f i n a l  a w  v a l u e s  t o  w i t h i n  ± 0 . 0 2  u n i t s .  T h i s  

i s  c e r t a i n l y  w i t h i n  t h e  e r r o r  o f  a w  m e a s u r e m e n t  a s  d e s c r i b e d  
b y  L a b u z a  e t  a l .  ( 1 9 7 6 ) .  B o t h  t h e  g r a p h i c a l  a n d  t h e  N o r r i s h  
e q u a t i o n  c o n s i s t e n t l y  p r e d i c t  m u c h  h i g h e r  a w  v a l u e s  t h a n  

t h o s e  a c t u a l l y  m e a s u r e d .  G r o v e r ’ s p r e d i c t i o n s  a r e  a l s o  n o t  a s  
a c c u r a t e  a s  e i t h e r  t h e  l i n e a r  s l o p e  o r  R o s s  m e t h o d .

T h e  r e s u l t s  o b t a i n e d  f o r  p r o p y l e n e  g l y c o l  a n d  N a C l  a r e  
s h o w n  in  T a b l e  7 .  O n c e  a g a i n  t h e  l i n e a r  s l o p e  m e t h o d  a n d  t h e  

R o s s  d e r i v a t i o n  m o s t  a c c u r a t e l y  p r e d i c t  t h e  f i n a l  a w . T h e  
o t h e r  m e t h o d s  g i v e  c o n s i s t e n t l y  h i g h  a w  v a l u e s  a s  b e f o r e .

T h e  p r e d i c t i o n  v a r i a b i l i t y  a n d  t h e  o v e r a l l  a w  d e v i a t i o n  o b 
t a i n e d  f o r  e a c h  o f  t h e  f i v e  m e t h o d s  e m p l o y e d  a r e  s h o w n  in  

T a b l e  8 .  B o t h  t h e  l i n e a r  s l o p e  m e t h o d  a n d  t h e  R o s s  e q u a t i o n  
a r e  t h e  b e s t  m e t h o d s  f o r  p r e d i c t i n g  t h e  f i n a l  a w .

B a s e d  o n  t h e s e  r e s u l t s ,  t h e  l i n e a r  s l o p e  m e t h o d  h a s  b e e n  
s h o w n  t o  p r o v i d e  a  v e r y  a c c u r a t e  m e a n s  o f  p r e d i c t i n g  t h e  f i n a l  
a w  v a l u e  f o r  a  s i n g l e  h u m e c t a n t .  I t  i s  s i m p l e  a n d  r e q u i r e s  o n l y  
t h e  i n i t i a l  a w  a n d  m o i s t u r e  c o n t e n t  o f  t h e  s y s t e m  a l o n g  w i t h  a  
p r e d e t e r m i n e d  s l o p e  v a l u e  f o r  e a c h  h u m e c t a n t .  T h e  R o s s  d e r i 
v a t i o n  a l s o  p r o v i d e s  a  r e l a t i v e l y  a c c u r a t e  m e t h o d  o f  p r e d e t e r 
m i n i n g  t h e  f i n a l  a w  i n  t h i s  r a n g e .  T h e  G r o v e r  e q u a t i o n ,  a l 
t h o u g h  n o t  a s  a c c u r a t e  a s  t h e  l i n e a r  s l o p e  o r  R o s s  m e t h o d s ,  is  
m u c h  m o r e  a c c u r a t e  t h a n  e i t h e r  t h e  g r a p h i c a l  o r  N o r r i s h  p r o 
c e d u r e s  b u t  r e q u i r e s  a  l o n g  m a t h e m a t i c a l  s o l u t i o n .  I t  i s  e x 
p e c t e d  t h a t  t h e  o t h e r  h u m e c t a n t s  f o r  w h i c h  s o r p t i o n  i s o t h e r m s  
w e r e  d e t e r m i n e d  w i l l  f o l l o w  t h e  s a m e  p a t t e r n .

Fig. 3 —W a ter s o r p tio n  h y s te re s is  s h o w in g  a m o r p h o u s  vs c r y s ta llin e  
m a te r ia l fo r  so rb ito l.

P r e d i c t i o n  o f  t h e  f i n a l  a w  a t  h i g h e r  h u m e c t a n t  l e v e l s  i s  
b e i n g  i n v e s t i g a t e d .  H o w e v e r ,  a t  h i g h e r  l e v e l s  t h e  h u m e c t a n t  

w o u l d  c o n s t i t u t e  s u c h  a  m a j o r  p o r t i o n  o f  t h e  p r o d u c t  t h a t  i t  
w o u l d  b e  o r g a n o l e p t i c a l l y  u n a c c e p t a b l e .
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-------------------- ------------ ABSTRACT — -------------------------
T h e  e f f e c t  o f  t h e  o r d e r - o f - m ix in g  o n  f o u r  h u m e c t a n t s  o f  m a jo r  c o n c e r n  
t o  t h e  U .S .  p e t  f o o d  in d u s t r y  w a s  in v e s t ig a te d  u s in g  a  m e a t - s o y  f l o u r  
m o d e l  i n t e r m e d i a t e  m o is tu r e  d o g  f o o d  s y s te m .  H u m e c t a n t s  w e re  a d d e d  
d r y  o r  a s  a  s o lu t io n  a n d  t h e  r e s u l t a n t  w a te r  a c t iv i t i e s  w e re  m e a s u r e d .  
B o th  a d s o r p t i o n  a n d  d e s o r p t i o n  c u rv e s  f o r  p u r e  h u m e c t a n t / w a t e r  s y s 
te m s  w e re  p r e p a r e d  f o r  e a c h  h u m e c t a n t .  E v e n  t h o u g h  t h e  i s o th e r m s  o f  
s o m e  h u m e c t a n t s  e x h i b i t  a  h y s te r e s i s  e f f e c t ,  t h e r e  w a s  n o  s ig n if ic a n t  
d i f f e r e n c e  in  t h e  f i n a l  a w  a c h ie v e d  a s  a  r e s u l t  o f  t h e  o rd e r - o f - m ix in g  in  
t h e  a w  r a n g e  o f  i n t e r m e d ia t e  m o is tu r e  f o o d  p r o d u c t s .

INTRODUCTION

T H E  S U C C E S S F U L  I N T R O D U C T I O N  o f  i n t e r m e d i a t e  m o i s 

t u r e  f o o d  ( I M F )  p r o c e s s i n g  i n t o  t h e  w o r l d  p e t  f o o d  m a r k e t s  

h a s  r e s u l t e d  i n  a n  i n c r e a s e d  i n t e r e s t  i n  t h i s  t e c h n o l o g y  
( R h o d e s ,  1 9 7 5 ) .  I n t e r m e d i a t e  m o i s t u r e  f o o d  p r o d u c t s  h a v e  a  

m o i s t u r e  c o n t e n t  o f  1 5 - 4 0 %  w a t e r  a n d  a  w a t e r  a c t i v i t y  ( a w ) 
r a n g e  o f  a b o u t  0 . 6 5 - 0 . 9 0 .  T h e y  r e q u i r e  n o  r e h y d r a t i o n  a n d  
h a v e  a  s o f t  p l a s t i c  t e x t u r e .  I n t e r m e d i a t e  m o i s t u r e  f o o d s  a r e  
s h e l f  s t a b l e  a n d  c a n  b e  f o r m u l a t e d  t o  m e e t  s p e c i f i c  n u t r i e n t  
n e e d s  ( S m i t h  a n d  N o r v e l l ,  1 9 7 5 ) .

V a r i o u s  h u m e c t a n t s ,  o r  w a t e r  b i n d i n g  a g e n t s  s u c h  a s  p o l y 
o l s ,  s u g a r s  a n d  s a l t s  a r e  i n c o r p o r a t e d  i n t o  t h e s e  p r o d u c t s  t o  
l o w e r  t h e  a w  i n t o  t h e  i n t e r m e d i a t e  m o i s t u r e  r a n g e  ( B o n e ,  

1 9 7 3 ;  B o n e  e t  a l . ,  1 9 7 4 ) .  T h e  i n c r e a s e d  s h e l f  s t a b i l i t y  o f  t h e s e  
n o n r e f r i g e r a t e d  I M F  p r o d u c t s  i s  b a s e d  o n  t h e  p r i n c i p l e  t h a t  
a d d e d  s o l u t e s  l o w e r  t h e  a v a i l a b i l i t y  o f  w a t e r  b y  b i n d i n g  i t ,  

t h e r e b y  m a k i n g  i t  u n a v a i l a b l e  c h e m i c a l l y  a n d  b i o l o g i c a l l y .  T h e  
s o l u t e s  a l s o  i n c r e a s e  t h e  v i s c o s i t y  o f  t h e  l i q u i d  p h a s e ,  t h e r e b y  
l o w e r i n g  r e a c t a n t  d i f f u s i o n  r a t e s  ( H e i s s ,  1 9 6 7 ;  V a n  A r s d e l ,  
1 9 6 3 ;  L a b u z a ,  1 9 6 8 ,  1 9 7 1 ,  1 9 7 4 a ) .  I n  a d d i t i o n  t o  t h e i r  a b i l i t y  
t o  b i n d  w a t e r ,  s o m e  h u m e c t a n t s  a l s o  e x h i b i t  o t h e r  d e s i r a b l e  

e f f e c t s  i n  a  f o o d  s y s t e m  a s  a  r e s u l t  o f  t h e i r  a n t i m i c r o b i a l  
p r o p e r t i e s  ( L a b u z a  e t  a l . ,  1 9 7 4 ;  P l i t m a n ,  1 9 7 3 ;  C e l a n e s e ,  

1 9 7 1 ;  P a t s c h ,  1 9 6 9 ) ,  t e x t u r i z i n g  c h a r a c t e r i s t i c s  ( C e l a n e s e

Table 1— Typ ica l com position of soft m oist dog food

ingredient Per cent

Meat by-products 32.0
Soy  flakes 33.0
Sugar 2 2 . 0
Skim m ed dry m ilk 2.5
Calcium  and phosphorous 3.3
Propylene glycol 2 . 0
Sorbitol 2 . 0
Anim al fat 1 . 0
Em ulsifier 1 . 0
Salt 0 . 6
Potassium  sorbate 0.3
Minerals, vitam ins and color 0.3

S - 2 6 - 1 0 ;  L i v e n g o o d ,  1 9 6 8 ) ,  s w e e t e n i n g  c a p a c i t y  a n d  c a l o r i c  

v a l u e  ( D o h e r t y ,  1 9 7 2 ) .
S e m i - m o i s t  p e t  f o o d s  r e p r e s e n t  t h e  m a j o r i t y  o f  I M F  f o o d  

p r o d u c t s  n o w  i n  t h e  m a r k e t p l a c e ,  a c c o u n t i n g  f o r  c l o s e  t o  4 0 %  

o f  t h e  U .S .  p e t  f o o d  m a r k e t  ( R h o d e s .  1 9 7 5 ) .  A  t y p i c a l  s o f t  

m o i s t  d o g  f o o d  f o r m u l a t i o n  is  s h o w n  i n  T a b l e  1 ( B o n e ,  1 9 6 9 ) .  
T h e  h u m e c t a n t s  u s e d  i n  t h i s  p a r t i c u l a r  f o r m u l a t i o n  a r e  s u 

c r o s e ,  p r o p y l e n e  g l y c o l ,  s o r b i t o l  a n d  s a l t .  I n  t h i s  c a s e  s u c r o s e  is  
t h e  m a i n  h u m e c t a n t ,  u s e d  a t  a  l e v e l  o f  2 2 %  b y  w e i g h t .  T h e  
o t h e r  t h r e e  h u m e c t a n t s  c o n s t i t u t e  a  m i n o r  p o r t i o n  b y  w e i g h t  

o f  t h e  p r o d u c t .
H u m e c t a n t s  c a n  b e  a d d e d  i n t o  a  f o o d  s y s t e m  e i t h e r  i n  a  d r y  

s t a t e  o r  a s  a  s o l u t i o n  b y  p r e v i o u s l y  d i s s o l v i n g  t h e  h u m e c t a n t  i n  

w a t e r .  A s  a  r e s u l t  o f  t h e  m e t h o d  o f  a d d i t i o n  o f  w a t e r  i n t o  a  
f o o d  s y s t e m ,  i . e . ,  a d s o r p t i o n  v s  d e s o r p t i o n ,  a  h y s t e r e s i s  e f f e c t  
m a y  o c c u r  ( R a o ,  1 9 4 1 ;  T a y l o r  e t  a l . ,  1 9 6 1 ;  B e t t l e h e i m  a n d  
E h r l i c h ,  1 9 6 3 ;  B e r l i n  e t  a l . ,  1 9 6 9 ;  M a c k e n z i e  a n d  L u y e t ,
1 9 7 1 ) .  W o l f  e t  a l .  ( 1 9 7 2 )  a l s o  s h o w e d  t h a t  a  h y s t e r e s i s  e f f e c t  

c a n  r e s u l t  i n  m a n y  f o o d s  e s p e c i a l l y  t h o s e  f o o d  p r o d u c t s  h i g h  
i n  s u g a r .  A  h y s t e r e s i s  e f f e c t  i s  o n e  i n  w h i c h  t h e  a m o u n t  o f  

w a t e r  w h i c h  c a n  b e  h e l d  i n  a  f o o d  a t  a  g i v e n  a w  v a l u e  d i f f e r s  
d e p e n d i n g  o n  t h e  m e t h o d  o f  a d d i t i o n  o f  t h e  w a t e r  i n t o  t h e  
f o o d ,  i . e . ,  a n  a d s o r p t i o n  v s  a  d e s o r p t i o n  p r o c e d u r e ,  w i t h  t h e  
d e s o r p t i o n  p r o c e d u r e  h o l d i n g  m o r e  w a t e r  a t  a  g i v e n  a w .

T h e  r e a s o n s  f o r  h y s t e r e s i s  h a v e  b e e n  d i s c u s s e d  i n  d e t a i l  b y  
L a b u z a ,  1 9 6 8 ,  1 9 7 4 a ;  L a b u z a  a n d  R u t m a n ,  1 9 6 8 ;  G r e g g  a n d  

S i n g ,  1 9 6 7 ) .  T h e  e f f e c t  m a y  b e  d u e  t o  t h e  s t r u c t u r a l  e f f e c t  o f  
p o r e s  a s  d e s c r i b e d  b y  R a o ’s  t h e o r y  ( R a o ,  1 9 4 1 )  a n d  s h o w n  b y  

L a b u z a  a n d  S i m o n  ( 1 9 6 9 ) .  T w o  o t h e r  f a c t o r s  w h i c h  c a n  c o n 
t r i b u t e  t o  h y s t e r e s i s  a r e  s u p e r s a t u r a t i o n  o f  s o l u t e s  i n  t h e  w a t e r  
o f  t h e  f o o d  d u r i n g  d e s o r p t i o n  a n d  t h e  p h y s i c a l  s t a t e  o f  t h e s e  
s o l u t e s  ( L a b u z a ,  1 9 7 4 b ;  S l o a n  a n d  L a b u z a ,  1 9 7 5 ) .  S u p e r s a t u r a 

t i o n  c a n  o c c u r  w h e n  t h e  f o o d  is  d e h y d r a t e d .  I f  t h e  r a t e  o f  

w a t e r  r e m o v a l  i s  r a p i d  t h e  v i s c o s i t y  m a y  i n c r e a s e  t o o  r a p i d l y  
f o r  c r y s t a l l i z a t i o n  t o  t a k e  p l a c e .  T h e  r e s u l t i n g  s o l u t i o n  h o l d s  
m o r e  w a t e r  t h a n  t h e  c o r r e s p o n d i n g  c r y s t a l l i n e  f o r m .  I n  a d d i 
t i o n  t h e  s u p e r s a t u r a t i o n  s t a t e  m a y  f o r m  a n  a m o r p h o u s  g l a s s  

( W h i t e  a n d  C a k e b r e a d ,  1 9 6 6 ;  P a r k s  e t  a l . ,  1 9 2 8 ) .  T h e  t h i r d  
e f f e c t  i s  r e l a t e d  t o  t h i s  s a m e  p h e n o m e n o n ;  n a m e l y ,  c r y s t a l l i n e  
m a t e r i a l  a b s o r b s  l e s s  w a t e r  p e r  u n i t  w e i g h t  b a s i s  t h a n  d o e s  

a m o r p h o u s  m a t e r i a l  b e c a u s e  l e s s  h y d r o p h i l i c  s i t e s  a r e  e x p o s e d  
t o  t h e  v a p o r  p h a s e  ( M a n k o w e r  a n d  D y e ,  1 9 5 6 ) .  T h u s ,  i t  i s  
p o s s i b l e  t h a t  t h e r e  w o u l d  b e  a  s m a l l e r  d e g r e e  o f  a w  l o w e r i n g  
b y  c r y s t a l l i n e  s o l u t e s  i f  t h e y  a r e  a d d e d  d r y  t o  a  f o o d  s y s t e m  
( a n  a d s o r p t i o n  p r o c e s s )  a s  c o m p a r e d  t o  a d d i n g  t h e  s o l u t e s  b y  

f i r s t  d i s s o l v i n g  t h e m  i n  w a t e r ,  w h i c h  c o u l d  b e  c o n s i d e r e d  a  
d e s o r p t i o n  p r o c e s s .

T h i s  h y s t e r e s i s  o r  o r d e r - o f - m i x i n g  p h e n o m e n o n  w a s  i n 
v e s t i g a t e d  i n  a  m o d e l  s e m i - m o i s t  d o g  f o o d  s y s t e m  f o r  t h e  f o u r  
h u m e c t a n t s  u s e d  i n  t h e  d o g  f o o d  f o r m u l a t i o n  ( T a b l e  1 )  a s  
t h e s e  a r e  t h e  h u m e c t a n t s  o f  m a j o r  c o n c e r n  t o  t h e  p e t  f o o d  
i n d u s t r y .

MATERIALS & METHODS

T H E  A V A IL A B L E  L I T E R A T U R E  w a s  s u r v e y e d  t o  d e t e r m i n e  i f  a 
h y s te r e s i s  e f f e c t  o c c u r r e d  f o r  p u r e  h u m e c t a n t / w a t e r  s y s te m s .  I n  a d d i-

536 -J O U R N A L  OF FOOD S C IE N C E -V olu m e 41 (1976)
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Table 2 — Humectants investigated and suppliers

Humectant Supplier

Propylene glycol 
Sucrose, (crystalline) 

A m orphou s sucrose

Sorbito l (crystalline)

Sod ium  chloride

D ow  Chemical, # 15 6 9 9 3 , M id land, Mich. 

M allinckrodt, # 83 60 , St. Louis, Mo.
2 5 %  freeze-dried solution of 

crystalline sucrose (w/w)

Atlas Chem ical Div., IC I United States.
# 5 7 3 ’, Lot 5 4 2 D , Chicago, III. 

Mallinckrodt, # 54 290 , St. Louis, Mo.

t i o n  b o t h  a d s o r p t io n  a n d  d e s o r p t i o n  i s o th e r m s  w e re  m e a s u r e d  f o r  e a c h  
h u m e c t a n t  b y  s t a t i c  m o i s tu r e  g a in  f r o m  d r y  m a te r i a l  u s in g  a m o r p h o u s  
a n d / o r  c r y s ta l l in e  m a te r i a l  o r  b y  m o i s tu r e  lo s s  f r o m  a  l iq u id  s o lu t io n .  A  
s e r ie s  o f  s a tu r a t e d  s a l t  s o lu t io n  d e s ic c a to r s  w e re  u s e d  f o r  p e r io d s  o f  
f r o m  4 - 8  m o n th s  a t  r o o m  t e m p e r a t u r e .  I n  a d d i t i o n ,  d e s o r p t i o n  c u rv e s  
w e re  p r e p a r e d  b y  m e a s u r in g  t h e  a w  o f  h u m e c t a n t / w a t e r  s o lu t io n s  b y  
th e  v a p o r  p r e s s u re  m a n o m e t r i c  t e c h n i q u e  ( L a b u z a ,  1 9 7 4 ) .  T h e  
h u m e c t a n t  c u rv e s  a n d  p r o c e d u r e s  a r e  d i s c u s s e d  in  d e t a i l  b y  S lo a n  a n d  
L a b u z a  ( 1 9 7 5 ) .  T h e  a c t u a l  d a t a  m a y  b e  o b t a i n e d  f r o m  th e  a u t h o r s .  In  
a l l  c a s e s  b e c a u s e  o f  t h e  c o n f u s io n  in  t h e  l i t e r a t u r e  w e  u s e d  o n ly  o u r  
o w n  s o r p t io n  d a ta .

T h e  f o u r  h u m e c t a n t s  in v e s t ig a te d  in  th i s  s t u d y  a n d  t h e i r  s u p p l ie r s  
a re  l i s t e d  in  T a b le  2 .  T h e  p r o c e d u r e  u s e d  t o  in v e s t ig a te  t h e  o r d e r - o f -  
m ix in g  p h e n o m e n o n  f o r  t h e  f o u r  m a jo r  h u m e c t a n t s  u s e d  in  IM F  p e t  
f o o d s  is  s h o w n  in  F ig u r e  1 . A  m e a t - s o y  f l o u r  m o d e l  IM F  d o g  f o o d  
s y s te m  w a s  e m p lo y e d .  T h e  c o m p o s i t i o n  o f  th i s  m o d e l  s y s te m  is  l i s t e d  in  
F ig u re  1. L e a n  g r o u n d  b e e f ,  s o y  f l o u r  ( 2 0  P D I-C a rg i l l ,  I n c . ,  M in n e 
a p o l is ,  M N ) c i t r i c  a c id  ( T .J .  B a k e r  C h e m ic a l  C o .)  a n d  p o ta s s iu m  s o r b a t e  
( A n n h e u s e r - B u s c h ,  I n c . ,  S t .  L o u i s ,  M O ) w e r e  g r o u n d  in  5 0 -g  p o r t i o n s  in  
a n  o s t e r i z e r  f o r  3  m in  a t  h ig h  s p e e d .  T h e s e  p o r t i o n s  w e r e  c o m b in e d  in  a  
la rg e  s ta in le s s  s te e l  b o w l ,  h a n d  m ix e d  a n d  e q u i l i b r a t e d  in  a  c o v e r e d  5 - lb  
g la s s  j a r  o v e r n ig h t .  A f t e r  e q u i l i b r a t i o n  th e  m i x t u r e  w a s  d iv id e d  i n t o  tw o  
e q u a l  p o r t i o n s .  I n  o r d e r  t o  r e a c h  a  g iv e n  a w , f o r  e x a m p le  0 .9 0 ,  a  p r e 
d e t e r m in e d  a m o u n t  o f  w a te r  ( 1 4 - m l  p e r  5 0 g  s o l id s )  w a s  m ix e d  i n t o  o n e  
p o r t i o n  in  a  B r a b e n d e r - F a r in o g r a p h  b o w l ,  m ix e d  a t  h ig h  s p e e d  f o r  5

m in  a n d  r e - e q u i l i b r a t e d  f o r  2 4  h r .  T h e  a m o u n t  o f  w a te r  t h a t  w a s  n e c e s 
s a ry  t o  o b t a in  a  p a r t i c u l a r  a w  w a s  d e t e r m i n e d  b y  p r e p a r in g  a  m o is tu r e  
s o r p t i o n  i s o th e r m  o f  t h e  m e a t - s o y  f l o u r  m o d e l  s y s te m  b y  a d d in g  in 
c r e a s in g  in c r e m e n t s  o f  w a t e r  t o  t h e  p r o d u c t  a n d  m e a s u r in g  t h e  r e s u l t a n t  
a w  b y  t h e  v a p o r  p r e s s u r e  m a n o m e t r i c  t e c h n i q u e  (L a b u z a ,  1 9 7 4 ) .

T h e  r e m a in in g  d r y  p o r t i o n  w a s  s u b d iv id e d  i n t o  s ix  e q u a l  p o r t i o n s .  
T o  e a c h  o n e  o f  t h e s e  s ix  p o r t i o n s ,  t h e  s a m e  a m o u n t  o f  w a te r  n e c e s s a ry  
t o  r e a c h  th e  s p e c i f i c  aw  f o r  t h e  w e t - m ix  s y s te m  w a s  a d d e d .  In  th i s  
w a te r ,  d i f f e r e n t  a m o u n t s  o f  t h e  h u m e c t a n t s  s h o w n  in  T a b le  2  w e re  
d i s s o lv e d  p r io r  t o  t h e i r  a d d i t i o n  to  t h e  m e a t - s o y  f l o u r  s y s te m .  T h is  
c o n s t i t u t e d  t h e  “ w e t - m ix ”  s y s te m .  A ll  h u m e c t a n t s  w e re  u s e d  a s  p u r 
c h a s e d .  A m o r p h o u s  s u c r o s e  w a s  p r e p a r e d  b y  f r e e z e  d r y in g  a  2 5 %  w /w  
s o l u t i o n  o f  c r y s ta l l in e  s u c r o s e  f o r  4 8  h r .  E a c h  p o r t i o n  w a s  s u b d iv id e d  
i n t o  t h r e e  e q u a l  p a r t s  a n d  s e a le d  in  2 0 2  x  2 1 4  c a n s .  A f t e r  a n  1 8 -h r  
e q u i l i b r a t i o n  p e r io d ,  o n e  c a n  p e r  h u m e c t a n t  c o n c e n t r a t i o n  w a s  r e 
m o v e d  a n d  i t s  aw  m e a s u r e d  b y  th e  v a p o r  p r e s s u r e  m a n o m e t r i c  t e c h 
n iq u e .  T h e  r e m a in in g  c a n s  w e re  s to r e d  a t  4 ° C .  T h e  a w  w a s  a lso  
m e a s u r e d  a f t e r  s to r a g e  f o r  v a r io u s  t i m e  p e r io d s .

A f t e r  t h e  i n i t i a l  r e - e q u i l i b r a t i o n  p e r io d  f o r  t h e  r e m a in in g  p r e 
m o i s t e n e d  in i t i a l  m i x tu r e ,  in c r e a s in g  in c r e m e n t s  o f  h u m e c t a n t s  w e re  
a d d e d  d r y  i n t o  t h e  a p p r o p r i a t e  a m o u n t  o f  s y s te m  w i t h  a n  i n i t i a l  a w  o f  
0 .9 0 .  T h i s  is t h e  “ d r y  m ix ”  p o r t i o n .  T h e  s a m e  p r o c e d u r e  w a s  f o l l o w e d  
f o r  e q u i l i b r a t i o n  a n d  m e a s u r e m e n t .

T h e  F e t t - V o s  i s o p ie s t i c  t e c h n iq u e  f o r  m e a s u r e m e n t  o f  a w  w a s  e m 
p lo y e d  ( F e t t ,  1 9 7 3 ;  V o s  a n d  L a b u z a ,  1 9 7 4 )  o n ly  f o r  t h e  s o d iu m  c h lo 
r id e  s y s te m  ( r u n  1 ) . T h e  V P M  w a s  u s e d  f o r  a l l  o t h e r  s y s te m s  b e c a u s e  o f  
s a m p le  s ize  l im i t a t i o n s .

RESULTS & DISCUSSION
F I G U R E  2  s h o w s  t h e  s o r p t i o n  c u r v e  f o r  p r o p y l e n e  g l y c o l  a s  

f o u n d  i n  t h e  l i t e r a t u r e .  T h e  r e f e r e n c e s  a n d  m e t h o d s  u s e d  a r e  
l i s t e d  i n  T a b l e  2 .  A l t h o u g h  t h e s e  d a t a  s h o w  a  h y s t e r e s i s  e f f e c t ,  
t h e  a d s o r p t i o n  c u r v e s  d o  n o t  g i v e  a  t r u e  i n d i c a t i o n  o f  t h e  

w a t e r  s o r p t i o n  p r o p e r t i e s ,  d u e  t o  t h e  o c c u r r e n c e  o f  e v a p o r a 
t i o n  o f  t h e  a d s o r p t i o n  s a m p l e s  d u r i n g  e q u i l i b r a t i o n  i n  d e s i c 

c a t o r s ,  a t  c o n s t a n t  h u m i d i t y .  T h i s  d o e s  n o t  o c c u r  f o r  s a m p l e s  
m e a s u r e d  b y  t h e  V P M  f o r  t h e  d e s o r p t i o n  c u r v e  b u t  w o u l d  

o c c u r  f o r  d e s o r p t i o n  s t u d i e s  i n  d e s i c c a t o r s  ( S l o a n  a n d  L a b u z a ,
1 9 7 5 ) .  B e c a u s e  o f  t h i s  e v a p o r a t i o n ,  a  t r u e  e q u i l i b r i u m  c o n d i 

t i o n  c a n  n e v e r  b e  r e a c h e d .  S e c o n d l y ,  i n  m o s t  s t u d i e s  o f  h u m e c -

COMPOSITION : %  by wt.
MEAT 19.5
SOY FLOUR 78.2

Fig. 1 —P ro ced u re  u sed  to  in v e s tig a te  o r d e r -o f-m ix in g  p h e n o m e n o n . Fig. 2 —W ater so r p tio n  p ro p e r tie s  o f  p r o p y le n e  g lyco l.
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t a n t s  u s i n g  d e s i c c a t o r s ,  n o t  e n o u g h  t i m e  w a s  a l l o w e d  f o r  t h e  
s a m p l e s  t o  r e a c h  t r u e  e q u i l i b r i u m .  A s  s h o w n  b y  o u r  d a t a  f o r  
g l y c e r o l  ( F i g .  3 )  w h i c h  w a s  e q u i l i b r a t e d  f o r  9  m o n t h s  a t  2 3 ° C ,  
n o  h y s t e r e s i s  o c c u r s  w h e n  c o m p a r i n g  a d s o r p t i o n ,  d e s o r p t i o n  

a n d  V P M  d a t a .  G l y c e r o l  h a s  a  m u c h  l o w e r  v a p o r  p r e s s u r e  a n d  
s h o u l d  n o t  e v a p o r a t e  t o  a n y  s i g n i f i c a n t  e x t e n t  d u r i n g  e q u i l i 
b r a t i o n .  T h e  s a m e  w a s  f o u n d  f o r  p o l y e t h y l e n e  g l y c o l  4 0 0 .  
T h u s ,  i t  c a n  b e  p r e s u m e d  t h a t  l i q u i d  h u m e c t a n t s  s u c h  a s  

p r o p y l e n e  g l y c o l  s h o u l d  n o t  s h o w  a  h y s t e r e s i s  e f f e c t  w i t h  
w a t e r  s i n c e  t h e r e  is  n o  c r y s t a l l i n e - a m o r p h o u s  t r a n s i t i o n .

T h e  w a t e r  s o r p t i o n  i s o t h e r m  f o r  s u c r o s e  i s  s h o w n  i n  F i g u r e

4 .  A  t r u e  s o r p t i o n  h y s t e r e s i s  f o r  a n h y d r o u s - c r y s t a l l i n e  m a t e r i a l  

o c c u r s  w h i c h  is  d e p e n d a n t  o n  t h e  i n i t i a l  p h y s i c a l  f o r m  o f  t h e  
m a t e r i a l .  T h e  l o w e r  c u r v e  i s  a c h i e v e d  f r o m  t h e  d r y  s t a t e .  T h e  
u p p e r  c u r v e  f r o m  t h e  w e t  s t a t e .  T h e  s a m e  s o r p t i o n  c u r v e  h o w 
e v e r ,  i s  e x h i b i t e d  b y  a m o r p h o u s  s u c r o s e  f o r  e i t h e r  a d s o r p t i o n  

o f  w a t e r  b y  p r e d r i e d  m a t e r i a l ,  d e s o r p t i o n  f r o m  a  s o l u t i o n  o r  
f r o m  a w  m e a s u r e m e n t  o f  p r e p a r e d  l i q u i d  s o l u t i o n s .  [ F o r  m o r e  
d e t a i l  o n  t h e  s o r p t i o n  p r o p e r t i e s  o f  h u m e c t a n t s  s e e  S l o a n  a n d  
L a b u z a  ( 1 9 7 5 ) . ]

Table 3—Methods utilized for humectant isotherm determination

Lette ra Investigator Method Experimental procedure

Temp

°C

Days to 
equili
bration

A Plitman (1970) D Electric hygrom eter aqueous solution 25 -

B Couvillion (1972) D Vapor pressure manometer R T -
C International Critical Tables (1926) D Calculation from  freezing point depression— aqueous solution - -
D Celanese Chem ical Co. (1975) A Equilibration cham bers— Karl Fisher Analysis 23 7
H Norrish (1966) D Hygrosensor in D ynam ic  System — Aq. Soin. 2 0 -
M Heiss (1955) A Equilibration cham bers— gravimetric analysis anhyd rous sugar 2 0 60 (low)

1 2  (high)
Q Dittm ar (1 935) A Equilibration cham ber— gravi metric analysis anhyd rous sugar 25 -
R Whittier and G ou ld  (1930) D Isoteniscope— aqueous solution 25 -
S Brow ne (1 922) A Equilibration cham ber— gravimetric analysis anhydrous sugar 2 0 25
T Nelson (1949) A Equilibration chambers— gravimetric analysis anhydrous sugar 2 0 N K
U M a nkow erand  D ye  (1956) A Equilibration cham ber— gravimetric analysis am orphous sugar 25 800
V M oney and Born (1951) D Dew  point technique aqueous solution -
Y CPC International Inc. A Equilibration cham bers— gravimetric analysis anhydrous sugars 2 0 9
A -3 Sloan and Labuza (1975) A Equilibration chambers— gravimetric analysis 23 5— 9 mo
A -4 Sloan and Labuza (1975) D Vapor pressure manometer R T -

A -5 Sloan and Labuza (1975) D Equilibration chamber— G LC  analysis 23 5 mo
A - 6 Sloan and Labuza (1975) D Equilibration cham ber— gravimetric analysis high aw solutions 23 5 mo

a D  = desorption; A  = adsorption; R T  = room temperature; N K = not known.

Fig. 3 - W ater s o r p tio n  p ro p e r tie s  o f  g ly c e r o l (S loan  a n d  L a b u za ,
1 9 7 5 )  a t  2 3 ° C.

Fig. 4 —W a ter s o r p tio n  p r o p e r tie s  o f  su c ro se .
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T h e  i s o t h e r m s  f o r  s o r b i t o l  a s  w e l l  a s  o t h e r  s u g a r s  a n d  t h e  

t w o  s a l t s  s t u d i e d  ( N a C l  a n d  K C 1 )  a l s o  e x h i b i t e d  t h e  s a m e  e f 

f e c t .  T h e  h y s t e r e s i s  r a n g e  f o r  t h e  c r y s t a l l i n e  m a t e r i a l s  u s e d  in  
t h i s  s t u d y  w a s :  ( 1 )  f o r  s u c r o s e  0 . 3 - 0 . 9 2 ;  ( 2 )  f o r  s o r b i t o l  
0 . 5 —0 . 9 7 ;  a n d  ( 3 )  f o r  s o d i u m  c h l o r i d e  0 . 7 5 —0 . 9 5 .  T h u s  i t  

s h o u l d  b e  e x p e c t e d  t h a t  i f  a n  o r d e r - o f - m i x i n g  e f f e c t  o c c u r s ,  i t  
w o u l d  b e  m a n i f e s t e d  i n  t h e  I M F  r a n g e .  I n  f a c t ,  b a s e d  o n  t h i s ,  
i f  h y s t e r s i s  o c c u r s ,  t h e  c r y s t a l l i n e  h u m e c t a n t s  s h o u l d  s h o w  

h i g h e r  a w ’s  t h a n  t h e  d i s s o l v e d  m a t e r i a l  b e l o w  t h e  u p p e r  
c l o s u r e  p o i n t  o f  t h e  i s o t h e r m .  T h i s  w o u l d  b e  a  v a l u e  o f  0 . 9 2  
f o r  s u c r o s e  a n d  t h e  m a x i m u m  d i f f e r e n c e  w o u l d  e x i s t  a t  a w  

0 . 8 3 .  T h i s  i s  b a s e d  o n  t h e  e q u i l i b r i u m  w a t e r  a c t i v i t y  c o n d i t i o n .  
H o w e v e r ,  i t  i s  p o s s i b l e  t h a t  k i n e t i c a l l y  t h e  d r y  m a t e r i a l  d i s 

s o l v e s  f i r s t  a n d  t h e n  t h e  c r y s t a l l i n e  s t a t e  w o u l d  b e  d e s t r o y e d  
a n d  e q u i l i b r i u m  c o u l d  n o t  b e  r e a c h e d .

T a b l e  4  s h o w s  t h e  r e s u l t a n t  a w ’s  a f t e r  t h e  a d d i t i o n  o f  
p r o p y l e n e  g l y c o l  t o  t h e  m e a t - s o y  f l o u r  m o d e l  s y s t e m  u s i n g  

b o t h  a  w e t  a n d  d r y  m i x  p r o c e d u r e .  A s  e x p e c t e d ,  t h e  o r d e r - o f -  

m i x i n g  o f  t h i s  h u m e c t a n t  h a s  n o  e f f e c t  o n  t h e  d e g r e e  o f  a w  
l o w e r i n g ,  s i n c e  n o  t r u e  h y s t e r e s i s  w a s  f o u n d  f o r  t h e  w a t e r /  
h u m e c t a n t  s y s t e m .  T h u s ,  t h e  m e t h o d  o f  a d d i t i o n  o f  g l y c o l  i n  
t h e  f o o d  p r o c e s s  s h o u l d  m a k e  n o  d i f f e r e n c e .  I n  a d d i t i o n ,  t h e r e  
i s  l i t t l e  e f f e c t  o f  s t o r a g e .

T h e  r e s u l t s  o b t a i n e d  f o r  c r y s t a l l i n e  a n d  a m o r p h o u s  s u c r o s e  
a r e  s h o w n  i n  T a b l e  5 .  I t  s h o u l d  b e  r e m e m b e r e d  t h a t  s o r p t i o n  
h y s t e r e s i s  e x i s t e d  f o r  c r y s t a l l i n e  s u c r o s e  b e t w e e n  a w  =  

0 . 3 0 - 0 . 9 2 .  A s  s h o w n ,  t h e  o r d e r - o f - m i x i n g  o f  a n h y d r o u s  
c r y s t a l l i n e  s u c r o s e  d o e s  n o t  h a v e  a n  e f f e c t  o n  t h e  r e s u l t a n t  a w  
e v e n  a t  h i g h  c o n c e n t r a t i o n .  F o r  e x a m p l e ,  a t  2 0 g  s u c r o s e  a d d e d  
t o  t h e  s y s t e m  i n  t h e  c r y s t a l l i n e  s t a t e ,  t h e  a w  i f  t r u e  h y s t e r e s i s  

o c c u r r e d  s h o u l d  b e  a b o u t  0 . 9 1  s i n c e  a t  t h e  m e a s u r e d  a w  o f  
0 . 8 3  c r y s t a l l i n e  s u c r o s e  h o l d s  a l m o s t  n o  w a t e r .  T h u s  i n  t h e  d r y

Table 4— Effect of order-of-m ixing of propylene glycol in a meat- 
soy flour model system

g Propylene 

glycol added 
per 50g
system

Measured aw

0  w k

Wet m ix 

3 w k 12 w k 0  w k

D ry  m ix 

3 w k 12 w k

0 0.89 0.89 0.89 0.89 _ 3.89

2 0.89 0.87 0.88 0.88 0.88 3.87

3 0.87 0.87 0.87 - 0.87 3.87

4 0.85 0,85 0.86 0.85 0.85 0.85

5 0.83 0.84 0.84 0.83 — 0.85

7 0.81 0 8 3 0.83 0.81 0.82 0.82

Table 5— Effect of order-of-m ixing of sucrose in a meat-sov flour 
model system

Sucrose 

Measured aw
Sucrose ----------------------------------------------------------------------

g added per Crystalline sucrose A m orp h ou s  sucrose

50g system Wet D ry  Wet D ry

0 0.91 0.91 0.91 0.91

4 0.90 0.90 0.89 0.90

8 0.87 0.86 0.87 0.87

12 0.85 0.85 0.85 0.85

16 0.84 0.84 0.84 0.83

20 0.83 0.83 0.83 0.83

m i x  s y s t e m  t h e  s u c r o s e  m u s t  b e  r a p i d l y  d i s s o l v e d  i n  t h e  a v a i l a 

b l e  w a t e r  a n d  c h a n g e d  i n t o  a  s o l u t i o n  o r  a m o r p h o u s  f o r m  s o  

t h a t  a w  i s  t h e  s a m e  a s  i n  t h e  w e t  m i x  s y s t e m .  A s  e x p e c t e d ,  a s  
s h o w n  i n  T a b l e  5 ,  t h e r e  i s  a l s o  n o  d i f f e r e n c e  i n  t h e  o r d e r  o f  

m i x i n g  f o r  t h e  a m o r p h o u s  s u c r o s e .  A l t h o u g h  t h e  h u m e c t a n t /  
w a t e r  i s o t h e r m  s u g g e s t s  t h a t  a m o r p h o u s  s u c r o s e  w o u l d  l o w e r  
t h e  a w  o f  t h e  s y s t e m  t o  a  g r e a t e r  e x t e n t  t h a n  d o e s  a n h y d r o u s  

c r y s t a l l i n e  s u c r o s e ,  d u e  t o  i t s  h i g h e r  d e g r e e  o f  h y d r o g e n  b i n d 
i n g  s i t e s ,  t h i s  i s  n o t  t h e  c a s e  i n  t h i s  m o d e l  f o o d  s y s t e m .  T h e r e  
i s  n o  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  a w  l o w e r i n g  a b i l i t y  o f  

c r y s t a l l i n e  v s  a m o r p h o u s  s u c r o s e  a s  s h o w n  i n  T a b l e  5 .  T h i s  is

Table 6 -E f fe c t  of order-of-m ixing w ith N aC l in meat-soy flour 

model system

g Hum ectant 

added per 
50g system D ry Wet

R u n  1 :

0 0.98 0.98

2 0.94 0.94

4 0.90 0 5 0

5 0 .89 0.89

7 0.86 0.85

0  w k 3 w k 0 w k 3 w k

R u n  2:

0 0.90 0.89 0.90 0.90

2 0.87 0.87 0.88 0.88

4 0.84 0.84 0.84 0.84

5 0.81 0.81 0.81 0.80

pa rtia lly

c rys ta lline

7

pa rtia lly

crys ta lline

0 .7 6 0 .76 0.76 0.76

8

partia lly

c rys ta lline

0.73 0 .72 0.72 0.72

Table 7 — Effect of order-of-m ixing of crystalline sorbitol in a 

meat-soy flour system

g Sorb ito l 

added per 
50g system

Measured aw

D ry  m ix 

0  w k 10 w k

Wet m ix  

0 w k  10 w k

R u n  1:

0 0.90 0.90 0.90 0.89

3 0.90 0.87 0.87 0.87

6 0.88 0 .88 0.87 -

8 0.86 0.86 0.86 0.86

10 0.86 0.86 0.85 0 5 6

12 0.84 0.84 0.83 0 5 3

R u n  2: 0 w k 2 w k 0  w k 2 w k

0 0.91 0.91 0.91 0.90

4 0.86 0 5 6 0.87 0.87

8 0.86 0.86 0.86 0.85

12 0.83 0.82 0.82 0.83

16 0.81 0.80 0.81 0.81

20 0.79 0.79 0.79 0.79
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Table 8— Effect of order-of-m ixing w ith  effect o f storage time on 
aw fo r  crystalline sucrose

g Sucrose
added per \Net m ix D ry  m jx

50g system 0  w k 3 w k 0 time 3  w k

0 0.89 0.90 0.89 0.90

3 0.88 0.89 0.89 0.89

6 0.87 0.88 0.90 0.88

9 0.87 0.86 0.87 0.86

16 0.84 0.84 0.84 0.84

m o s t  l i k e l y  d u e  t o  t h e  f a c t  t h a t  c r y s t a l l i n e  s u c r o s e  d i s s o l v e d  

r a p i d l y  a s  s t a t e d  b e f o r e  a n d  w a s  c h a n g e d  i n t o  a  s o l u t i o n  o r  

a m o r p h o u s  f o r m .
T h e  r e s u l t s  o b t a i n e d  f o r  s o d i u m  c h l o r i d e  a r e  s h o w n  i n  

T a b l e  6  f o r  t w o  r u n s .  I n  t h e  s e c o n d  r u n  a s  i n d i c a t e d  n o t  a l l  t h e  
s a l t  w a s  a b l e  t o  b e  p r e d i s s o l v e d .  A l t h o u g h  c r y s t a l l i n e  N a C l  

s h o w e d  t r u e  s o r p t i o n  h y s t e r e s i s  b e t w e e n  a w  0 . 7 5 - 0 . 9 5 ,  a s  
s e e n ,  n o  t r u e  o r d e r - o f - m i x i n g  e f f e c t  o c c u r r e d .  I n  a d d i t i o n ,  t h e  
s t o r a g e  c o n d i t i o n s  d i d  n o t  a f f e c t  t h e  w a t e r  a c t i v i t i e s .  I n  T a b l e  

7 ,  n o  o r d e r - o f - m i x i n g  e f f e c t  w a s  f o u n d  f o r  c r y s t a l l i n e  s o r b i t o l .  
T h u s ,  a l l  c r y s t a l l i n e  m a t e r i a l s  d i s s o l v e d  r a p i d l y  e n o u g h  i n  t h e  

p r e - a d d e d  w a t e r  s o  t h a t  t h e r e  w a s  n o  e f f e c t  o r  o r d e r - o f - m i x i n g  

i n  t h e  r a n g e  s t u d i e d .

A d d i t i o n a l  s t o r a g e  r e s u l t s  i n  T a b l e  8  s h o w s  t h a t  a f t e r  3  w k  
t i m e ,  w i t h  s u c r o s e  n o  s i g n i f i c a n t  c h a n g e  i n  w a t e r  a c t i v i t y  w a s  

f o u n d  a t  4 ° C .
I n  c o n c l u s i o n ,  e v e n  t h o u g h  t h e  p u r e  h u m e c t a n t  w a t e r  i s o 

t h e r m  m a y  e x h i b i t  a  h y s t e r e s i s  e f f e c t ,  t h e r e  i s  n o  s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  f i n a l  a w  a c h i e v e d  a s  a  r e s u l t  o f  t h e  o r d e r - o f -  
m i x i n g ,  i n  t h e  a w  r a n g e  o f  i n t e r m e d i a t e  m o i s t u r e  f o o d  p r o d 

u c t s .  A s  a  r e s u l t  o f  t h i s  i n v e s t i g a t i o n ,  i t  c a n  b e  c o n c l u d e d  t h a t  
t h e  m e t h o d  o f  a d d i t i o n  o f  t h e s e  h u m e c t a n t s  s h o u l d  m a k e  n o  
d i f f e r e n c e  i n  t h e  r e s u l t a n t  a w  v a l u e .  A l s o ,  n o  s i g n i f i c a n t  d i f 

f e r e n c e  i n  t h e  a w  l o w e r i n g  a b i l i t y  o f  a m o r p h o u s  v s .  a n h y d r o u s  
s u g a r s  w a s  f o u n d  i n  t h e  I M F  r a n g e .  T h i s  is  p r o b a b l y  a p p l i c a b l e  

t o  o t h e r  m a t e r i a l s .  I t  i s  p o s s i b l e  t h a t  a t  a  l o w e r  a w  a  d i f f e r e n c e  
m a y  o c c u r ,  b u t  t h i s  w o u l d  b e  o f  l i t t l e  i n t e r e s t  f o r  i n t e r m e d i a t e  
m o i s t u r e  f o o d s .
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E V A L U A T I O N  O F  A N T I M I C R O B I A L  A G E N T S  I N  A  

M I C R O B I A L  C H A L L E N G E  S T U D Y  F O R  A N  

I N T E R M E D I A T E  M O I S T U R E  D O G  F O O D

-----------------------------------------  A B S T R A C T  ------------------------------------------

Various microbial inhibitor systems were studied for their effectiveness 
in a semi-moist dog food form ulation. The effectiveness was measured 
as inhibition of the natural contam inants A s p e r g i l lu s  g la u t u s  and 
S ta p h y l o c o c c u s  e p id e r m id is  and o f an inoculated challenge organism, 
A s p e r g il lu s  n iger. The study was carried out at aw 0.85 and 0.88 and at 
pH 5.4 and 6.3 giving a to ta l o f  108 systems. It was found that very few 
compounds alone or in combination could prevent growth of all three 
organisms. The only FDA approved additive that was effective alone 
was propylene glycol.

IN T R O D U C T IO N

I N T E R M E D I A T E  M O I S T U R E  F O O D  ( I M F )  p r o d u c t s  a n d  
t e c h n o l o g y  a r e  a m o n g  t h e  n e w e s t  i n  f o o d  s c i e n c e .  A l t h o u g h  

s e m i - m o i s t  f o o d s  h a v e  b e e n  t h o r o u g h l y  r e s e a r c h e d ,  a s  i n d i 
c a t e d  b y  m a n y  a u t h o r s ,  t h e  f a c t o r s  d e t e r m i n i n g  t h e i r  s t a b i l i t y  

h a v e  n o t  b e e n  s o l v e d  ( E o n e ,  1 9 7 3 ;  L a b u z a ,  1 9 7 4 ;  H a a s  e t  a l . ,
1 9 7 5 ) .  T h e s e  I M  f o o d s  a r e  f o r m u l a t e d  t o  p r e v e n t  m o s t  m i c r o 
b i a l  g r o w t h .  A  r e l a t i v e l y  m o i s t  p r o d u c t  i s  n e c e s s a r y  f o r  p a l a t -  
a b i l i t y  b u t  t h e  w a t e r  a c t i v i t y  ( a w )  m u s t  b e  b e l o w  t h a t  a l l o w i n g  

t h e  g r o w t h  o f  p a t h o g e n i c  b a c t e r i a ,  e s p e c i a l l y  S t a p h y l o c o c c u s  
a u r e u s  w h i c h  c a n  g r o w  t o  a w  0 . 8 4 .  T o  a c h i e v e  t h i s  t h e  m i 
c r o b e s  a r e  u s u a l l y  i n h i b i t e d  b y  t h e  a d d i t i o n  o f  a g e n t s  s u c h  a s  
p r o p y l e n e  g l y c o l ,  p o t a s s i u m  s o r b a t e  a n d  s u c r o s e .  T h i s  s t u d y  

i n v e s t i g a t e d  s e v e r a l  o t h e r  a n t i m i c r o b i a l  a g e n t s  f o r  t h e i r  e f f e c 
t i v e n e s s  a t  t w o  w a t e r  a c t i v i t i e s  a g a i n s t  b o t h  n a t u r a l  a n d  a n  
a d d e d  m o l d  c h a l l e n g e .

T h e  m a j o r  m i c r o b e s  t h a t  o c c u r  n a t u r a l l y  i n  s e m i - m o i s t  d o g  
f o o d  a r e  A s p e r g i l l u s  g l a u c u s  a n d  S t a p h y l o c o c c u s  e p i d e r m i d i s  

( p o s i t i v e  i n d e n t i f i c a t i o n  w a s  b a s e d  o n  t y p i c a l  m o r p h o l o g i c a l  
c h a r a c t e r i s t i c s  a n d  b i o c n e m i c a l  t e s t s ,  U . o f  M i n n .  D e p t .  V e t e r i 

n a r i a n  M e d i c i n e ) .  T h e  a c t i v i t y  o f  t h e s e  m i c r o b e s  i s  d u e  t o  t h e n -  
a b i l i t y  t o  g r o w  a t  l o w  a w ’ s. A .  g l a u c u s  c a n  g r o w  a t  a w  
0 . 7 3 —0 . 7 5  ( C h r i s t e n s e n  a n d  M e r o n u c k ,  1 9 7 4 ) .  I n  t h i s  s t u d y  

t h e  S. e p i d e r m i d i s  g r e w  i n  t h e  d o g  f o o d  a s  l o w  a s  a w  0 . 8 2 .  I f  i t  

i s  p r e v e n t e d  f r o m  g r o w i n g ,  o n e  c a n  a s s u m e  t h a t  S t a p h y l o c o c 
c u s  a u r e u s  w i l l  n o t  g r o w  ( a w  m i n i m u m  0 . 8 4 ) .  T h e  c h a l l e n g e  
o r g a n i s m  w a s  A s p e r g i l l u s  n ig e r .  A l t h o u g h  n o t  a s  o s m o t o l e r a n t  

a s  A .  g l a u c u s ,  t h i s  m o l d  g r o w s  a t  t h e  l o w e s t  a w  s t u d i e d  w i t h  
t h e  d o g  f o o d .  T h e  m i n i m u m  a w  f o r  g r o w t h  o f  A .  n i g e r  i n  a  
c h i c k e n  b a s e d  I M F  w a s  0 . 7 9  ( A c o t t  a n d  L a b u z a ,  1 9 7 5 ) .  U s e  o f  

t h e s e  t h r e e  o r g a n i s m s  c o n s t i t u t e s  p o t e n t i a l  g r o w t h  o f  b o t h  t h e  
n a t u r a l  c o n t a m i n a n t s  a n d  t h a t  o f  a  u b i q u i t o u s  a i r - b o r n e  m o l d  
t h a t  c o u l d  i n o c u l a t e  t h e  p r o d u c t  a n d  c a u s e  l o s s  o f  a c c e p t 
a b i l i t y .  H a a s  e t  a l .  ( 1 9 7 5 )  h a v e  a l s o  i n d e p e n d e n t l y  f o u n d  t h e s e  
w e r e  t h e  m o s t  i m p o r t a n t  o r g a n i s m s  t o  u s e  i n  a  c h a l l e n g e  p r o c e 

d u r e  f o r  i n t e r m e d i a t e  m o i s t u r e  f o o d s .

1 P re s e n t ad d re ss : U n iv e rs ity  o f O reg o n  M ed ica l S c h o o l

M A T E R IA L S  & M E T H O D S

P r e p a r a t io n  o f  t e s t  s y s te m s

The semi-moist dog food used in this study was form ulated at the 
Quaker Oats Co., Barrington, 111., (36% meat by-products, 39% soy 
flour, 25% sucrose), excluding the antim icrobial system, phosphoric 
acid, propylene glycol and K-sorbate. After extrusion and canning, the 
dog food was held in frozen storage (-2 9 °C ) until used. After thawing 
and tempering to 23°C, the dog food for each study was taken asep- 
tically from the cans and ground in a sanitized Hobart Silent Cutter 
(Hobart Manufacturing Corp., Troy, Ohio) to  ensure homogeneity. An 
acidulant was added to give a pH of 5.4. Adipic, citric, fumaric, lactic 
and phosphoric acid were tested but none exhibited specific anti
microbial properties. Phosphoric acid, the least expensive one, was used 
in the subsequent studies. Figure 1 shows the scheme used to prepare 
the various test systems. After acidification, the batch was divided into 
two parts and sterile water was added to  one-half giving an aw o f 0.88. 
The initial aw of the other half o f  the dog food was 0.85. These systems 
were further divided and the inhibitors were added to give the desired 
levels. Following a 24-hr equilibration period at 23°C, each inhibitor 
system was divided into two equal parts (25g each). Sterile water (0.1 
ml) was added to one and the o ther was inoculated with an A . n ig e r  
spore suspension (0.1 ml). The water and suspension were mixed into 
the systems by blending in an Osterizer blender jar (1 cup size) for 1 
min, stopping 2 - 3  tim es to  scrape the m aterial into the blades. The 
initial population o f  A . n ig e r  was 106 colony forming units (CFU)/100 
grams o f dog food. The inoculation procedures did not cause a change 
in the aw o f the systems. The 5-g samples were weighed into petri 
dishes (60 x  15 mm) and stored in closed chambers over saturated salt 
slurries of the appropriate aw (Li2S 0 4 = 0.85 and Z nS 04 = 0.88). The

DO G FO O D

5 GRAM S A M P L E S  5 GRAM S A M P L E S
S T O R E D  at  0 .8 5  a w S T O R E D  a t  0 . 8 8  a w

Fig. 1 -F low  diagram for system preparation.
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Table 1— Chem ical inhib itors in study

List of inhib itors 
tested

Levels tested 
g/100g dog food Specification

Metabolic inhibitors

K-sorbate 0.3 Anheuser-Busch  

St. Lou is, M O

Ca-prop ionate

Parabens:

0.3 Anheuser-Busch  

St. Lou is, M O

M ethy l (USP) 0.3, 0.10 Tenneco  Chem ica l

P ro p y l (USP) 0 .0 1 ,0 .1 0 H eyden  Div.,

C om b in ed  (2M: 1 P) 0.05, 0 .10 N ew  Y o rk ,  N Y

C ap ro ic  acid® 0.1, 0.2, 0.3

P im a ric in  (D e lvoc id 0.002 G ist-Brocades, N .V .

Instant)® (Natam ycin )

Polyols

D e lft-H o lla n d

G ly ce ro l 1,2,3,8,10,13 M a llin ck ro d t #5092 

St. Lou is , M O
Propy lene  g lyco l 1,2,4,6,8,9 M a llin ck ro d t #5092 

St. Lou is, M O

Po lye th y lene 16 U n ion  Carb ide  Chem .,

g ly co l 400 N ew  Y o rk ,  N Y

1,3-Buty lene 1,2,4,6,10 Celanese Corp.,

glycol®

Sugars

N ew  Y o rk ,  N Y

Fru ctose 20 J .T . Baker Chem . 

G len  E lly n , I L

M a n n ito l (USP) 1.0 A tlas, ICI Am erica  

W ilm in g ton , D E

S o rb ito l 1,4,7,18 A tlas, ICI A m erica

(99% crysta lline ) W ilm ing ton , D E

a N o t FD A -ap p roved

chamber lids were removed periodically to ensure adequate aerobiosis. 
The slurries were stirred as necessary for m aintenance of the proper aw.

Antimicrobial agents
The antimicrobial agents which were tested alone or in combination 

were of three types: metabolic inhibitors, polyhydric alcohols (polyols) 
and sugars. Each chemical and the FDA-approved levels tested are pre
sented in Table 1. The chemicals which are not cleared for use in foods 
were tested in appropriate amounts.

The common food additives, K-sorbate and Ca-propionate, are 
called acid-type inhibitors as their effectiveness increases as pH de
creases (Sauer, 1972). They are usually used in relatively acid foods. 
The parabens are esters of parahydroxybenzoic acid. This molecular 
configuration does no t have the pH dependence for efficacy as do the 
acid-type inhibitors (Chichester and Tanner, 1968). Caproic acid has 
been recom m ended as a replacement for K-sorbate in IM dog food 
(Haas, 1973). The antiobiotic, pimaricin (Natamycin) is used in Europe
an countries in the production of sausage and cheese (Clark et al.,
1964). It has selective inhibition of fungal but not bacterial growth.

The polyols are usually used in foods as humectants, plasticizers or 
emulsifiers. These chemicals also have some degree of antimicrobial 
action related to the location o f the hydroxyl groups and chain length 
(Putsch and Hoehne, 1969). Some polyols, e.g., glycerol, are m etabo
lized by certain microbes. When this situation exists that polyol will not 
function as an inhibitory agent. C urrently propylene glycol is the most 
commonly used hum ectant-antim icrobial agent in semi-moist foods.

The sugars studied are usually employed as sweeteners in foods. 
They were tested here in their capacity as microbial inhibitors and 
humectants.
Preparation of inoculum

A. n ig e r  was grown for 5 days at 23°C on a 30 ml TSY (Trypticase 
Soy Agar + Yeast Extract, 0.5%, BBL Brand) agar slant in a cotton- 
plugged 150 ml prescription bottle. The spores were washed from the 
agar with 3—10 ml aliquots o f sterile w ater and gentle shaking by hand. 
The population of the suspension was determ ined by plate counts on

TSY agar. The stock suspension was diluted so that 0.1 ml in 25g of 
test system would give a population of 106 CFU/lOOg. C onstant vor- 
texing of the suspension was necessary while inoculating the systems to 
ensure consistency.
Analytical methods

The pH of the dog food was determ ined using the gran plot tech
nique described by A cott and Labuza (1974). To 7-g samples o f  dog 
food, 0.5, 1.0, 3.0, 5.0 and 7.0g o f water were mixed and equilibrated 
at 4°C for 18 hr after warming to  room tem perature. The pH of the 
slurries was determined using an Orion pH meter equipped with a semi
micro combination electrode (Orion #910200). The pH was p lotted on 
gran plot paper (Orion C a t No. 900093, 100% volume corrected) 
against the grams of water added to the dog food. Extrapolation to the 
pH at zero grams o f  water was taken as the pH o f the semi-moist 
sample. The pH of the dog food with no acidulant added by the gran 
plot m ethod was pH 6.3. This is different than from a direct reading 
taken on the semi-moist material (pH 5.9), or when a 1/100 dilution 
(AOAC, 1970) was made (pH 7.0). The gran plot m ethod gives a 
theoretically m ore accurate estim ation of pH.

The Fett-Vos Method (Vos and Labuza, 1974) was used to deter
mine the aw o f the systems a t the initiation or storage. After 6 - 8  wk of 
storage the aw determ inations were perform ed by the vapor pressure 
manometric (VPM) procedure (Labuza, 1974) on microbiologically 
stable 5-g samples.

The moisture content o f  the dog food was determined by vacuum 
drying oven a t 29" Hg and 60°C for 24 hr. The analysis was done on 
dog food w ith and w ithout the addition o f water. Systems with in
hibitors added were not used. The loss o f polyols during drying would 
have resulted in erroneous values.

Microbial analysis
The microbial activity was m onitored by blending 5-g samples with 

45g of sterile phosphate buffer (0.125%), and spreading 0.1 ml o f  ap
propriate dilutions on prepoured TSY agar plates. The plates were in
verted and incubated at 23°C for 5 days in humidified chambers (aw = 
1.0). D ifferential enumeration was based on the morphological differ
ences o f the colony forming units. A. n ig e r  produced typical black 
conidia over white spreading mycelia. A. g la u c u s  form ed compact 
masses o f mycelia which failed to produce conidia but which were 
readily distinguishable from bacterial colonies due to the different re
flectance o f  light. The S. e p id e r m id is  appeared as typical staph-like, 
buff-colored, smooth, round colonies. The growth of A. n ig e r  and A. 
g la u c u s  on dog food produced typical colonies, black and green, re
spectively.
Effectiveness criteria

The effective antimicrobial agent was that which prevented the 
growth of bo th  the molds and the bacteria at the given conditions. 
Inhibition o f mold growth was determined by sample platings and 
visual observations. The bacterial growth was determined by sample 
platings. The antimicrobial agent was deemed unsuccessful when it al
lowed a two log cycle increase in S. e p id e rm id is  population and visible 
mold growth within 6 months of storage. Conversely, if the organism 
showed no positive growth the inhibitor was successful.

R E S U L T S  & D IS C U S S IO N

T H E  a w  D E T E R M I N A T I O N S  a s  s h o w n  i n  T a b l e  2  i n d i c a t e d  a  
c h a n g e  i n  a w  a f t e r  6 —8  w k  o f  s t o r a g e  i n  s p i t e  o f  t h e  c o n t r o l l e d  
e n v i r o n m e n t .  P a r t  o f  t h e  d i f f e r e n c e  c o u l d  b e  d u e  t o  t h e  u s e  o f  
d i f f e r e n t  m e t h o d s  o f  a w  d e t e r m i n a t i o n ,  a s  n e c e s s i t a t e d  b y  t h e  
s m a l l  s a m p l e  s i z e .  L a b u z a  e t  a l .  ( 1 9 7 5 )  d e m o n s t r a t e d  t h a t  t h e  
F e t t - V o s  M e t h o d  u s e d  f o r  t h e  i n i t i a l  d e t e r m i n a t i o n s  i n  t h i s  
s t u d y  g a v e  v a l u e s  0 . 0 2  u n i t s  h i g h e r  t h a n  t h e  V P M  M e t h o d  
w h e n  s t a n d a r d i z e d  a g a i n s t  s a t u r a t e d  s a l t  s l u r r i e s .  H o w e v e r ,  t h i s  
f a c t o r  a l o n e  d o e s  n o t  e x p l a i n  t h e  d e c r e a s e  i n  a w  w i t h  s t o r a g e  
t i m e .  S i n c e  t h e  t e s t e d  s a m p l e s  w e r e  m i c r o b i o l o g i c a l l y  s t a b l e ,  
t h e  c h a n g e  m a y  b e  d u e  t o  r e d u c e d  w a t e r - h o l d i n g  c a p a c i t y  
c a u s e d  b y  c h e m i c a l  r e a c t i o n s  d u r i n g  s t o r a g e .  T h i s  d e c r e a s e  i n  
a w  s h o u l d  a c t  t o  m a k e  t h e  f o o d  m o r e  s t a b l e  t o  m i c r o b i a l  
d e t e r i o r a t i o n ,  i n c r e a s i n g  e f f e c t i v e n e s s  o f  t h e  a n t i m i c r o b i a l  
a g e n t s .

T h e  c o m p a t a b i l i t y  o f  t h e  t h r e e  s p e c i e s  o f  m i c r o b e s  i s  
d e m o n s t r a t e d  b y  t h e  p l a t e  c o u n t s  o f  t h e  d o g  f o o d  w i t h o u t  
i n h i b i t o r s  a s  s h o w n  i n  T a b l e  3 ,  c o m p a r e d  t o  t h e  s a m e  s y s t e m  
w i t h  a d d e d  A .  n ig e r .  A s  s e e n ,  a d d i t i o n  o f  t h e  c h a l l e n g e  o r g a n -
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Table 2 — aw  history fo r stored IM F  dog food

Inh ib itor
g/100g 

dog food

In itia l3

aw

aw  of 

storage 
chamber

aw  A fter 

storageb

1,3-Buty lene 4 0.88 0.88

2 m o 

0 82

g lyco l 6 0.88 0.88 0 86

Propy lene 4 0.88 0.88 0  83

g lyco l 8 0.87 0.88 0 87

G ly ce ro l 10 0.85 0.88 0 85

S o rb ito l 4 0.83 0.85

3 w k  

0.82

7 0.82 0.85 0.80

S orb ito l 4 0.94 0.95

6  w k  

0.79

7 0.82 0.85 0.78

a Fe tt-V os M ethod

Table 3— Plate counts of dog food  no inhib itors added®

Unchallenged Challenge

Time A. glaucus
S. epider

m idis A . niger A . glaucus

S. ep id e r

m id is

0

4 days 

2 w k

12

12

9.9  X  10 ’

9 X  104 

8 X  104 

1.0 X  1 0 7

5 X  10 5 12 

4.3 X  10 s 12 

2.0 X  106 5.5 X  107

9  X  104 

8  X  104 

3.3 X  1 0 1

a D iffe ren tia l enum eration  (C FU /1 0 0 g  dog food ); pH  5.4 ( F 3P 0 4 ); 
aw  "  0.85

Table 4— Tim e for growth of microbes.® (Inoculated dog food  

w ith inhib itors pH  5.4)

Storage cond itions

Inh ib ito r
aw = 0.85 

9 mo storage
aw — 0.88 

6 mo storage

No Inhibitor A . niger — 2 w k A . niger — 1 w k

added A . glaucus — 1 w k A . glaucus — 1 w k

S. epider. — 2 w k S. epider. — % w k

K-sorbate No mold A . niger — 5 w k

(0.3%) S. epider. — 25  w k S. epider. — 3'A w k

Ca-propionate A. niger — 25 w k A. glaucus — 2 w k

(0.3%) A . glaucus — 25 w k  

S. epider. — 3'A w k

S. epider. — 1 'A w k

® M o ld  — firs t v is ib le  sign; Bacteria  — 2 log cyc le  increase

Table 5 — G row th  nomenclature fo r m icrobial inh ib itor studies

NG(OO) — no g row th  in  00 w eeks w h ich  was end o f  s tudy  

V 0 0  — v is ib le  m o ld  in 00 weeks

N T  — not tested

2L(0 0 ) — increase o f  S. epidermidis in  00  weeks by  tw o  log cyc les

D(00) — decrease o f S .epidermidis in 00  weeks by  tw o  log cyc les

Successfu l change was p revention  o f 2 log cyc les, increase in S. 
eipdermidis and no  increase in m o ld  as ind ica ted  v isua lly  and c o n 

firm ed  by  plate counts.

Table 6 — M etabolic inhib itors

Inhib itor

g/100g 

dog food Initial aw pH

M icrobio log ical response

Inoculated Uninoculated

A . glaucus S. ep iderm id is A .  niger A - glaucus S. epiderm idis

K-sorbate 0.3 0.86* 5,4 N G  (44) 2L(25 ) N G  (44) N G (44 ) 2 L(25 )

0.3 0.90** 5.4 N G  (28) 2L(4 ) V 5 N G 2 L(3 )

Ca-prop ionate 0.3 0.87* 5.4 V 2 5 2L(4 ) V 2 5 V 2 5 2 L (3 )

0.3 0 .90** 5.4 V 2 2L(2 ) N G V 2 2 L( 1 )

C apro ic  acid 0.1 0.85* 6.2 V 3 N T V 3 V 3 N T

0.1 0 .90** 5.4 V 6 2L(1 ) N G V 6 2 L( 1 )

0.2 0 .90** 5.4 V(12 ) 2L(2 ) N G v(12) 2 U 2 )

0.3 0.85* 6.2 N G (32 ) 2L(7 ) N G  (32) N G (32 ) 2 L(7 )

0.3 0 .90** 5.4 N G  (27) 2L(7 ) N G (27 ) N G  (27) 2 L(7 )

M ethy l paraben 0.03 0.87* 5.4 V 4 2L(2) V 4 N G 2L(2 )

0.10 0.85* 5.4 V 3 2 L( 1 ) N G V 3 2L(1  )

0.10 0.90** 5.4 V1 2L(% ) V1 N G 2 L  ( Vi )

P ropy l paraben 0.01 0.87* 5.4 V 4 2L(2 ) V 4 N G 2L(2 )

0.10 0.85* 5.4 V 3 2L(2 ) N G V 3 2L(2 )

0.10 0.90** 5.4 V1 2L('A) V1 N G 2L(% )

C om b in a tio n  (2:1, M e:P ro) 0.05 0.86* 5.4 V 4 2L(2 ) V 4 V 4 2L(2 )

0.10 0.85* 5.4 V3 2L(3 ) N G V 3 2 L (2 )

0.10 0 .90** 5.4 V1 2 L  ( % ) V1 V% 2L(% )

P im aric in 0 .002 0.87* 5.4 V 1 5 2L(2) V 4 N G 2 L (2 )

C on tro ls 0 0.85* 6.2 V1 2L(2 ) V 2 V1 2L(2 )

0 0.87* 5.4 V1 2L(2 ) V 2 V1 2L(2 )

0 0 .90** 5.4 V1 2 L  ( Vi ) V1 M'A-1 2 L ( 1/2)

* stored a t 0.85 
* ” stored  at 0.88



5 4 4 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  4 1  ( 1 9 7 6 )

i s m  d i d  n o t  c h a n g e  t h e  g r o w t h  r e s p o n s e  o f  t h e  o t h e r  o r g a n 

i s m s .
T h e  p r i m a r y  r e q u i r e m e n t  f o r  a  m i c r o b i o l o g i c a l l y  s t a b l e  

p r o d u c t  i s  t h e  c o n t r o l  o f  t h e  m i c r o b e  t h a t  w i l l  i n i t i a t e  g r o w t h .  
T a b l e  4  s h o w s  t h e  e f f e c t  o f  i n c r e a s e d  a w  o n  s t a b i l i t y  i n  c o n t r o l  

d o g  f o o d  a n d  t h e  r e s u l t s  w h e n  K - s o r b a t e  a n d  C a - p r o p i o n a t e  

w e r e  a d d e d .  A t  t h e  l o w e r  a w  a l l  s p e c i e s  h a d  r e a c h e d  h i g h  

p o p u l a t i o n s  i n  c o n t r o l  d o g  f o o d  b y  2  w k .  A t  t h e  h i g h e r  a w  
0 . 8 8 ,  t h e  g r o w t h  r a t e  o f  S . e p i d e r m i d i s  a n d  A . n ig e r  w a s  i n 
c r e a s e d .  W h e n  0 . 3 %  K - s o r b a t e  w a s  a d d e d  t o  0 . 8 5  a w  d o g  f o o d ,  

a l l  m o l d  w a s  c o m p l e t e l y  i n h i b i t e d  a n d  t h e  p r o d u c t  a p p e a r e d  

e d i b l e  e v e n  a f t e r  9  m o n t h s  s t o r a g e .  T h e  g r o w t h  o f  S . e p i d e r 

m i d i s  w a s  s l o w  b u t  a f t e r  2 5  w k  t h e  p o p u l a t i o n  h a d  i n c r e a s e d  
b y  2  l o g  c y c l e s .  A l t h o u g h  t h e r e  a r e  n o  “ l i m i t s ”  o n  n o n p a t h o -  

g e n i c  s t a p h y l o c o c c i ,  t h e  s t r i c t  c r i t e r i o n  o f  a  2  l o g  c y c l e  i n 
c r e a s e  w a s  u s e d  w i t h  S . a u r e u s  i n  m i n d .  H i g h  p o p u l a t i o n s  o f  

t h i s  o r g a n i s m  w h e n  g r o w i n g  a t  a  h i g h  e n o u g h  a w  c a n  p r o d u c e

e n t e r o t o x i n s  a n d  t h u s  f o o d  p o i s o n i n g  ( T r a i l e r  a n d  S t i n s o n ,
1 9 7 5 ) .  T h u s ,  u s i n g  t h e  2  l o g  c y c l e  i n c r e a s e ,  t h i s  s y s t e m  f a i l e d  
c h a l l e n g e .  A t  a w  0 . 8 8 ,  A .  n i g e r  g r e w  i n  t h e  K - s o r b a t e  d o g  f o o d  

b u t  A .  g l a u c u s  w a s  c o n t r o l l e d .  H a a s  e t  a l .  ( 1 9 7 5 )  f o u n d  t h a t  a  

v a r i e t y  o f  t h i s  m o l d  w a s  p a r t i c u l a r l y  r e s i s t a n t  t o  K - s o r b a t e .  
T h e  d i f f e r e n c e  i n  t h e  f i n d i n g s  i s  m o s t  l i k e l y  d u e  t o  s p e c i e s  
v a r i a t i o n  a n d  d i f f e r e n c e  i n  t h e  g r o w t h  m e d i u m .  T h i s  l a t t e r  

p o i n t  i s  q u i t e  i m p o r t a n t  a n d  s u g g e s t s  o n e  s h o u l d  b e  c a r e f u l  i n  
e x t r a p o l a t i n g  f r o m  o n e  s y s t e m  t o  a n o t h e r .

C a - p r o p i o n a t e  s l o w e d  t h e  g r o w t h  o f  t h e  m o l d s  b u t  a f t e r  2 5  
w k  b o t h  s p e c i e s  w e r e  v i s i b l e  a t  t h e  l o w e r  a w  0 . 8 5 .  A t  0 . 8 8  t h e  

g r o w t h  r a t e  o f  A .  g l a u c u s  a n d  S. e p i d e r m i d i s  w a s  s i g n i f i c a n t l y  
i n c r e a s e d .  T h e  A .  g l a u c u s  a p p e a r e d  w i t h i n  2  w k .  A .  n ig e r  w a s  
c o m p l e t e l y  i n h i b i t e d .  T h e s e  d a t a  s u g g e s t  t h a t  C a - p r o p i o n a t e  
s h o u l d  n o t  b e  s t r i c t l y  s u b s t i t u t e d  f o r  K - s o r b a t e .

F e w  o f  t h e  a n t i m i c r o b i a l  a g e n t s  w e r e  s u c c e s s f u l  i n  p r e v e n t 
i n g  a l l  g r o w t h  w h e n  t e s t e d  a t  F D A - a p p r o v e d  l e v e l s .  T h e  o v e r a l l

Table 7 — Hum ectants— Sugars

M icrobio logical response

Sugar

g/100g 

dog food Initial aw pH

Uninoculated Inoculated

A . glaucus S. epiderm itis A . niger A . glaucus S. epiderm itis

M ann ito l 1.0 0.86** 5.4 N G 2L(3 ) V 4 NG 2L(3 )

Fru ctose 20.0 0.81* 6.3 V 3 2L(4 ) V3 NG 5L(4 )

S o rb ito l 1.0 0.86** 5.4 V 4 2L(4 ) N G V 4 2L(4 )

4.0 0 .83** 5.4 V 4 2 L( 1 ) NG V 4 2L(1  )

7.0 0.82** 5.4 V 5 2L(2 ) NG V 5 2L(2 )

4.0 0 .89** 5.4 V1 6 L (2 ) V1 V1 2L('/H

7.0 0.86** 5.4 V 2 4L(% ) V 2 V 2 2L('/2)

18.0 0.80* 6.3 V 3 N T V 9 NG N T

C o n tro l 0 0.82* 6.3 V 2 N T V 3 V 2 N T

0 0.85** 5.4 V1 2 L  (4 ) V 2 V1 2 1_ (2 )

0 0 .90*** 5.4 V1 2 L ('A ) V1 V1 2 L (y 2)

* stored  a t 0.82 
* * stored  at 0.85 

* * * stored at 0.88

Table 8 — Hum ectants— Po lyo ls (Stored at aw  0.85)

M icrobio log ical response

Uninoculated Inoculated
g/100g _______________________________  _____________________________

Po lyo l dog food Initial aw pH A. glaucus S. epiderm itis A . niger A . glaucus S. epiderm itis

1 ,3 -Bu ty lene  g lyco l 1.0 0.84 6.3 V4 N T V 3 V 4 N T

2.0 0.86 5.4 N G  (44) 2L(4 ) N G  (44) N G  (44) 2 L (2 )

4.0 0.84 5.4 N G (27) D(4) N G (27 ) N G  (27) D(4)

4 .0 0.84 5.9 N G (32 ) N G  (6) N G  (32) N G (32 ) N G (6 )

10.0 0.85* 6.3 N G (36) D (4 ) NG  (36) N G (36 ) D (4)
P rop y len e  g ly co l 1.0 0.86 6.3 V 3 N T V3 V 3 N T

2.0 0.86 5.4 V 1 8 3L(4 ) N G (44 ) N G (44 ) 2 L (4 )

5.0 0.84 5.4 N G  (27) D(6) N G (27 ) N G I27 ) D(6)

9.0 0.82 6.3 N G  (36) D (4) N G (36 ) N G (36 ) D (4)

G ly ce ro l 1.0 0.85 6.3 V 2 N T V 2 V 2 N T

2.0 0.85 5.4 V 4 1 L(4) V 4 N G 1 L(4)

13.0 0.81 * 6.3 V(3) D4 V 3 NG D 4
Po lye th y lene  g lyco l 400 16.0 0 .84* 6.3 V 1 2 D12 V 1 2 NG D 4
C o n tro l 0 0.86 6.3 V 2 N T V 2 V 2 N T

0 0.87 5.4 V1 2L(4 ) V 2 V1 2 L  (2)

0 0.88 6.3 V1 3 L  (Vi) V1 V1 3 L ( ’/H
0 0.82* 6.3 V 2 N T V3 V 2 N T

s t o r e d  a t  0 . 8 2
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r e s u l t s  a r e  l i s t e d  i n  T a b l e s  6  t h r o u g h  9 .  T h e  n o m e n c l a t u r e  u s e d  
is  s h o w n  i n  T a b l e  5 .  I n  m o s t  c a s e s  t h e  m o l d  c o u l d  b e  p r e v e n t 

e d  b u t  t h e  S . e p i d e r m i d i s  c o u n t  i n c r e a s e d  r a p i d l y .  T h e  u s u a l  
m e t a b o l i c  i n h i b i t o r s  u s e d  i n  I M F ,  k - s o r b a t e  a n d  C a - p r o p i o n a t e  
w h i c h  w e r e  n o t  e f f e c t i v e  a l o n e ,  w e r e  t e s t e d  w i t h  g l y c e r o l ,  

p r o p y l e n e  g l y c o l ,  1 , 3 - b u t y l e n e  g l y c o l ,  m a n n i t o l  a n d  s o r b i t o l  a t  
l e v e l s  f r o m  1 — 1 0 % .  T h e  r e s u l t s  a r e  s i m i l a r l y  l i s t e d  i n  T a b l e s  1 0  
a n d  1 1 .

A  s u m m a r y  o f  t h e  v e r y  f e w  s u c c e s s f u l  a n t i m i c r o b i a l  s y s 

t e m s  f o u n d  i n  t h i s  s t u d y  i s  l i s t e d  i n  T a b l e  1 2 .  T h e  a d v a n t a g e  o f  
u s i n g  a n  a c i d u l a n t  i s  e v i d e n t  i n  t h e  r e s u l t s  f o r  t h e  0 . 8 5  a w

s y s t e m s .  O n l y  4 %  1 , 3 - b u t y l e n e  g l y c o l  w a s  n e e d e d  a t  p H  5 . 4 ,  

w h i l e  m o r e  t h a n  t w i c e  a s  m u c h  w a s  n e c e s s a r y  a t  p H  6 . 3 .  T h e  

s a m e  s i t u a t i o n  o c c u r r e d  w i t h  p r o p y l e n e  g l y c o l .  T h e  4 %  s o r b i 
t o l  s y s t e m  w i t h  0 . 3 %  K - s o r b a t e  a d d e d  w a s  a l s o  e f f e c t i v e  a s  a n  

a n t i m i c r o b i a l  s y s t e m .  T h e r e  m a y  b e  s o m e  a d v a n t a g e  t o  s u b 
s t i t u t i n g  s o m e  s u c r o s e  i n  a  p r o d u c t  w i t h  s o r b i t o l .  I n  a d d i t i o n ,  
t h e  r e s u l t s  s u g g e s t  t h a t  5 — 7 %  p r o p y l e n e  g l y c o l  i n  c o m b i n a t i o n  

w i t h  K - s o r b a t e  a t  0 . 8 5  a s  i s  p r e s e n t l y  u s e d ,  i s  v e r y  e f f e c t i v e  
s i n c e  5 %  p r o p y l e n e  g l y c o l  a l o n e  is  e f f e c t i v e .

N o  i n h i b i t o r  w a s  e f f e c t i v e  a l o n e  a t  t h e  h i g h e r  a w  0 . 8 8 ;  

h o w e v e r ,  b y  c o m b i n i n g  i n h i b i t o r s  t h e  d o g  f o o d  s y s t e m  w a s

Table 9 — Acidu lants (aw  0.85)

M icrob io log ica l response

Uninoculated Inoculated

Acidu lant % pH A. glaucus S. epiderm idis A . niger A . glaucus S. epidermidis

A d ip ic  acid 3.6 4.8 V 4 N G (4) V 4 V 4 N G  (4)

1.0 5.2 V3 N G (4) V 3 V 3 N G  (4)

0.6 5.5 V 2 D (4) V 3 V 2 D(4)

C itr ic  acid 1.6 4.8 V 4 NG (4) V 4 V 4 N G  (4)

0.5 5.3 V 2 N T V 2 V 2 N T

Fum aric  acid 1.2 4.9 V 4 N G  (4) V 4 V 4 N G (4)

0.5 5.7 V 2 N T V 2 V 2 N T

Lac tic  acid 2.0 4.8 V 4 N G (4) N G V 4 NG (4)

0.8 5.3 V 2 N T V 2 V 2 N T

Phosp ho ric  acid 0.55 4.8 V 3 D(6) N G V 3 N G  (6)

0.25 5.4 V1 2L(1  ) V 2 V1 2L(1  )

C on tro l 0 6.2 V1 None

detecteda

V 2 V1 None

d ete cted2

a M o ld  co u n t was very high; staph co lo n ie s  no t present on plates o f  h igh ly  d ilu ted  sample

Table 10 --Hum ectants w tih 0 .3 %  K-sorbate (pH 5.4, stored at aw 0.88)

M icrobio log ical response

g/100g 

dog food

Uninoculated Inoculated

Hum ectant Initial aw A. glaucus S. epiderm idis A. niger A . glaucus S. epidermidis

C on tro l 0 0.90 V1 2L('/2) V1 N G 2 L(14 )

C on tro l w  K-sorbate (0.3%) 0 0.90 N G  (1 5) 2 L(3 ) V 5 N G 2L(3 )

Polyols
1,3-butylene g ly co l 1 0.90 N T N T V  6 N G (24 ) 2L(2 )

2 0.89 N G  (24) 2 L(5 ) N G (24 ) N G  (24) 2 L  (5)

4 0.88 N G  (24) D5 D5 N G  (24) D 5

6 0.88 N G (24 ) D5 D5 N G  (24) D 5

G ly ce ro l 2 0.89 N T N T V 4 N G 2L(3 )

4 0.88 N G  (24) 2 L(3 ) V 5 N G 2L(3 )

8 0.86 N G (24) 2L(5 ) V 1 0 N G 2L(5 )

10 0.85 N G  (24) 2 L(7 ) N G  (24) N G  (24) 2L(7 )

Propy lene  g lyco l 2 0.90 N T N T V 6 N G 2L(2 )

4 0.88 N G  (24) D3 D5 N G  (24) D5

6 0.88 N G  (24) D3 D5 N G  (24) D5

8 0.87 N G  (24) D3 D5 N G  (24) D5

Sugars
Sorb ito l 4 0.89 N G (22) 2 L(2 ) V 1 9 NG 2L(2 )

7 0.86 N G  (22) 2L(3 ) N G (22) N G  (22) 2L(3 )

4 0.83* N G  (22) N G  (2 2 1 N G  (22) N G (22 ) N G  (7)

7 0.82 N G  (22) N G (7) N G (22 ) N G  (22) N G (7)

M ann ito l 2 0.89 N G  (22) N G (5) V4 NG N G  (5)

4 0.89 N G  (22) N G  (5) V 4 N G NG (5)

6 0.88 N G (22 ) N G (5) V4 N G N G  (5)

s t o r e d  a t  0 . 8 5



5 4 6 - J O U R N A L  O F  F O O D  S C I E N C E -  V o l u m e  4 1  ( 1 9 7 6 )

Table 11— Hum ectants w ith 0 .3 %  Ca-propionate (pH 5.4; stored at aw  0.88)

M icrobio log ical response

g/100g
Uninoculated inoculated

Hum ectant dog food Initial aw A. giaucus S. epidermidis A . niger A . glaucus S. epiderm idis

C o n tro l 0 0.90 V1 2L(% ) V1 N G 2 L ( ’/2)

C o n tro l w ith  Ca-prop ionate  (0.3%) 0 0.90 V 2 3L(3) NG V 2 3L(3 )

Polyols

1,3 -Buty lene  g lyco l 1 0.90 N T N T V 6 NG 2L(2 )

2 0.89 N G (22) 2 L(3 ) N G (22 ) N G  (22) 2L(3 )

4 0.88 N G (22) D3 N G  (22) NG  (22) N G (5)

6 0.88 N G  (22) D3 D(5) N G (22 ) D(7)

G ly ce ro l 2 0.89 N T N T V 5 NG 2 L(2 )

4 0.88 N T N T V 5 N G (22) 2 L  (3 )

8 0.86 N T N T V 6 N G (22) 2 L(3 )

10 0.85 N T N T N G V (28 ) 2 L (4 )

P ropy lene  g ly co l 2 0.90 N T N T N G  (22) N G  (22) 2 L(2 )

4 0.88 N G  (22) N G  (12) D(5) N G I22 ) 2 L(6 )

6 0.87 N G  (22) D7 D(5) N G  (22) D(7)

8 0.87 N G (22 ) D5 D(5) N G (22) D(5)

Sugar

M ann ito l 2 0.89 V 3 N G  (3) V 6 NG 2 L  (3 )

4 0.89 N T N T V 6 NG 2 L(3 )

6 0.88 V 4 2L(4 ) V 6 N G 2 L(2 )

N T  = n o t tested

m a d e  s h e l f  s t a b l e .  P r o p y l e n e  g l y c o l  a n d  1 , 3 - b u t y l e n e  g l y c o l  ( 4  

o r  6 % )  u s e d  w i t h  K - s o r b a t e  o r  C a - p r o p i o n a t e  ( 0 . 5 % ,  m a x i m u m  
a l l o w e d  b y  F D A )  e x t e n d e d  t h e  m i c r o b i o l o g i c a l  s h e l f  l i f e  o f  t h e  

d o g  f o o d  t o  6  m o n t h s .  T h i s  s u g g e s t s  t h e  u s e  o f  1 , 3 - b u t y l e n e  
g l y c o l  a s  a  s u b s t i t u t e  f o r  p r o p y l e n e  g l y c o l ,  a l t h o u g h  i t  is  n o t  
y e t  c l e a r e d  b y  F D A  f o r  s u c h  u s e .  T h e  r e s u l t s  a l s o  i n d i c a t e  t h a t  
C a - p r o p i o n a t e  c o u l d  b e  u s e d  i n s t e a d  o f  K - s o r b a t e ,  c o n t r a d i c t 
i n g  t h e  i n i t i a l  i n d i c a t i o n s  s h o w n  f r o m  T a b l e  4  ( i . e . ,  K - s o r b a t e  
e f f e c t i v e  a g a i n s t ,  b u t  C a - p r o p i o n a t e  n o t  e f f e c t i v e  a g a i n s t  A .  
g l a u c u s ) .  T h i s  p o i n t  i n v o l v e s  t h e  c o m p l e x i t y  o f  t h e  s y s t e m s  
a n d  o u r  l a c k  o f  u n d e r s t a n d i n g  o f  t h e  i n t e r a c t i o n s  o c c u r r i n g .  
A p p a r e n t l y  t h e r e  i s  a  s y n e r g i s t i c  e f f e c t  b e t w e e n  t h e  p o l y o l s  
a n d  t h e  m e t a b o l i c  i n h i b i t o r s .

T h e  a n t i m i c r o b i a l  s y s t e m s  r e q u i r e d  f o r  s t a b i l i t y  i n  t h i s  
p r o d u c t  a r e  m o r e  s e v e r e  t h a n  t h o s e  e f f e c t i v e  i n  a  s i m i l a r  c h i c k 
e n  b a s e d  I M F  s y s t e m  ( A c o t t  a n d  L a b u z a ,  1 9 7 4 ) .  T h i s  i l l u s -

Table 12— %  Levels of successful inhibitors

Inh ib itor

pH

5.4 6.3

at aw  0 .8 4 -0 .8 5

1 ,3 -Bu ty lene  g ly co l 4 % 9 %
P rop y len e  g lyco l 5% 8.3%
S o rb ito l w ith  0.3% 4 % _ a

K-sorbate

at aw  0.88

1,3-Buty lene g ly co l 4 %
w ith  0.3% K-sorbate

1,3-Buty lene g ly co l 4 %
w ith  0.3% Ca-prop ionate

P ropy len e  g lyco l 4 %
w ith  0.3% K-sorbate

P rop y len e  g lyco l 6 %
w ith  0.3% Ca-prop ionate

— = n o t tested

t r a t e s  t h e  i m p o r t a n c e  o f  p r o d u c t  f o r m u l a t i o n  o n  t h e  d e g r e e  o f  
a n t i m i c r o b i a l  p r o t e c t i o n  n e e d e d  a n d  t h e  f a c t  t h a t  i t  i s  h a r d  t o  

e x t r a p o l a t e  f r o m  o n e  s y s t e m  t o  a n o t h e r .
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E F F E C T S  O F  T H E R M A L  S T R E S S  A N D  R E D U C E D  W A T E R  A C T I V I T Y  

O N  C O N I D I A  O F  A s p e r g i l l u s  p a r a s i t i c u s

-----------------------------------------  A B S T R A C T  ------------------------------------------

Conidia o f A s p e rg illu s  p a r a s it ic u s  (an aflatoxin producer) were har
vested from an agar medium, centrifuged, and resuspended in 0.05% 
Tween-80. The suspension was subjected to  a therm al stress o f 51°C for 
up to  4 hr. Viability and therm al injury were evaluatd by the use o f two 
plating media, yeast extract agar and yeast extract agar + 10% NaCl. 
Evidence of injury was dem onstrated by the difference in colony 
counts on the two media. The num ber o f injured cells increased as the 
heating time continued Colonies from injured conidia developed more 
slowly than colonies from unheated conidia. The effect o f a reduced 
water activity (aw) was evaluated by comparing the ability o f unheated 
and heated conidia to  grow in media o f differing water activities. A 
most probable num ber technique was used to measure growth. Media of 
reduced aw limited the ability o f injured conidia to outgrow as com
pared to unheated conidia. C ontinued storage o f injured ccnidia in 
media of reduced aw eventually resulted in a loss o f colony-forming 
ability. Solutes used to lower aw were sodium chloride, glycerol, and 
sucrose.

IN T R O D U C T IO N

T H E  E F F E C T S  o f  su b le th a l  th e rm a l stress  to  g ram  po sitiv e  
and  g ram  n eg ative  b a c te r ia  have  b e en  c h a ra c te riz e d . A p a r tia l 
list o f  th e se  e f fe c ts  in c lu d e s  d am ag e  to  th e  c y to p la sm ic  
m em b ran e  (A llw o o d  a n d  R ussell, 1 9 6 9 ; la n d o lo  a n d  O rd a l,
1966), d e g ra d a tio n  o f  r ib o n u c le ic  acid  (M iller an d  O rd a l, 
19 7 2 ; G ray  e t  al., 1 9 7 3 ), a lte ra t io n  o f  e n z y m a tic  a c tiv ity  
(P ie rso n  and  O rdal, 1 9 7 1 ; T o m lin s  e t  al., 1 9 7 1 ), a lte ra t io n  o f 
n u tr ie n t  an d  pH  re q u ire m e n ts  (C la rk  a n d  O rd a l, 1 9 6 9 ), in 
creased  se n sitiv ity  to  in h ib i to rs  an d  se lec tiv e  a g en ts  (T o m lin s  
and  O rdal, 1 9 7 1 ; B u sta  a n d  Jezesk i, 1 9 6 3 ) a n d  in d u c e m e n t o f  
a  p ro lo n g ed  lag phase . O f sp ec ia l c o n c e rn  to  th e  fo o d  m ic ro 
b io lo g ist is th e  in c re a sed  se n s it iv ity  o f  h e a t  in ju re d  cells to  
se lec tive  m ed ia . T h e  use  o f  su c h  se lec tive  m ed ia  m ay  re su lt in  
fa ilu re  to  d e te c t  in ju re d  o rg an ism s a lth o u g h  u n in ju re d  cells a re  
d e te c te d . T h is fa ilu re  to  d e te c t  in ju re d  o rg a n ism s is c ritic a l in 
th o se  in s tan c es  w h ere  d e f in e d  m ic ro b ia l lim its  e x is t b ecau se  it 
is e ssen tia l th a t  all v iab le  o rg an ism s b e  e n u m e ra te d .

A lth o u g h  m u ch  re se a rc h  h as b e en  d o n e  in th e  a rea  o f  sub- 
le th a l th e rm a l s tre ss  to  b a c te r ia  (p ro c a ry o t ic  cells), l it t le  w o rk  
h as b een  d ire c te d  to w a rd  th e  e f fe c ts  o f  sim ila r s tre sses  on  
fungal (e u c a ry o tic )  cells. S tu d ie s  b y  N ash  a n d  S in c la ir (1 9 6 8 )  
and N elson  (1 9 7 2 )  in d ic a te  th a t  th e  e f fe c ts  o f  a su b le th a l 
th e rm a l stress  to  y e a s t cells a re  s im ila r to  th o se  th a t  o c cu r in 
su b le th a lly  in ju re d  b a c te r ia l  cells.

T h e  p u rp o se  o f  th is  s tu d y  w as to  e x am in e  a n d  c h a ra c te riz e  
th e  e ffe c ts  o f  th e rm a l s tre ss  a n d  re d u c e d  w a te r  a c tiv ity  (a w ) 
on  th e  c o n id ia  o f  A s p e r g i l l u s  p a r a s i t i c u s .  T h is  m o ld  is o f  in te r 
est to  th e  fo o d  in d u s try  b e ca u se  o f  its  a b ili ty  to  g ro w  u n d e r  a 
w ide v a r ie ty  o f  p ro d u c t  s to rag e  c o n d itio n s  a n d  b ecau se  o f  its  
ab ility  to  p ro d u c e  c a rc in o g e n ic  se c o n d a ry  m e ta b o li te s  co llec 
tive ly  k n o w n  as a fla to x in s .

E X P E R IM E N T A L

Thermal stress procedure
A. p a ra s it ic u s  NRRL 2999 was grown on Czapek-Dox agar at 25°C 

for 1 m onth and the mature culture was refrigerated until needed. In no

case did the refrigerated storage exceed 50 days. Conidial suspensions 
were prepared immediately prior to use by gently washing the agar 
surface with water containing 0.05% Tween-80 (Nutritional Bio
chemicals CorpO, centrifuging the suspension, and suspending the pellet 
with additional 0.05% Tween-80. All suspensions were approxim ately 1 
x  10’ conidia/mL Direct microscopic exam ination dem onstrated that 
the suspensions were free o f mycelial fragments. Direct microscopic 
counts of conidia in unheated suspensions closely approxim ated the 
viable plate counts. The incubation of all materials was at 25° C. Co
nidial suspensions were placed in a closed stainless steel vessel and 
heated in a circulating water bath a t 51°C (El-Bisi and Ordal, 1956). To 
minimize settling, the suspension was agitated with a magnetic stirring 
bar. Unless otherwise indicated, a standard 4-hr heating period was 
used.

Assay procedure
A two-media m ethod of dem onstrating injury resulting from a ther

mal stress was employed. Samples were removed from the heating 
m enstruum at various intervals, cooled, and serially diluted in distilled 
water. Yeast extract agar (YA) and yeast extract agar plus 10% NaCl 
(YSA) were surface inoculated in triplicate with 0.1 ml of a properly 
diluted sample. The counts obtained with YA represented the number 
o f viable cells present in the sample, and the counts from YSA repre
sented an evaluation of the num ber o f the uninjured cells present. The 
difference in the two counts was therefore a measure o f the injured 
cells. The composition of YA was lO.Og m alt extract, 4.0g yeast ex
tract, 4.0g dextrose, 15.Og Bacto-agar, and 1.0 liter distilled water. YSA 
contained these same ingredients plus lOO.Og NaCl. The pH of both 
media was approxim ately 5.5.

Q uantitation of cell leakage
Aliquots o f a conidial suspension were collected at various intervals 

during a 4-hr heating period and centrifuged. The leakage of protein
aceous and nucleic acid materials from the conidia was detected by 
examining the supernatant liquid for absorbance at 280 nm and 260 
nm. A Beckman DU m onochrom ator with a modified Gilford Model 
222 photom eter was used to make all measurements.

Growth rate determinations
Rates o f development o f colonies from injured and unheated co

nidia were examined. Unheated conidia and conidia heated at 51°C for 
4 hr were serially diluted using distilled water. YA plates were inocu
lated with 0.1 nil amounts of sample so that no more than 8 colonies 
appeared on a plate. There were 10 plates made from each sample. The 
num ber and diam eter o f colonies form ed from  injured and unheated 
conidia was measured a t intervals over a 146-hr period. The increase in 
colony diam eter was determined by averaging the diameters o f the first 
group o f observed colonies. A filar m icrom eter m ounted on a stereo
scope was used to measure colonies smaller than approxim ately 1 cm. 
Larger colonies were measured with a ruler and a stereoscope.

Water activity studies
The ability o f injured conidia to  outgrow in media o f reduced water 

activity (aw) was examined by a five tube most probable number 
(MPN) procedure. Injured and unheated conidia were enum erated in 
yeast extract bro th  (YB) with aw levels of 0.99, 0.96, 0.93, 0.92, 0.90 
and 0.88. The ability o f injured and unheated cells to  grow in the 
various media was compared. The 0.99 aw YB which contained no 
added solute to reduce aw was used as a reference for the comparisons. 
Three solutes were used to  adjust the aw o f  the YB media: sodium 
chloride, glycerol, and sucrose (Robinson and Stokes, 1968; Scott,
1957). The broth  was prepared so that when 0.1 ml o f sample was 
inoculated into a 20 mm X 150 mm screw top  test tube containing 9.9 
ml o f broth, the mixture had the desired aw level.
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Fig. 1—Enumeration o f thermally stressed conidia o f  A. parasiticus. 
Conidia were heated a t 51° C for 4 hr and enumerated at intervals on: o, 
YA; and A, YSA.

S to r a g e  o f  s t r e s s e d  c o r t id ia  in  a  m e d iu m  o f  r e d u c e d  a w

Cells heated at 51°C for 4 hr were serially diluted using distilled 
water. Screw top test tubes (20 mm x 150 mm) containing 9.9 ml of 
YB of 0.92 final aw were inoculated with 0.1 ml quantities of proper 
dilutions and stored at 25° C. At intervals the viability of the stored 
cells was measured by an MPN technique. One milliliter amounts of the 
appropriately diluted cells stored at 0.92 aw were inoculated into MPN 
tubes of YB with final aw of 0.99.

R E S U L T S  & D IS C U S S IO N

T H E R M A L L Y  IN D U C E D  in ju ry  to  c o n id ia  o f  A . p a r a s i t i c u s  

N R R L  2 9 9 9  w as d e m o n s tra te d  b y  a tw o -m ed ia  p la tin g  te c h 
n iq u e  (F ig . 1). C o n id ia  p la te d  b e fo re  h e a tin g  d e m o n s tra te d  
e q u a l a b il i ty  to  g ro w  o n  each  m ed iu m  w h ereas h e a te d  co n id ia

Fig. 2—Quantitation o f materials in the heating menstruum  absorbing at 
260 nm  and 280 nm. A conidial suspension o f  A. parasiticus was heated 
at 51° C. Samples o f the heating m enstruum  were analyzed a t intervals 
for absorbance at: o , 260 nm; and A, 280 nm.

sh o w ed  a re d u ce d  a b ili ty  to  g ro w  o n  th e  m e d iu m  w ith  th e  
ad d ed  10% N aC l. T h e  se n sitiv ity  to  th e  h ig h er N aC l c o n c e n 
t r a t io n  in c re a sed  w ith  h e a tin g  tim e . A fte r  4  h r  o f  h e a tin g  
n e a rly  99%  fe w er c o n id ia  w e re  e n u m e ra te d  w ith  Y SA  as c o m 
p a red  to  th o se  e n u m e ra te d  w ith  YA. S im ila r re su lts  have  b e en  
o b se rv ed  w ith  a v a r ie ty  o f  b a c te r ia  (C la rk  an d  O rd a l, 1 9 6 9 ; 
C lark  e t  al., 1 9 6 8 ; M iller an d  O rd a l. 1972).

T h e  m e a su re m e n t o f  m a te ria l in  th e  h e a tin g  m e n s tru u m  
a b so rb in g  a t 2 6 0  n m  an d  2 8 0  n m  in d ire c t ly  d e m o n s tra te d  th a t  
c y to p la sm ic  m e m b ra n e  d am ag e  h ad  o c c u rre d  a llo w in g  th e  
leakage  o f  n u c le ic  acid  an d  p ro te in a c e o u s  m a te ria ls  in to  th e  
h e a tin g  m e n s tru u m  (F ig . 2). As h e a tin g  t im e  in c re a sed , th e  
levels o f  m a te ria ls  ab so rb in g  a t  2 6 0  nm  an d  2 8 0  n m  in c re a sed  
in d ic a tin g  in c re a sed  c y to p la sm ic  m e m b ra n e  d am ag e. T h e  u n 
h e a te d  co n id ia l su sp en s io n s  h a d  h ig h  levels o f  a b so rb in g  m a
teria ls . T h is  w as a t t r ib u te d  to  m a te ria ls  w ash ed  f ro m  th e  su r
face  o f  th e  c o n id ia  s in ce  re p e a te d  w ash in g s o f  th e  u n h e a te d  
cell su sp en s io n s  lo w ered  th e  in it ia l  levels.

T h e  g ro w th  p a tte rn  o f  th e rm a lly  in ju re d  c o n id ia  w as fo u n d  
to  be  d if fe re n t  fro m  th a t  o f  u n h e a te d  c o n id ia . H eated  c o n id ia  
re q u ire d  a lo n g e r  in c u b a tio n  tim e  fo r  th e  f irs t a p p e a ra n c e  o f  
v isib le  co lo n ie s  an d  had  in creased  v a r ia b ili ty  in  th e  a p p e a ra n c e  
o f  v isib le  co lo n ie s  (F ig . 3). A ll o f  th e  c o lo n ie s  f ro m  th e  u n 
h e a te d  su sp en s io n s  w ere  v isib le  w ith in  18 h r a f te r  th e  o b se r
v an ce  o f  th e  f irs t c o lo n y . H ow ever, n o t  o n ly  d id  th e  f irs t 
a p p e a ra n c e  o f  a c o lo n y  fro m  a h e a te d  su sp e n s io n  lag  26  hr 
b e h in d  th e  f irs t a p p e a ra n c e  o f  a c o lo n y  fro m  th e  u n stre sse d  
su sp en s io n , b u t  i t  a lso to o k  71 h r  f ro m  th e  a p p e a ra n c e  o f  th e  
firs t c o lo n y  to  th e  a p p e a ra n c e  o f  th e  last. T h e  g re a te r  tim e  
span  re q u ire d  fo r  th e  a p p e a ra n c e  o f  all o f  th e  co lo n ie s  f ro m  
th e  h e a te d  su sp en s io n  w as an  in d ic a tio n  th a t  th e  d eg ree  o f  
in ju ry  v a ried  a m o n g  th e  in d iv id u a l co n id ia . O n c e  th e  co lo n ie s  
f ro m  th e  in ju re d  o r  u n h e a te d  c o n id ia  w e re  v isib le , th e  in crease  
in  c o lo n y  d ia m e te r  w ith  t im e  w as s im ilar. T h is  in d ic a te d  th a t  
o n c e  co lo n ie s  w ere  v isib le , th e re  w as n o  m o rp h o lo g ic a l d if
fe re n c e  b e tw e e n  g ro w th  p a tte rn s  o f  c o lo n ie s  f ro m  in ju re d  o r  
u n h e a te d  c o n id ia . T h e  lag in  th e  a p p e a ra n c e  o f  v isib le  c o lo n ie s  
f ro m  in ju re d  co n id ia  w as re la te d  to  th e  t im e  re q u ire d  fo r  th e  
c o n id ia  to  re co v e r f ro m  th e  th e rm a l stress. G e rm in a tio n  
s tu d ie s  o n  h e a t in ju re d  c o n id ia  (u n p u b lis h e d  d a ta )  sh o w  a 
c o m p a ra b le  lag in  f irs t a p p e a ra n c e  o f  sw elling  an d  g erm  tu b e  
fo rm a tio n . R e p a ir  o f  th e rm a lly  in d u c e d  le s io n s  in b a c te r ia  has

Fig. 3—The first appearance o f  colonies from heated and unheated 
conidia o f A. parasiticus. Unheated cells (o) and cells heated at 51°C  
for 4 hr (A) were plated on YA. The first observation o f  colony pres
ence was recorded and related to the total num ber o f  colonies 
eventually observed.
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b e e n  f o u n d  t o  o c c u r  d u r i n g  a n  e x t e n d e d  l a g  p h a s e  w h i c h  f o l 

l o w s  t h e  h e a t i n g  o f  t h e  b a c t e r i a l  c e l l s  ( I a n d o l o  a n d  O r d a l ,
1 9 6 6 ) .

T h e  r e s u l t s  o f  t h e  w a t e r  a c t i v i t y  s t u d i e s  d e m o n s t r a t e d  t h a t  

u n h e a t e d  c o n i d i a  w e r e  e n u m e r a t e d  e q u a l l y  i n  Y B  w i t h  a w  

l e v e l s  a s  l o w  a s  0 . 9 0 ,  w h e n  a w  w a s  a d j u s t e d  b y  a d d i t i o n  o f  
N a C l  ( F i g .  4 ) .  H o w e v e r ,  t h e  e n u m e r a t i o n  o f  u n h e a t e d  c e l l s  
w i t h  0 . 8 8  a w  Y B  w a s  d r a s t i c a l l y  r e d u c e d .  A l t h o u g h  u n h e a t e d  

c e l l s  w e r e  e n u m e r a t e d  e q u a l l y  w i t h  m e d i a  o f  a w  a s  l o w  a s

0 . 9 0 ,  t h e  g r o w t h  r a t e  a s  m e a s u r e d  b y  v i s i b l e  c e l l  m a s s  w a s  
m u c h  s l o w e r  i n  m e d i a  o f  r e d u c e d  a w . S h i h  a n d  M a r t h  ( 1 9 7 2 )  

d e m o n s t r a t e d  t h a t  t h e  g r o w t h  r a t e  o f  A .  p a r a s i t i c u s  ( a s  
m e a s u r e d  b y  c e l l  m a s s )  w a s  i n h i b i t e d  b y  i n c r e a s e d  N a C l  

c o n c e n t r a t i o n .

M e d i a  o f  r e d u c e d  a w  l i m i t e d  t h e  a b i l i t y  o f  t h e r m a l l y  i n 
j u r e d  c o n i d i a  t o  o u t g r o w .  T h e  c o n i d i a  d e m o n s t r a t e d  r e d u c e d  
a b i l i t y  t o  o u t g r o w  w i t h  i n c r e a s e d  h e a t i n g  t i m e  a n d  d e c r e a s e d  

a w  ( F ig -  4 ) .  A f t e r  4  h r  o f  h e a t i n g ,  t h e  c o u n t  o n  Y B  o f  0 . 9 0  a w  
w a s  l e s s  t h a n  0 . 0 1 %  o f  t h e  c o u n t  o b t a i n e d  w i t h  Y B  o f  0 . 9 9  

a w -
W h e n  t h e  s o l u t e s  u s e d  t o  r e d u c e  t h e  a w  o f  t h e  e n u m e r a t i o n  

b r o t h  ( Y B )  w e r e  c o m p a r e d ,  t h e  r e s u l t s  w e r e  q u a l i t a t i v e . y  s i m i 

l a r  b u t  q u a n t i t a t i v e l y  d i f f e r e n t  ( F i g .  5 ) .  A t  t h e  0 . 9 6  a w  l e v e l ,  
t h e  n u m b e r  o f  c o n i d i a  e n u m e r a t e d  w i t h  t h e  t h r e e  s o l u t e s  w a s  
n e a r l y  t h e  s a m e .  H o w e v e r  a s  t h e  a w  w a s  r e d u c e d  t o  0 . 9 0 ,  t h e  
e n u m e r a t i o n  o f  c o n i d i a  w a s  f o u n d  t o  v a r y  w i t h  t h e  s o l u t e  
u s e d .  T h e  v i a b i l i t y  o f  t h e  c o n i d i a  w a s  r e d u c e d  t h e  g r e a t e s t  b y  
N a C l  a n d  l e a s t  b y  s u c r o s e .  O v e r a l l ,  t h e  e f f e c t s  o f  t h e  t h r e e  
s o l u t e s  w e r e  s i m i l a r .  U n h e a t e d  c o n i d i a  w e r e  e n u m e r a t e d  
e q u a l l y  i n  m e d i a  o f  a w  a s  l o w  a s  0 . 9 0  r e g a r d l e s s  o f  t h e  a g e n t  

u s e d  t o  a d j u s t  a w . T h e r m a l l y  i n j u r e d  c o n i d i a  s h o w e d  g r e a t e r  
s e n s i t i v i t y  t o  t h e  m e d i a  o f  r e d u c e d  a w  w h i c h  c o n t a i n e d  h i g h e r  

c o n c e n t r a t i o n s  o f  t h e  a p p r o p r i a t e  s o l u t e .  H i g h e r  c o n c e n t r a 
t i o n s  o f  a l l  t h r e e  s o l u t e s  a l s o  r e d u c e d  t h e  g r o w t h  r a t e  a s  
m e a s u r e d  b y  c e l l  m a s s .

T h e  s t o r a g e  o f  h e a t  i n j u r e d  c o n i d i a  i n  m e d i a  o f  0 . 9 2  a w  
w i t h  s u b s e q u e n t  e n u m e r a t i o n  u s i n g  a  f i v e - t u b e  M P N  Y B  ( a w  
0 . 9 9 )  s y s t e m  s h o w e d  t h a t  c o n t i n u e d  s t o r a g e  o f  h e a t e d  c o n i d i a  
i n  m e d i a  o f  r e d u c e d  a w  r e s u l t e d  i n  a  l o s s  o f  c o l o n y - f o r m i n g  
a b i l i t y  w h e n  e n u m e r a t e d  i n  m e d i a  o f  h i g h  a w . I n j u r e d  c o n i d i a  
e x p o s e d  t o  a  r e d u c e d  a w  e n v i r o n m e n t  ( 0 . 9 2 )  d e m o n s t r a t e d  a n  

i n i t i a l  d r o p  i n  a b i l i t y  t o  f o r m  c o l o n i e s .  T h e  c o u n t  t h e n  r e 
m a i n e d  c o n s t a n t  t h r o u g h  4  d a y s  o f  s t o r a g e  a f t e r  w h i c h  t h e  
v i a b l e  c o u n t  p r o g r e s s i v e l y  d e c r e a s e d  a s  t h e  s t o r a g e  t i m e  w a s  

e x t e n d e d .  A f t e r  1 4  d a y s  o f  s u c h  s t o r a g e  t h e  v i a b l e  c o u n t  w a s  
r e d u c e d  b y  m o r e  t h a n  9 9 % .

T h e  o b s e r v a t i o n s  r e p o r t e d  h e r e  h a v e  b e e n  a t t r i b u t e d  t o  

i n j u r y  t o  t h e  c o n i d i a  c a u s e d  b y  a  t h e r m a l  s t r e s s .  H o w e v e r ,  i t  
w a s  p o s s i b l e  t h a t  o t h e r  s o u r c e s  o f  s t r e s s  w e r e  a c t i n g  i n  c o m b i 
n a t i o n  w i t h  t h e  t h e r m a l  s t r e s s .  O n e  p o s s i b l e  s o u r c e  o f  a d 

d i t i o n a l  s t r e s s  w a s  t h e  u s e  o f  T w e e n - 8 0  i n  t h e  h e a t i n g  m e n 
s t r u u m .  T w e e n - 8 0  h a s  f r e q u e n t l y  b e e n  u s e d  a s  a  w e t t i n g  a g e n t  

i n  p r e p a r i n g  f u n g a l  c e l l  s u s p e n s i o n s  ( C h a r l a n g  a n d  H o r o w i t z ,
1 9 7 1 ) .  A  r e c e n t  i n v e s t i g a t i o n  ( S c o t t  a n d  A l d e r s o n ,  1 9 7 4 )  

i n d i c a t e d  t h a t  T w e e n - 8 0  m a y  l o w e r  c o n i d i a l  r e s i s t a n c e  t o  
s t r e s s  b y  d e p l e t i o n  o f  g e r m i n a t i o n  i n h i b i t o r s .  L i k e w i s e ,  u s e  o f  
m a t u r e  c u l t u r e s  s t o r e d  a t  r e f r i g e r a t i o n  t e m p e r a t u r e s  a s  a  
s o u r c e  o f  c o n i d i a  f o r  t h e  e x p e r i m e n t s  m a y  a l s o  h a v e  a l t e r e d  

t h e  h e a t  r e s i s t a n c e  p r o p e r t i e s  o f  t h e  c o n i d i a .
T h e  d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  p r o v i d e  p r e l i m i n a r y  e v i 

d e n c e  t h a t  a  s u b l e t h a l  t h e r m a l  s t r e s s  t o  t h e  c o n i d i a  o f  A .  p a r a 

s i t i c u s  p r o d u c e s  e f f e c t s  w h i c h  a r e  s i m i l a r  t o  t h o s e  p r o d u c e d  b y  
a  s i m i l a r  s t r e s s  t o  b a c t e r i a l  c e l l s .  T h e  r e l e a s e  o f  c e l l u l a r  c o n 

s t i t u e n t s  i n t o  t h e  h e a t i n g  m e n s t r u u m  i m p l i e d  c y t o p l a s m i c  
m e m b r a n e  d a m a g e .  T h i s  w a s  f u r t h e r  s u b s t a n t i a t e d  b y  t h e  i n 
c r e a s e d  s e n s i t i v i t y  o f  t h e  i n j u r e d  c o n i d i a  t o  N a C l  a n d  t o  o t h e r  

s o l u t e s  u s e d  t o  r e d u c e d  t h e  a w  o f  t h e  c o n i d i a l  e n v i r o n m e n t .  
T h e  e x t e n d e d  l a g  p e r i o d  f o l l o w i n g  i n j u r y  i n d i c a t e d  t h a t  r e 
c o v e r y  o r  r e p a i r  h a d  t o  o c c u r  b e f o r e  g e r m i n a t i o n  a n d  o u t 

g r o w t h  c o u l d  t a k e  p l a c e .  T h i s  w a s  s u b s t a n t i a t e d  b y  t h e  f a c t

t h a t  o n c e  o u t g r o w t h  w a s  d e t e c t e d  t h e  r a t e  o f  c o l o n y  s i z e  i n 
c r e a s e  w a s  c o m p a r a b l e  f o r  c o l o n i e s  r e s u l t i n g  f r o m  e i t h e r  u n 

h e a t e d  o r  t h e r m a l l y  i n j u r e d  c o n i d i a .  T h e  o b s e r v a t i o n  t h a t  t h e r 
m a l l y  i n j u r e d  c o n i d i a  w e r e  u n a b l e  t o  o u t g r o w  i n  m e d i a  o f  
r e d u c e d  a w  w h e r e a s  u n h e a t e d  c o n i d i a  c o u l d  o u t g r o w  u n d e r  

s u c h  c o n d i t i o n s  s u g g e s t s  t h a t  t h e  c o m b i n a t i o n  o f  h e a t  a n d  

r e d u c e d  a w  c o u l d  e f f e c t i v e l y  c o n t r o l  f u n g a l  f o o d  s p o i l a g e  
u n d e r  a  v a r i e t y  o f  f o o d  p r o d u c t  c o n d i t i o n s .

HEATING TIME HOURS)

Fig. 4—Enumeration o f thermally stressed conidia o f A. parasiticus by a 
MPN procedure using media o f various aw  Conidia were heated at 51°C 
and enumerated at intervals by a M PN  procedure using YB adjusted 
with NaCl to levels of: •„ 0.99 aw; o , 0.96 aw; ■ , 0.93 aw;and □„ 0.90

O
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Fig. 5—A comparison o f viable counts o f thermally stressed A. para
siticus when enumerated by a MPN technique using a reference medium 
vs media o f reduced aw. Conidia heated at 51° C for 4 hr were enumer
ated by M PN technique. Counts obtained using YB o f reduced aw were 
compared to those obtained using YB (aw 0.991 which had no solute 
added to lower aw. Three solutes were compared: o , NaCl; A, Glycerol; 
and o, sucrose.
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I S O L A T I O N  O F  L I P O F U S C I N - L I K E  F L U O R E S C E N T  P R O D U C T S  

F R O M  R I P E N I N G  B A N A N A  F R U I T

-------- — ----------------  ABSTRACT -----------------------------
R ip e n in g  b a n a n a  f r u i t  c o n ta in s  w a te r - in s o lu b le  p ig m e n ts  w h ic h  h a v e  a  
m o le c u la r  w e ig h t  in  e x c e s s  o f  4 0 0 0  a n d  a  f l u o r e s c e n c e  s p e c t r u m  i d e n t i 
c a l  t o  l ip o f u s c in  o r  a g e  p ig m e n ts .  T h e  p ig m e n ts  w e r e  n o t  d e c o m p o s e d  
b y  i r r a d i a t i o n  w i th  u l t r a v io l e t  l ig h t .  T h e  f l o u r e s c e n t  s u b s t a n c e s  i n 
c r e a s e d  l in e a r ly  in  t h e  p e e l  a n d  q u a d r a t i c a l l y  in  t h e  p u lp  d u r in g  th e  
c o u r s e  o f  r ip e n in g .  I t  is  s u g g e s te d  t h a t  t h e  f l u o r e s c e n t  s u b s ta n c e s  a re  
p r o d u c t s  o f  m e m b r a n e  l i p o - p r o t e in  p e r o x i d a t i o n  l ik e  t h e  l ip o f u s c in  
p ig m e n ts  i d e n t i f i e d  in  a n im a l  t i s s u e s .

INTRODUCTION
A G E  P I G M E N T  o r  l i p o f u s c i n  h a s  b e e n  i m p l i c a t e d  i n  c e T u l a r  
d a m a g e  r e l a t e d  t o  l i p i d  p e r o x i d a t i o n  a n d  a g i n g  ( P o r t a  a n d  
H a r t r o f t ,  1 9 6 9 ;  S h e l d r a k e ,  1 9 7 4 ;  H a r m a n ,  1 9 7 2 ;  R e i c h e l ,  

1 9 7 1 ;  T o n n a ,  1 9 7 5 ) .  I t  i s  c o m m o n l y  b e l i e v e d  t h a t  a g e  p i g m e n t  
a c c u m u l a t i o n  i s  a  r e s u l t  o f  c e l l u l a r  m e m b r a n e  p h o s p h o l i p i d  
p e r o x i d a t i o n  v i a  m o l e c u l a r  o x y g e n  o r  f r e e  r a d i c a l  r e a c t i o n  
( H a r m a n ,  1 9 7 2 ;  R o u b a l  a n d  T a p p e l ,  1 9 6 6 ;  C h i o  a n d  T a p p e l ,  
1 9 6 9 a ;  M i q u e l  e t  a l . ,  1 9 7 4 ) .  L i p o f u s c i n  a c c u m u l a t e s  w i t h  a g e  

a n d  i t s  a c c u m u l a t i o n  i s  a l s o  a  f u n c t i o n  o f  a n t i o x i d a t i o n  n u t r i 
t i o n  o r  o x i d a n t  d a m a g e  ( R e d d y  e t  a l . ,  1 9 7 3 ;  C h e n ,  1 9 7 4 ;  
B a r k e r  a n d  B r i n ,  1 9 7 5 ) .  L i p o f u s c i n  h a s  b e e n  i s o l a t e d  a n d  c h a r 
a c t e r i z e d  h i s t o l o g i c a l l y  a n d  b i o c h e m i c a l l y  a s  c o m p l e x e d  l i p i d  

a n d  p r o t e i n  s u b s t a n c e s .  T h e  c o m p o s i t i o n  a n d  c h a r a c t e r  o f  
l i p o f u s c i n s  i n d i c a t e  t h a t  t h e y  a r e  d e r i v e d  b y  l i p i d  p e r o x i d a t i o n  

o f  p o l y u n s a t u r a t e d  l i p i d s  o f  s u b c e l l u l a r  m e m b r a n e s  ( H e n d l e y  

e t  a l . ,  1 9 6 3 ;  P o r t a  a n d  H a r t r o f t ,  1 9 6 9 ) .
B i o l o g i c a l  m e m b r a n e s ,  e s p e c i a l l y  t h o s e  o f  s u b c e l l u l a r  o r g a n 

e l l e s ,  a r e  l a b i l e  t o  l i p i d  p e r o x i d a t i o n  b e c a u s e  o f  t h e i r  h i g h  
c o n t e n t  o f  p o l y u n s a t u r a t e d  l i p i d s .  A m o n g  t h e  p r o d u c t s  o f  
o x i d a t i v e  d e t e r i o r a t i o n  o f  t h e s e  u n s a t u r a t e d  l i p i d s  a r e  f r e e  

r a d i c a l  i n t e r m e d i a t e s ,  s e m i s t a b l e  p e r o x i d e s  a n d  r e a c t i v e  c a r 
b o n y l s  ( B i d l a c k  a n d  T a p p e l ,  1 9 7 3 ;  P r y o r ,  1 9 7 0 ) .  T h e  m e c h a 
n i s m s  b y  w h i c h  c e l l u l a r  s y s t e m s  a r e  d a m a g e d  i n c l u d e  f r e e  
r a d i c a l  p o l y m e r i z a t i o n ,  a l d e h y d e  c r o s s l i n k i n g ,  p o l y m e r i z a t i o n  

a n d  d i s r u p t i o n  o f  m e m b r a n e  l i p i d  i n t e g r i t y  ( C h i o  a n d  T a p p e l ,  
1 9 6 9 a ) .  A l t e r a t i o n  i n  p h o s p h o l i p i d  s t r u c t u r e  a l s o  o c c u r s  d u r 

i n g  p e r o x i d a t i o n  o f  p u r i f i e d  p h o s p h o l i p i d s  a n d  o f  c o m p l e x  
p h o s p h o l i p i d s  o f  m e m b r a n e  ( W i l l s ,  1 9 7 1 ;  T a m  a n d  M c C a y ,  
1 9 7 0 ;  M a y  a n d  M c C a y ,  1 9 6 8 ;  F o n g e t a l . ,  1 9 7 3 ;  P e d e r s e n  a n d  

A u s t ,  1 9 7 3 ) .
T h e  f l u o r e s c e n t  p r o p e r t y  o f  a g e  p i g m e n t  h a s  b e e n  i n v e s t i 

g a t e d  ( H y d e n  a n d  L i n d s t r o m ,  1 9 5 0 ;  H e n d l e y  e t  a l . ,  1 9 6 3 ) .  T h e  
p i g m e n t s  h a v e  c h a r a c t e r i s t i c  f l u o r e s c e n c e  s p e c t r a  w i t h  e m i s 

s i o n  m a x i m a  i n  t h e  r a n g e  o f  4 4 0 —4 7 0  n m  a n d  e x c i t a t i o n  
m a x i m a  i n  t h e  r a n g e  o f  3 6 0 — 3 8 0  n m .  C h i o  a n d  T a p p e l  
( 1 9 6 9 b )  s y n t h e s i z e d  a n d  c h a r a c t e r i z e d  f l u o r e s c e n t  p r o d u c t s  
d e r i v e d  f r o m  m a l o n a l d e h y d e  a n d  a m i n o  a c i d s .  M a l o n a l d e h y d e  

i s  o n e  o f  t h e  c a r b o n y l s  p r o d u c e d  d u r i n g  p o l y u n s a t u r a t e d  f a t t y  
a c i d  o x i d a t i o n  ( L i l l a r d  a n d  D a y ,  1 9 6 4 ;  B a k e r  a n d  V / i l s o n ,  
1 9 6 6 ) .  M a l o n a l d e h y d e  r e a c t s  b i f u n c t i o n a l l y  w i t h  a m i n o  g r o u p s  

o f  p r o t e i n s ,  e n z y m e s  a n d  n u c l e i c  a c i d s  a n d  r e s u l t s  i n  i n t e r -  a n d  
i n t r a m o l e c u l a r  c r o s s l i n k i n g .  T h e  S c h i f f  b a s e  p r o d u c t ,  a  c o n 
j u g a t e d  i m i n e  s y s t e m ,  R N = C H - C H = C H - N H - R ,  w i t h  a  f a i r l y  
s t r o n g  e l e c t r o n  d o n a t i n g  g r o u p  i s  t h e  s t r u c t u r e  r e q u i r e d  f o r  

f l u o r e s c e n t  p r o d u c t i o n  ( M a l s h e t  a n d  T a p p e l ,  1 9 7 3 ) .  S i m i l a r

f l u o r e s c e n c e  s p e c t r a  a r e  o b s e r v e d  w h e n  t h e  m e m b r a n e s  o f  t h e  

s u b c e l l u l a r  o r g a n e l l e s  a r e  o x i d i z e d  i n  v i t r o  ( C h i o  a n d  T a p p e l ,  
1 9 6 9 a ;  D i l l a r d  a n d  T a p p e l ,  1 9 7 1 ;  M i q u e l  e t  a l . ,  1 9 7 4 ) ,  a n d  i n  

v i v o  a s  e v i d e n c e d  b y  t h e  a c c u m u l a t i o n  o f  f l u o r e s c e n t  c e r o i d  

a n d  l i p o f u s c i n  p i g m e n t s  i n  v a r i o u s  t i s s u e s  ( P o r t a  a n d  H a r t r o f t ,  
1 9 6 9 ;  R e d d y  e t  a l . ,  1 9 7 3 ) .

A g e  p i g m e n t  g r a n u l e s  w e r e  f i r s t  r e p o r t e d  t o  b e  p r e s e n t  i n  
m a m m a l s .  M o r e  r e c e n t l y ,  l i p o f u s c i n  h a s  b e e n  f o u n d  i n  
p r o t o z o a  ( R u d z i n s k a ,  1 9 6 1 ) ,  n e m a t o d e s  ( E p s t e i n  e t  a l . ,  1 9 7 2 ) ,  

h o u s e f l i e s  ( S o h a l  a n d  A l l i s o n ,  1 9 7 1 )  a n d  i n  f r u i t  f l i e s  ( M i q u e l  
e t  a l . ,  1 9 7 4 ) .  F r o m  t h e s e  o b s e r v a t i o n s ,  a g e  p i g m e n t  d e p o s i t i o n  
a p p e a r s  t o  b e  a  u n i v e r s a l  p h e n o m e n o n ;  h o w e v e r ,  t h e r e  i s  n o  

p u b l i s h e d  i n f o r m a t i o n  o n  t h e  o c c u r r e n c e  o f  a g e  p i g m e n t  i n  

p l a n t  t i s s u e s .
H e r e  w e  r e p o r t  e x p e r i m e n t a l  e v i d e n c e  i n d i c a t i n g  t h e  p r e s 

e n c e  o f  l i p o f u s e m  i n  r i p e n i n g  b a n a n a  f r u i t .  Q u a n t i t a t i v e  s t u d y  

o f  l i p o f u s c i n ,  e m p l o y i n g  a  f l u o r o m e t r i c  t e c h n i q u e ,  s h o w e d  a n  
i n c r e a s e  i n  l i p o f u s c i n  a s  f r u i t  r i p e n e d .

MATERIALS & METHODS
Materials

G r e e n  (N o .  2 ) ,  p r e c l im a c t e r ic  b a n a n a  f r u i t s  w e re  o b t a i n e d  f r o m  th e  
U n i t e d  F r u i t  C o m p a n y .  F r u i t s  w e re  r i p e n e d  a t  2 0 ° C ,  8 5 - 9 0 %  re la t iv e  
h u m i d i t y  in  a  v e n t i l a t e d  i n c u b a t o r  a f t e r  e t h y l e n e  ( 1 0 0  p p m )  t r e a t m e n t .

Lipofuscin isolation
L i p o f u s c in  ( f l u o r e s c e n t  p ig m e n ts )  w e r e  e x t r a c t e d  b y  a  p r o c e d u r e  

p r e v io u s ly  r e p o r t e d  b y  F l e t c h e r  e t  a l .  ( 1 9 7 3 ) .  T i s s u e  (p e e l  o r  p u l p )  w a s  
f r o z e n  in  l iq u id  n i t r o g e n  a n d  d i s p e r s e d  t o  a  f in e  p o w d e r  w i t h  a  b le n d e r  
(H a a rd  a n d  H u l t i n ,  1 9 6 8 ) .  T h e  t i s s u e  ( 3 —5 g )  w a s  e x t r a c t e d  w i t h  2 0  m l 
o f  c h lo r o f o r m - m e th a n o l  ( 2 : 1 ,  v /v )  f o r  3 m in  a t  4 5 ° C .  A f te r  e x t r a c t i o n ,  
t h e  s a m p le s  w e re  s e p a r a te d  i n t o  tw o  e q u a l  p o r t i o n s .  O n e  p o r t i o n  w a s  
w a s h e d  w i th  a n  e q u a l  v o lu m e  o f  d i s t i l l e d  w a te r  a n d  t h e  o t h e r  p o r t i o n  
w a s  n o t  w a s h e d .  T h e  e x t r a c t s  w e re  c e n t r i f u g e d  ( 3 0 0 0  x  G )  f o r  3 m in  a t  
1 0 ° C . A  2  m l a l i q u o t  o f  c h l o r o f o r m - r i c h  l a y e r  w a s  m ix e d  w i t h  0 .1  m l o f  
m e th a n o l  in  a  f u s e d  q u a r t z  c u v e t te  ( 1 0  x  1 0  x  4 6  m m ,  5 m l t o t a l  
v o lu m e )  a n d  t h e  e x c i t a t i o n  a n d  e m is s io n  s p e c t r a  w e re  r e c o r d e d .  In  
s o m e  in s ta n c e s ,  s a m p le s  w e re  e x p o s e d  t o  U V  l ig h t  f o r  3 m in  a t  a  d is 
t a n c e  o f  3 c m  a b o v e  t h e  c u v e t t e  p r io r  t o  s p e c t r a l  a n a ly s is .

Fluorescence measurements
A n  A m in  c o -B o w m a n  s p e c t r o p h o t o f l u o r o m e t e r  w i t h  a  s o l id - s ta te ,  

b l a n k - s u b s t r a c t  p h o t o m u l t i p l i e r  m i c r o p h o t o m e t e r  w a s  u s e d  t o  o b t a in  
t h e  f l u o r e s c e n c e  s p e c t r a .  T h e  t e m p e r a t u r e  o f  t h e  c e l l  j a c k e t  w a s  c o n 
t r o l l e d  a t  1 0 ° C . T h e  s l i t  a r r a n g e m e n t  o f  t h e  s p e c t r o p h o t o f l u o r o m e t e r  
w a s  3 , 1 a n d  3 m m  f o r  t h e  3 -, 4 -  a n d  6 - s l i t  p o s i t i o n s .  T h e  m a c h in e  w a s  
s t a n d a r d i z e d  w i th  0 .1  ju g /m l o f  q u in in e  s u l f a te  in  0 .1 N  H 2 S 0 4 . T h e  
s t a n d a r d  h a d  a  r e la t iv e  f l u o r e s c e n c e  in t e n s i t y  o f  1 .9 .  T h e  r e la t iv e  f lu o 
r e s c e n c e  u n i t s  r e c o r d e d  w e r e  o b t a i n e d  b y  m u l t i p l y in g  t h e  m e te r  m u l t i 
p l ie r  v a lu e  b y  t h e  p e r c e n t  f l u o r e s c e n c e  d iv id e d  b y  1 0 0 .  T h e  m a c h in e  
w a s  b l a n k  a d ju s t e d  a n d  s o lv e n t  s u b t r a c t e d .  F o r  q u a n t i t a t i v e  c o m p a r i 
s o n s ,  f lu o r e s c e n c e  o f  t h e  s t a n d a r d  w a s  r e c o r d e d  j u s t  b e f o r e  r e c o r d in g  
t h e  s a m p le  s p e c t r u m .  B o th  t h e  e x c i t a t i o n  a n d  th e  e m is s io n  s p e c t r a  w e re  
o b t a in e d .

Molecular weight determination
S e p h a d e x  L H  2 0  (5 8  x  2 .5  c m  c o lu m n )  w a s  u s e d  f o r  e s t i m a t i o n  o f  

t h e  m o le c u la r  w e ig h t  o f  l ip o f u s c in .  S e p h a d e x  L H  2 0  ( P h a r m a c ia )  w a s  
s w o l le n  in  c h lo r o f o r m - h e x a n e  ( 6 5 : 3 5 ,  v /v )  s o lv e n t  f o r  4  h r .  C o lu m n  
f lo w  w a s  m a in t a in e d  b y  g r a v i ty  f e e d  a t  a  r a t e  o f  1 2  m l / h r .  T h e  e lu a n t  
w a s  m o n i t o r e d  f o r  l ip o f u s c in  w i t h  a  f lo w  c e l l  b y  m e a s u r e m e n t  o f  f l u o 
re s c e n c e  i n t e n s i t y  a t  3 6 0  n m  e x c i t a t i o n  a n d  4 4 0  n m  e m is s io n .
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RESULTS
Fluorescence yield from fruit as a function of ripening

T h e  e x c i t a t i o n  a n d  e m i s s i o n  s p e c t r a  o f  l i p o f u s c i n  f r o m  t h e  

p u l p  a n d  p e e l  o f  r i p e n i n g  b a n a n a  f r u i t  a r e  s h o w n  i n  F i g u r e s  1 
a n d  2 .  T h e s e  s p e c t r a  a r e  c o m p a r a b l e  t o  t h o s e  o f  l i p o f u s c i n  
i s o l a t e d  f r o m  m a m m a l i a n  t i s s u e s  ( R e d d y  e t  a l . ,  1 9 7 3 ) .  T h e  
c h l o r o f o r m - s o l u b l e  f l u o r e s c e n t  s u b s t a n c e  i n c r e a s e d  t o  a  g r e a t e r  
e x t e n t  i n  p e e l  t i s s u e  t h a n  i n  p u l p  t i s s u e .  T h e  t o t a l  c h l o r o f o r m  
s o l u b l e  f l u o r e s c e n t  m a t e r i a l s  e x t r a c t e d  f r o m  r i p e n i n g  b a n a n a  
p u l p  a n d  p e e l  a r e  s h o w n  i n  F i g u r e s  3  a n d  4 .  T h e  w a t e r  w a s h i n g  
p r o c e d u r e  m a y  r e m o v e  w a t e r  s o l u b l e  l i p o f u s c i n  a n d  a l s o  i n t e r 

f e r i n g  s u b s t a n c e s  w h i c h  e x h i b i t  s i m i l a r  f l u o r e s c e n t  p r o p e r t i e s ,  
s u c h  a s  f l a v i n s  a n d  a m i n e s  ( F l e t c h e r  e t  a l . ,  1 9 7 3 ) .

T o t a l  ( u n w a s h e d )  a n d  c h l o r o f o r m - s o l u b l e  ( w a s h e d )  f l u o r e s 
c e n t  s u b s t a n c e s  i n c r e a s e d  w i t h  r i p e n i n g  a l t h o u g h  t h e  t r e n d s  
w e r e  q u i t e  e r r a t i c .  T r e a t m e n t  o f  l i p o f u s c i n  e x t r a c t s  f r o m  r a t  

l i v e r  w i t h  U V  l i g h t  h a s  b e e n  e m p l o y e d  t o  r e m o v e  r e t i n o l  w h i c h  
p o s s e s s e s  f l u o r e s c e n c e  a t  4 7 0  n m  e m i s s i o n  ( F l e t c h e r  e t  a l . ,
1 9 7 3 ) .  T r e a t m e n t  o f  b a n a n a  e x t r a c t s  w i t h  U V  l i g h t  p h o t o -  
d e c o m p o s e d  t h e  c a r o t e n o i d s  a n d  c h l o r o p h y l l  ( i n  t h e  c a s e  o f  

t h e  u n r i p e  p e e l )  p r e s e n t  i n  t h e  c h l o r o f o r m  l a y e r  a s  e v i d e n c e d  
b y  t h e  r a p i d  l o s s  i n  y e l l o w  a n d  g r e e n  c o l o r .  T h e  i n f l u e n c e  o f  

U V  l i g h t  t r e a t m e n t  o n  f l u o r e s c e n c e  ( 4 4 0  n m  e m i s s i o n )  o f  

b a n a n a  e x t r a c t s  i s  s h o w n  i n  F i g u r e s  5 a n d  6 . T h e  d a t a ,  n o t a b l y  
f r o m  t h e  p u l p ,  w e r e  l e s s  e r r a t i c  s h o w i n g  i n c r e a s e d  f l u o r e s c e n t  

m a t e r i a l  a f t e r  d a y  f o u r  o f  r i p e n i n g .  S t a t i s t i c a l  a n a l y s e s  o f  t h e  
p u l p  d a t a  s h o w e d  a  q u a d r a t i c  r e l a t i o n s h i p  w h e n  f l u o r e s c e n c e  

i n t e n s i t y  w a s  a n a l y z e d  a s  a  f u n c t i o n  o f  r i p e n i n g  t i m e .  A  l i n e a r  
r e l a t i o n s h i p  w a s  o b s e r v e d  f o r  t h e  p e e l  d a t a  ( T a b l e  1 ) .

Molecular weight
C h l o r o f o r m - s o l u b l e  a n d  U V - t r e a t e d  f l u o r e s c e n t  m a t e r i a l  

i s o l a t e d  f r o m  p o s t c l i m a c t e r i c  b a n a n a  f r u i t  p e e l  w a s  e l u t e d  i n  
t h e  v o i d  v o l u m e  o f  a  c o l u m n  p a c k e d  w i t h  s e p h a d e x  L H - 2 0 ,  

i n d i c a t i n g  a  m o l e c u l a r  w e i g h t  i n  e x c e s s  o f  4 0 0 0 .  T h e  h i g h  
m o l e c u l a r  w e i g h t  o f  t h i s  p i g m e n t  i s  c o n s o n a n t  w i t h  o u r  v i e w  
t h a t  i t  r e p r e s e n t s  l i p o f u s c i n .

DISCUSSION
I N  P L A N T  S Y S T E M S ,  c e l l u l a r  a g i n g ,  o x y g e n  t o x i c i t y ,  f r e e z e  
i n j u r y ,  a n d  t i s s u e  d a m a g e  p r o m o t e d  b y  p h o t o c h e m i c a l  s m o g ,  
U V  l i g h t  a n d  i o n i z i n g  i r r a d i a t i o n  h a v e  b e e n  d i r e c t l y  o r  i n 
d i r e c t l y  l i n k e d  t o  p e r o x i d a t i o n  o f  m e m b r a n e  l i p i d s .  O z o n e  

p h y t o t o x i c i t y  i n  g r e e n  p l a n t s  i s  m a n i f e s t  i n  c e l l  p e r m e a b i l i t y  
c h a n g e s  ( E v a n s  a n d  T i n g ,  1 9 7 3 ) ;  a n d  o z o n e - t r e a t e d  c e l l s  o f  t h e  
g r e e n  a l g a  C h l o r e l l a  p r o d u c e  m a l o n a l d e h y d e  a r i s i n g  f r o m  t h e  

o x i d a t i v e  b r e a k d o w n  o f  a n  o z o n i d e  o f  u n s a t u r a t e d  f a t t y  a c i d  
m a t e r i a l  ( F r e d e r i c k  a n d  H e a l t h ,  1 9 7 5 ) .  M e m b r a n e  p e r m e a 
b i l i t y  c h a n g e s  d u r i n g  t h e  f r u i t  r i p e n i n g  p r o c e s s  a r e  w e l l  d o c u 
m e n t e d  ( B r a d y  e t  a l . ,  1 9 7 0 ;  S a c h e r ,  1 9 6 6 ;  H u l m e  e t  a l . ,  1 9 6 8 ;  
d e  S w a r d t  a n d  R o u s s e a u ,  1 9 7 3 ) .  I n  b a n a n a  f r u i t ,  a  t h r e e - f o l d  
d e c r e a s e  i n  m e t h y l  l i n o l e a t e  w a s  o b s e r v e d  a s  t h e  p u l p  r i p e n e d ,  
a n d  a  4 0 %  d e c r e a s e  w a s  o b s e r v e d  a s  t h e  p e e l  r i p e n e d  ( G o l d 
s t e i n  a n d  W i c k ,  1 9 6 9 ) .  O x i d a t i v e  e n z y m e s  s u c h  a s  l i p o x y 
g e n a s e ,  p e r o x i d a s e ,  s u p e r o x i d e  d i s m u t a s e ,  c a t a l a s e  a n d  h y d r o 
p e r o x i d e  i s o m e r a s e  o c c u r  i n  p l a n t  t i s s u e ,  a n d  i n  m a n y  

c a s e s ,  a r e  k n o w n  t o  e m e r g e  w i t h  t h e  o n s e t  o f  p l a n t  s e n e s c e n c e  
( W o o l t o r t o n  e t  a l . ,  1 9 6 5 ;  H a a r d ,  1 9 7 3 ;  H a y d a r  a n d  H a d z i y e v ,  
1 9 7 3 ;  L u m s d e n  a n d  H a l l ,  1 9 7 4 ) .  A s  a  c o n s e q u e n c e  o f  o x i d a 
t i v e  e n z y m e  a c t i v i t y  d u r i n g  t h e  r i p e n i n g  p h e n o m e n o n ,  c e l l u l a r  
m e m b r a n e  p h o s p h o l i p i d s  m a y  u n d e r g o  p e r o x i d a t i o n  w i t h  a  
r e s u l t i n g  a c c u m u l a t i o n  o f  p e r o x i d a t i v e  d a m a g e d  p r o d u c t .  T h i s  
a c c u m u l a t i o n  m a y  a r i s e  d u r i n g  f r u i t  r i p e n i n g  b e c a u s e  o f  a n  
i n a b i l i t y  o f  t i s s u e  t o  m e t a b o l i z e  t h e  d a m a g e d  p r o d u c t ,  m o r e  
e x t e n s i v e  p e r o x i d a t i o n  a s  t h e  f r u i t  r i p e n s  o r  b e c a u s e  o f  a  
b r e a k d o w n  i n  t h e  a b i l i t y  o f  t h e  t i s s u e  t o  p r o t e c t  a g a i n s t  o x i 
d a t i v e  s t r e s s .

T h e  p r e s e n c e  o f  f l u o r e s c e n t  m a t e r i a l  i n  b a n a n a ,  w h i c h  i s

2.5

Fig. 1—Fluorescence spectra o f chloroform-soluble pigments Iso
lated from preclimacteric (----- ), climacteric and post
climacteric I-----1 banana pulp tissue. Chloroform-methanol ex
tracts were washed with an equal volume o f distilled water. Data are 
for one experiment and are representative o f  three additional trials. 
Excitation at 280—290 nm was probably the result o f flavin com
pounds not completely removed by water washing since additional 
washing resulted in decreased excitation o f the U V  end o f the spec
tra.

Fig. 2—Fluorescence spectra o f chloroform-soluble pigments iso
lated from preclimacteric (----- ), climacteric and post
climacteric (----- ) banana peel tissue. Chloroform methanol ex
tracts were washed with an equal volume o f distilled water. Data are 
from one experiment and are representative o f three additional 
trials. Emission at 490 nm disappeared as a result o f U V  treatment 
and was probably contributed by carotenoids.
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Fig. 3—Fluorescence yield from ripening banana pulp for total (not
water washed) (----- ) and chloroform soluble (water washed twice
with equal volumes o f distilled water) (----- ) pigments. Data are
representative o f one additional experiment. The maximum fluores
cence was 420—440 nm and 360 nm excitation for all extracts. Data 
represented are the mxaimum obtained for the respective samples.

7

Fig. 5—Fluorescence yield from ripening banana pulp for total (not 
water washed) (— -—) and chloroform-soluble (water washed)
(----- ) pigments after U V  treatment as described in the text. The
maximum fluorescence was identical to samples not treated with 
U V  light and was the same for all samples. Data are representative of 
one additional experiment.

Fig. 4 - Fluorescence yield from ripening banana peel for total (not
water washed) (----- ) and chloroform soluble (water washed)
(----- ) pigments. Data are representative o f one additional experi
ment. The maximum fluorescence was 440 nm and maximum ex
citation was at 360 nm for a ll samples. An additional peak was 
observed at 680 nm in extracts from green peel. This peak disap
peared when samples were treated with U V  light and was presum
able contributed by chlorophyll.

16

Fig. 6—Fluorescence yield from ripening banana pee/ for total (not
water wasned) (----- ) and chloroform soluble (water-washed)
(----- ) pigments after U V  treatment as described in the text. Fluo
rescence spectra were as described in the legend o f Fig. 4. Data are 
representative o f one additional experiment.
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Table 1—Statistical analyses showing relation between fluores
cence intensity as a function of stage of ripening3

Peel R-square

Water washed 
F . l . = 0 .84 + 0 .28 days 0.66

Water washed, U V  treated 
F . l . = 1.6 + 0 .35 days 0.46

Not water washed 
F . l .  = 3.1 6 + 0 .50 days 0.63

Not water washed, UV treated 
F . l .  = 3.49 + 0 .64 days 0.65

Pulp

Water washed
F .l .  = 0 .27 -  0.008 days + (0.01 2 day)2 
P 0 .06 0.86

Water washed, U V  treated 
F . l .  = 0 .3 6 -  0.01 day + (0 .02 day)2 
P 0.04 0.87

Not water washed
F .l . = 2 .00 -  0.23 day + (0 .03 day)2 
P 0.01 0.80

Not water washed, U V  treated 
F . l . = 2 .7 3 - 0 .3 6  day + (0 .05 day)2 
P 0 .00 0.93

a Data fo r  day 4 is om itted  from  peel analyses and data fo r  day 8 is 
om itted  from  p u lp  analyses. F .l. ind icates fluo rescence  in tensity. 
R-square represents the  co rre la tio n  co e ff ic ien t. W hen all data were 
ana lyzed  R-square fo r  peel ranged from  0 .40—0.67 and fo r  pu lp
0.29— 0.84. T he  presence o f e rra tic  data p o in ts  at these respective 
tim es were observed d u ring  o ther tria ls  at a p p ro x im a te ly  the  same 
stage o f  ripen ing.

c o m p a r a b l e  t o  t h a t  i d e n t i f i e d  f r o m  m a m m a l i a n  c e l l s ,  i s  c o n 

s i s t e n t  w i t h  o u r  v i e w  t h a t  m e m b r a n e  l i p i d  p e r o x i d a t i o n  i s  a  
p r i m a r y  o r  s e c o n d a r y  e v e n t  o f  p l a n t  s e n e s c e n c e .  W e  h a v e  a l s o  
o b s e r v e d  s i m i l a r  i n c r e a s e s  i n  f l u o r e s c e n t  s u b s t a n c e s  d u r i n g  
r i p e n i n g  o f  t o m a t o  a n d  p e a r  f r u i t  ( M a g u i r e ,  1 9 7 5 ) .  T h e  t h e s i s  
t h a t  p e r o x i d a t i o n  o f  m e m b r a n e  l i p i d s  i s  c a u s a l l y  r e l a t e d  t o  t h e  
o n s e t  o f  f r u i t  r i p e n i n g  i s  a l s o  c o m p a t i b l e  w i t h  t h e  e f f i c i e n c y  o f  
c u r r e n t  m e t h o d s  f o r  d e l a y i n g  r i p e n i n g  ( l o w e r e d  t e m p e r a t u r e ,  
o x y g e n  a n d  a t m o s p h e r e  p r e s s u r e ) .  F u r t h e r  s t u d i e s  t o  c h a r a c 
t e r i z e  t h e  c h e m i c a l  m a k e u p  o f  p l a n t  l i p o f u s c i n  a r e  c u r r e n t l y  i n  
p r o g r e s s  i n  o u r  l a b o r a t o r y .
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----------------------------- ABSTRACT -----------------------------
T h e  p r e s e n t  s tu d y  is  c o n c e r n e d  w i t h  t h e  s te a m - d is t i l l e d ,  v o la t i l e  a r o m a  
c o m p o u n d s  in  t h e  p re s s  j u i c e  o f  a r c t i c  b r a m b le ,  R u b u s  a r c t i c u s  L . M o re  
t h a n  6 0  o f  o v e r  2 0 0  c o m p o n e n t s  w e r e  i d e n t i f i e d  b y  m e a n s  o f  g la ss  
c a p i l la r y  g a s  c h r o m a to g r a p h y - m a s s  s p e c t r o m e t r y  s y s te m s .  T h e  t o t a l  
a m o u n t  o f  t h e  c o m p o u n d s  i d e n t i f i e d  in  t h e  p r e s s  j u i c e  w a s  7 0 - 8 0  p p m .  
T h e  m a in  a r o m a  c o m p o n e n t  w a s  2 ,5 - d im e th y l - 4 - m e th o x y - 2 ,3 - d ih y d r o -
3 - f u r a n o n e .  S m a l le r  a m o u n t s  o f  2 ,5 - d im e th y l - 4 - h y d r o x y - 2 ,3 - d ih y d r o - 3 -  
f u r a n o n e  w e r e  a lso  f o u n d  in  t h e  j u i c e .  T h e  c o m p o u n d s  i d e n t i f i e d ,  
w h ic h  c o v e r  a b o u t  9 0 %  o f  t h e  t o t a l  a r o m a  c o n c e n t r a t e ,  i n c lu d e d  fu r 
th e r ,  11 a l i p h a t i c  a lc o h o ls ,  8 a l i p h a t i c  a c id s ,  8 a l i p h a t i c  e s te r s ,  12  a ro 
m a t ic  c o m p o u n d s ,  9  n o n  a r o m a t i c  t e r p e n e s ,  9  a l ip h a t ic  c a r b o n y ls  
( in c lu d in g  a c e to in ,  d i a c e t y l  a n d  d i a c e t o n e  a lc o h o l ) ,  2 l a c to n e s  a n d  o n e  
n i t r o g e n - c o n ta in in g  c o m p o u n d ,  e t h y l  n i c o t in a t e .  T h e  m o s t  a b u n d a n t  
c o m p o u n d s  in  t h e  p r e s s  j u i c e  w e r e  2 ,5 - d im e th y l - 4 - m e th o x y - 2 ,3 -d i
h y d ro -  3 - f u r a n o n e ,  a c e to in ,  a c e t a ld e h y d e ,  2 - h e p ta n o l ,  a  p e n t e n o l  (e v i
d e n t ly  t r a n s - 3 - p e n te n - l - o l ) ,  a c e t i c  a c id ,  e t h y l  a c e t a t e ,  e t h a n o l ,  l in a lo o l ,
3 - m e th y l - 2 - b u te n - l - o l  a n d  c i s - 3 - h e x e n - l - o l .  A ll  t h e s e  c o m p o u n d s  e x 
c e e d e d  1 p p m  in  t h e  f r e s h  p r e s s  ju i c e .  T h e  a r o m a  c o m p o s i t i o n  o f  c u l t i 
v a te d  b e r r ie s  w a s  c o m p a r e d  w i t h  t h a t  o f  w i ld  b e r r ie s  f r o m  a  d i f f e r e n t  
s o u rc e .

INTRODUCTION
A M O N G  T H E  g e n u s  R u b u s , t h e  v a r i e t i e s  o f  r a s p b e r r y  ( R u b u s  
i d a e u s  L . )  h a v e  b e e n  s t u d i e d  i n t e n s i v e l y .  M o r e  t h a n  1 0 0  a r o m a  
c o m p o u n d s  o f  r a s p b e r r y  h a v e  b e e n  i s o l a t e d  a n d  i d e n t i f i e d  i n  
s e v e r a l  s t u d i e s  ( E l z e ,  1 9 2 9 ) ;  C o p p e n s  a n d  H o e j e n b o s ,  1 9 3 9 ;  
M c G l u m p h y ,  1 9 5 1 ;  S c h i n z  a n d  S e i d e l ,  1 9 5 7 ,  1 9 6 1 ; S u n d t  a n d  

W i n t e r ,  1 9 6 0 ,  1 9 6 2 ;  W i n t e r  a n d  S u n d t ,  1 9 6 2 ;  B o h n s a c k ,  
1 9 6 7 a ,  b ;  P i s a r n i t s k i i  e t  a l . ,  1 9 7 0 ;  D u c l o s  a n d  L a t r a s s e ,  1 9 7 1 ;  
S c h m i d l i n - M e s z a r o s ,  1 9 7 1 ;  W i n t e r  a n d  E n g g i s t ,  1 9 7 1 ) .  S o m e  

i n v e s t i g a t i o n s  o f  a r o m a  c o m p o u n d s  i n  a  b l a c k b e r r y  ( R u b u s  
u l m i f o l i u s  i n e r m i s )  ( S c a n l a n  e t  a l . ,  1 9 7 0 ;  H o u c h e n  e t  a l . ,

1 9 7 2 )  a n d  b l a c k  r e s p b e r r y  ( M c G l u m p h y ,  1 9 5 1 )  h a v e  a l s o  b e e n  

c a r r i e d  o u t .
T h e  a r o m a  c o m p o u n d s  o f  s o m e  w i l d  b e r r i e s  b e l o n g i n g  t o  

t h e  g e n u s  R u b u s  h a v e  b e e n  i n v e s t i g a t e d  i n  F i n l a n d  r e c e n t l y .  

A n  i m p o r t a n t  o b j e c t  h a s  b e e n  c l o u d b e r r y  ( R u b u s  c h a m a e m o -  
r u s  L . ) ,  o f  w h i c h  o v e r  7 0  a r o m a  c o m p o u n d s  h a v e  b e e n  r e 
p o r t e d  i n  s o m e  p r e l i m i n a r y  s t u d i e s  ( H o n k a n e n ,  1 9 7 2 ;  H o n -  

k a n e n  e t  a l . ,  1 9 7 3 ) .
S o m e  d a t a  h a v e  a l s o  b e e n  p u b l i s h e d  c o n c e r n i n g  t h e  a r o m a  

c o m p o s i t i o n  o f  t h e  h y b r i d s  b e t w e e n  r a s p b e r r y  a n d  a r c t i c  
b r a m b l e  ( H i i r s a l m i  e t  a l . ,  1 9 7 4 ) .  A  b r i e f  w o r k  o n  e a s i l y  v o l a t i l e  

c a r b o n y l  c o m p o u n d s  ( K a l l i o  a n d  L i n k o ,  1 9 7 3 ) ,  a n d  a n  a n a l y s i s  
o f  t h e  m a j o r  f l a v o r  c o m p o n e n t s  o f  t h e  a r c t i c  b r a m b l e  ( K a l l i o  

a n d  H o n k a n e n ,  1 9 7 5 )  a r e  c l o s e l y  c o n n e c t e d  w i t h  t h e  p r e s e n t  

s t u d y .
T h e  o b j e c t  o f  t h i s  s t u d y ,  t h e  a r c t i c  b r a m b l e  ( R u b u s  a r c t i c u s

L . ) ,  o c c u r s  m a i n l y  c i r c u m p o l a r l y ,  i n  t h e  s u b a r c t i c  c o n i f e r o u s  
z o n e .  T h e  b e r r i e s  g r o w  i n  C e n t r a l  F i n l a n d ,  t o o ,  a n d  h a v e  s o m e  
r a r e  w i l d  o c c u r r e n c e s  a l s o  i n  N o r t h e r n  E u r o p e .  T h e  a r c t i c  

b r a m b l e  h a s  b e e n  c u l t u r e d  i n  F i n l a n d  ( R y y n a n e n ,  1 9 7 3 )  a n d  
i n  S w e d e n  ( L a r s s o n ,  1 9 7 0 )  f o r  o v e r  3 0  y r  w i t h  p r o m i s i n g  r e 
s u l t s .  L a r s s o n  ( 1 9 7 0 )  a l s o  r e p o r t s  o n  t h e  c u l t i v a t i o n  o f  c l o u d 
b e r r y  a n d  R u b u s  s t e l l a t u s  S m .  ( c l o s e l y  r e l a t e d  t o  R u b u s  a r c 
t i c u s  L . ) .  M a k i n e n  a n d  O i k a r a i n e n  ( 1 9 7 4 )  h a v e  d o n e  s o m e  
p r e l i m i n a r y  w o r k  o n  t h e  c u l t i v a t i o n  o f  c l o u d b e r r y  i n  F i n l a n d .

MATERIALS & METHODS
B e r r ie s

M o s t  o f  t h e  a r c t i c  b r a m b le s  (R u b u s  a r c t i c u s  L .)  a n a l y z e d  w e re  f r o m  
a n  e x p e r im e n ta l  c u l t i v a t io n  in  c e n t r a l  F i n l a n d  ( A g r i c u l t u r a l  R e s e a r c h  
C e n t r e  S o u th  S a v o  E x p e r i m e n t  S t a t i o n ,  M ik k e l i ,  F in l a n d .  T h e  g e o 
g r a p h ic a l  l o c a t io n  o f  t h e  s t a t i o n  is  6 1 ° 4 1 'N  la t . ,  2 7 ° 1 4 'E  lo n g .) .  T w o  
w i ld  s t r a in s  o f  t h e  p l a n t ,  M e s p i  a n d  M e s m a  ( R y y n a n e n ,  1 9 7 3 ) ,  p la n te d  
in  1 9 7 0  in  a l t e r n a t in g  l in e s ,  w e r e  c u l t i v a t e d  a n d  s tu d ie d  a s  a  m ix e d  
p o p u la t i o n .  T h e  s a m p le s  u s e d  f o r  t h e  a r o m a  s tu d ie s  w e re  f r o m  t h e  1 9 7 3  
a n d  1 9 7 4  h a r v e s t s  (M i-7 3  a n d  M i-7 4 ) . F o r  r e f e r e n c e  p u r p o s e s ,  t h e  s a m e  
tw o  s t r a in s  o f  t h e  1 9 7 2  h a r v e s t  f r o m  a n o t h e r  e x p e r i m e n t a l  s t a t i o n  in  
E a s t e r n  F in l a n d  ( A g r i c u l t u r a l  R e s e a r c h  C e n t r e  N o r t h  S a v o  E x p e r i m e n t  
S t a t i o n ,  M a a n in k a ,  F in l a n d ,  6 3 ° 0 8 'N  la t .  a n d  2 7 °  1 9 'E  lo n g .)  (M a -7 2 ) ,  
w e r e  a ls o  in v e s t ig a te d ,  a n d  th e s e  w e re  c o m p a r e d  w i t h  w ild ,  c o m m e r 
c ia l ly  a v a i la b le  b e r r ie s  f r o m  L u m i jo k i  ( W e s te rn  F in l a n d ) ,  h a r v e s te d  in  
1 9 7 3  (L u -7 3 ) .  T h e  b e r r ie s  w e r e  p i c k e d  o p t i m a l l y  r ip e ,  a c c o r d in g  to  
o r g a n o le p t i c  e s t i m a t i o n s .  T h e  b e r r ie s  f r o m  t h e  e x p e r im e n ta l  s t a t i o n s  
w e re  p a c k e d  in  p o l y e t h y l e n e  b a g s  a n d  f r o z e n  a t  - 2 0 ° C  im m e d ia te ly  
a f t e r  h a rv e s t in g ,  w h i le  t h e  c o m m e r c i a l  b e r r i e s  w e re  f r o z e n  a f t e r  2 d a y s  
s to r a g e  a t  + 3 ° C . T h e  s to r a g e  t e m p e r a t u r e  w a s  i n  a l l  c a s e s  - 2 0 ° C .  T h e  
s a m p le s  w e r e  a n a l y z e d  w i t h i n  2  m o n t h s  f r o m  h a rv e s t in g .

Isolation of aroma compounds
2 k g  o f  p a r t i a l ly  t h a w e d  b e r r ie s  w e r e  m a c e r a t e d ,  a n d  t h e  j u i c e  

c a u g h t  b y  a  h y d r a u l i c  p r e s s  w a s  i m m e d ia t e ly  d i s t i l l e d  f o u r  t im e s  in  a 
v a c u u m ,  u s in g  a  c l im b in g  f i lm  e v a p o r a t o r  ( J o b l in g  L a b . D iv . ,  S to n e ,  
S ta f f o r d s h i r e ,  E n g la n d ) ,  a t  a  t e m p e r a t u r e  o f  2 2 ° C  a n d  a  p r e s s u r e  o f  1 0  
to r r s .  T h e  d i s t i l l a te  w a s  c o l le c te d  in  a  2 - l i te r  r e c e iv in g  f la s k ,  c h i l le d  in  a 
m i x t u r e  o f  s o d iu m  c h lo r id e  a n d  c r u s h e d  ic e .  T h e  f la s k  w a s  c o n n e c t e d  to  
t h e  v a c u u m  p u m p  b y  tw o  c o ld  t r a p s  c h i l le d  in  l iq u id  n i t r o g e n .

A f t e r  s a t u r a t i o n  w i th  s o d iu m  c h lo r id e ,  t h e  c o m b in e d  d i s t i l l a t e  w a s  
e x t r a c t e d  f o r  2 4  h r  w i t h  2 0 0  m l p e n t a n e - d i e t h y l  e t h e r  ( 1 : 2 ,  v /v ) ,  i n  a  
K u t s c h e r - S t e u d e l  c o n t i n u o u s  e x t r a c t o r  ( S u o m a l a in e n  a n d  N y k á n e n ,
1 9 6 8 ) .  5 m l  d i c h l o r o m e t h a n e  w a s  a d d e d  t o  t h e  p e n ta n e - e th e r  m ix tu r e ,  
i n  o r d e r  t o  r e m o v e  w a te r  f r o m  t h e  re c e iv in g  f la s k  a s  a z e o t r o p e .  T h e  
a r o m a  e x t r a c t  w a s  c o n c e n t r a t e d ,  u s in g  a  W id m e r  c o lu m n ,  a t  3 5 ° C  in to  
t h e  f i n a l  v o lu m e  o f  2 5 0  p i  ( a r o m a  c o n c e n t r a t e ) .  F o r  t h e  M S -a n a ly s is ,  
t h e  c o n c e n t r a t i n g  w a s  h o w e v e r ,  c o n t i n u e d  t o  1 0 0  p i ,  t o  e n a b le  th e  
i d e n t i f i c a t i o n  o f  t h e  c o m p o u n d s  w i t h  h ig h e r  r e t e n t i o n  t im e s .

Gas chromatographic analysis
T h e  G L C -a n a ly s e s  o f  t h e  c o n c e n t r a t e s  w e r e  c a r r ie d  o u t  o n  a  V a r ia n  

A e r o g r a p h ,  M o c e l  2 1 0 0 - 2 0  g a s  c h r o m a to g r a p h ,  e q u ip p e d  w i t h  a  f la m e  
i o n i z a t i o n  d e t e c t o r  (V a r ia n  I n s t r u m e n t s ,  P a lo  A l to ,  C a l i f o r n ia ) ,  a n d  th e  
q u a n t i t a t i o n  w a s  d o n e  o n  a  H e w l e t t - P a c k a r d  3 3 7 3 B  in t e g r a t o r  (H e w 
le t t - P a c k a r d ,  A v o n d a le ,  P a .) .  T h e  s e n s i t iv i ty  o f  t h e  i n t e g r a t o r  w a s  
c h o s e n  so  t h a t  t h e  n o i s e  d id  n o t  e x c e e d  t h e  m in im u m  in t e g r a t i o n  le v e l 
a t  t h e  t e m p e r a t u r e  p r o g r a m m in g  w i t h o u t  in je c t i o n .  T h e  c o lu m n  u s e d  
w a s  a n  F F A P -g la s s  c a p i l l a r y  o n e  p r e p a r e d  in  o u r  l a b o r a t o r y  ( 1 4 0 m  lo n g  
a n d  0 .3 2  m m  L d .) . T h e  c a p i l l a r y  t u b i n g  w a s  d r a w n  b y  a  H u p e  &  B u s c h  
a p p a r a t u s  ( G r o z in g e n ,  K a r l s r u h e ,  W e s t  G e r m a n y ) ,  f r o m  p y r e x  tu b in g
8 .0  m m  o .d .  a n d  3 .0  m m  i.d .  T h e  c o lu m n  w a s  m a d e  u s in g  a  s t a t i c  
c o a t in g  p r o c e d u r e  a t  2 3 ° C  a f t e r  a  d i c h lo r o m e th a n e  p y r o ly s i s  t r e a t m e n t  
(G ro b ,  1 9 6 8 ) .  T h e  p y r o ly s i s  w a s  c a r r ie d  o u t  tw ic e  in  a n  o v e n  a t  7 2 0 ° C  
f o r  3 0  sec . P u r e  d i c h l o r o m e t h a n e  w a s  s u c k e d  i n t o  t h e  c a r b o n iz e d  
c o lu m n  a t  a  d i s t a n c e  o f  a b o u t  3 m  b e f o r e  f i l l in g  t h e  c o lu m n  w i t h  t h e  
l i q u id  f i lm  s o lu t io n  (0 .5 %  ( w /v )  F F A P  ( V a r ia n  A e r o g r a p h ) ,  d is s o lv e d  in  
d i c h lo r o m e th a n e ) ,  in  o r d e r  t o  p r e v e n t  t h e  p h a s e  f r o m  c o n c e n t r a t i n g  o n  
t h e  s u r f a c e  o f  t h e  s o lu t io n  d u r in g  s u c k in g .  T h e  c o n d i t i o n s  o f  t h e  a n a ly 
s is  w e r e  a s  f o l l o w s :  I n j e c t o r  2 4 5 ° C ;  d e t e c t o r  2 5 5 ° C ;  o v e n  p r o g r a m m e  
6 0 - 2 3 0 ° C ,  2 ° / m i a  T h e  s p l i t  r a t i o  b e tw e e n  t h e  c o l u m n  a n d  e x i t  a f t e r  
th e  i n j e c t i o n  b lo c k  w a s  1 :1 0 0 .  T h e  f lo w in g  r a t e  o f  t h e  c a r r ie r  g a s  ( n i t r o 
g e n )  w a s  0 .7  m l /m i n .  T o  o p t im iz e  t h e  d e t e c t o r  r e s p o n s e ,  t h e  r a t e  o f  t h e  
m a k e - u p  g a s  t o  F I D  w a s  3 0  m l / m i a  T h e  d e a d  v o lu m e s  w e re  m in im iz e d  
b o t h  in  t h e  i n j e c to r  a n d  t h e  d e t e c t o r  u s in g  g la ss  c a p i l l a r y  c o n n e c t io n s .
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Mass spectrometry
T h e  G L C -M S  a n a ly s e s  w e re  c a r r ie d  o u t  o n  a n  L K B -9 0 0 0  in s t r u m e n t  

( L K B - p r o d u c te r  A B , B ro n tm a ,  S w e d e n )  b y  u s in g  t h e  s a m e  c a p i l l a r y  
c o lu m n  ( w i th  h e l iu m  a s  c a r r ie r  g a s )  a s  in  t h e  G L C -a n a ly s is .  N o  m a k e -u p  
g a s  w a s  u s e d .  A  R y h a g e - t y p e  j e t  s e p a r a to r  w a s  e m p lo y e d .  T h e  e n e r g y  
u s e d  w a s  7 0  e V  ( in  s o m e  c a s e s  a lso  2 0  e V ) , a n d  th e  s w e e p  t i m e  w a s  1.5  
s e c /d e c a d e .

Solvents and reference compounds
T h e  s o lv e n t s  w e r e  a ll  g u a r a n t e e d  r e a g e n t s  (E . M e r c k  A G )  a n d  w e re  

a lw a y s  r e d i s t i l l e d  b e f o r e  u s e .  T h e  r e f e r e n c e  c o m p o u n d s  w e r e  p u r e s t  
a v a i la b le  c o m m e r c ia l  p r o d u c t s ,  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  T h e  
fo l lo w in g  c o m p o u n d s  w e re  s y n th e t i z e d  b y  D r. E r k k i  H o n k a n e n  ( T e c h 
n ic a l  R e s e a r c h  C e n t r e  o f  F in l a n d ,  L a b  f o r  F o o d  R e s e a r c h  &  T e c h 
n o lo g y ,  O ta n i e m i ,  F in l a n d ) :  2 ,5 - d im e th y l - 4 - m e th o x y - 2 ,3 - d ih y d r o - 3 -  
f u r a n o n e ;  2 ,5 - d im e th y l - 4 - h y d r o x y - 2 ,3 - d ih y d r o - 3 - f u r a n o n e ;  a c e t o i n  a c e 
t a t e ;  a n d  3 m e th y l - 3 - b u te n o i c  a c id .

Quantitative estimations
E s t im a t io n s  o f  t h e  c o n c e n t r a t i o n s  o f  t h e  i d e n t i f i e d  c o m p o u n d s  in  

t h e  p r e s s  j u i c e  w e r e  c a r r ie d  o u t  a s  f o l l o w s :  T h e  t o t a l  a m o u n t  o f  t h e  
a r o m a  c o m p o u n d s  w a s  d e t e r m in e d  b y  w e ig h in g  t h e  a r o m a  c o n c e n t r a t e ,  
a n d  t h e  a m o u n t s  o f  s o lv e n ts  l e f t  in  t h e  a r o m a  c o n c e n t r a t e  w e r e  m e a s 
u r e d  b y  g a s  c h r o m a to g r a p h y .  T h e  r e la t iv e  g a s  c h r o m a to g r a p h ic  d e t e c 
t i o n  r e s p o n s e s  w e r e  d e t e r m in e d  u s in g  a  m i x t u r e  o f  t h e  s y n t h e t i c  c o m 
p o u n d s  (4 2  m o s t  a b u n d a n t  c o m p o u n d s  i d e n t i f i e d ,  a n d  2 ,5 - d im e th y l - 4 -  
h y d r o x y - 2 ,3 - d ih y d r o - 3 - f u r a n o n e ) .  T h e  y ie ld  o f  t h e  c o m p o n e n t s  in  t h e  
p r e s s  ju i c e  in  t h e  s te a m  d i s t i l l a t i o n  w a s  e s t i m a t e d  b y  d i s t i l l in g  a  s o lu t io n  
t h a t  s im u la t e d  t h e  j u i c e  ( t h e  a b o v e  m ix tu r e  o f  t h e  4 3  c o m p o u n d s  d is 
s o lv e d  in  c i t r a t e  b u f f e r ,  p H  3 .1 ) .  T h e  in t e g r a t i o n  d a t a  o f  t h e  a r c t i c  
b r a m b le  a r o m a  c o m p o u n d s  ( p e r c e n t  o f  t h e  t o t a l  a r o m a  c o n c e n t r a t e )  
w e re  f i r s t  c o r r e c t e d  f o r  t h e  d e t e c t o r  r e s p o n s e s .  O n  t h e  b a s is  o f  th e s e  
c o r r e c t e d  v a lu e s ,  i t  w a s  p o s s ib le  to  e s t i m a te  t h e  a m o u n t s  o f  e a c h  c o m 
p o u n d  in  t h e  w e ig h e d  c o n c e n t r a t e ,  a n d  t h e  c o n t e n t  o f  e a c h  in d iv id u a l  
c o m p o u n d  in  1 l i t e r  p re s s  j u i c e  w a s  e s t i m a te d  a c c o rd in g  t o  t h e  y ie ld  o f  
e a c h  c o m p o u n d  in  t h e  i s o la t io n  p ro c e d u r e .

T h e  b l in d  t e s t  w a s  i d e n t i c a l  w i t h  t h e  a n a ly s e s ,  e x c e p t  t h a t  d i s t i l l e d  
w a t e r  w a s  u s e d  in  t h e  d i s t i l l a t i o n  in s t e a d  o f  t h e  ju ic e .

RESULTS
1 k g  O F  B E R R I E S  g a v e  a b o u t  8 0 0  m l  p r e s s  j u i c e ,  p H  3 . 1 .  T h e  
y i e l d  o f  t h e  a r o m a  c o n c e n t r a t e  w a s  o n  a n  a v e r a g e  a b o u t  5 6  m g  
f r o m  1 l i t e r  o f  p r e s s  j u i c e ,  b u t  i t  v a r i e d  c o n s i d e r a b l y  i n  b e r r i e s  
f r o m  d i f f e r e n t  s o u r c e s .  T h e  c o m p o u n d s  i d e n t i f e d  i n  t h i s  s t u d y  
c o v e r  c a  9 0 %  ( 5 0  m g )  o f  t h e  c o n c e n t r a t e .  A c c o r d i n g  t o  t h e  

c o r r e c t i o n s ,  t h e  t o t a l  q u a n t i t a t i v e  a m o u n t  o f  t h e s e  c o m p o u n d s  
w a s  c a l c u l a t e d  a s  c a  7 0 — 8 0  p p m  i n  1 k g  p r e s s  j u i c e .

A l m o s t  2 5 0  s e p a r a t e  p e a k s  c a n  b e  s e e n  i n  t h e  c a p i l l a r y  g a s  
c h r o m a t o g r a m  o f  t h e  a r o m a  c o n c e n t r a t e  o f  t h e  a r c t i c  b r a m b l e  
p r e s s  j u i c e  g i v e n  i n  F i g u r e  1. O v e r  6 0  o f  t h e m  w e r e  i d e n t i f i e d  
u s i n g  c o m b i n e d  g l a s s  c a p i l l a r y  g a s  c h r o m a t o g r a p h y — m a s s  

s p e c t r o m e t r y .  T h e  b l i n d  t e s t  s h o w e d  t h a t  n o n e  o f  t h e  c o m 
p o u n d s  i d e n t i f i e d  w a s  a n  a r t e f a c t  o r i g i n a t i n g  f r o m  t h e  s o l v e n t s  
u s e d .  W h e n  n o  s p e c t r a l  d a t a  w e r e  a v a i l a b l e  o r  w h e n  t h e  p u b 
l i s h e d  s p e c t r a  s e e m e d  t o  r e q u i r e  c o n f i r m a t i o n ,  t h e  s p e c t r a  
w e r e  a n a l y z e d  u s i n g  t h e  r e f e r e n c e  c o m p o u n d s .  F o r  t h e  i d e n t i 
f i c a t i o n  t o  b e  p o s i t i v e  i t  w a s  r e q u i r e d  t h a t ,  i n  a d d i t i o n  t o  t h e  
m a s s  s p e c t r a l  i d e n t i f i c a t i o n ,  t h e  g a s  c h r o m a t o g r a p h i c  c h a r 
a c t e r i s t i c s  w e r e  i d e n t i c a l  w i t h  t h e  r e f e r e n c e  c o m p o u n d s .  S o m e  
o f  t h e  i d e n t i f i c a t i o n s  a r e ,  h o w e v e r ,  t e n t a t i v e  b e c a u s e  o f  t h e  
l a c k  o f  a u t h e n t i c  c o m p o u n d s .

T h e  c o m p o u n d s  i d e n t i f i e d ,  l i s t e d  i n  T a b l e  1 , a r e  p r e s e n t e d  
i n  t h e  s a m e  o r d e r  a s  t h e y  e l u a t e d  i n  t h e  G L C  a n a l y s i s ,  a n d  t h e  
n u m b e r i n g s  i n  F i g u r e  1 a n d  T a b l e  1 c o r r e s p o n d  t o  e a c h  o t h e r .  

T a b l e  1 a l s o  s h o w s  p e r c e n t a g e s  o f  t h e  c o m p o u n d s  i n  t h e  a r o m a  
c o n c e n t r a t e  ( i n t e g r a t i o n  v a l u e s ) ,  t h e  c a l c u l a t e d  a m o u n t s  o f  t h e  
c o m p o u n d s  i n  t h e  p r e s s  j u i c e ,  t h e  r e f e r e n c e s  u s e d  i n  t h e  m a s s  
s p e c t r a l  i d e n t i f i c a t i o n ,  a n d  a  l i s t  o f  s t u d i e s  i n  w h i c h  t h e  s a m e  
a r o m a  c o m p o u n d s  h a v e  b e e n  i s o l a t e d  o r  i d e n t i f i e d  f r o m  o t h e r  
b e r r i e s  i n  t h e  g e n u s  R u b u s .  T o  g e t  a  g e n e r a l  v i e w  o f  t h e  a r o m a ,  
t h e  c o m p o u n d s  i d e n t i f i e d  a r e  d i v i d e d  i n  T a b l e  2  i n t o  n i n e  
c o m p o u n d  c l a s s e s .  M e s i f u r a n e  a n d  a c e t o i n  h a v e  a l s o  b e e n  
t a k e n  a s  s e p a r a t e  g r o u p s  i n  T a b l e  2  b e c a u s e  o f  t h e i r  s i g n i f i 

c a n c e  f o r  t h e  a r o m a .  T h e  m o s t  a b u n d a n t  c o m p o u n d s  i n  t h e  
j u i c e  w e r e  ( c o n t e n t  o f  e a c h  e x c e e d i n g  1 p p m ) ,  i n  d e c r e a s i n g  
o r d e r ,  m e s i f u r a n e ,  a c e t o i n ,  a c e t a l d e h y d e ,  2 - h e p t a n o l ,  t r a n s - 3 -  
p e n t e n - l - o l ,  a c e t i c  a c i d ,  e t h y l  a c e t a t e ,  e t h a n o l ,  l i n a l o o l ,  3 -  
m e t h y l - 2 - b u t e n - l - o l ,  a n d  c i s - 3 - h e x e n - l - o l .

T h e  m o s t  a b u n d a n t  o f  t h e  c l a s s e s  i n  T a b l e  2  a r e  a l i p h a t i c  
a l c o h o l s  ( 1 2 —4 0  p p m  i n  t h e  j u i c e ) .  T h e  a n o m a l o u s  l a r g e  

q u a n t i t y  o f  a l c o h o l  f r a c t i o n  i n  t h e  c o m m e r c i a l  b e r r i e s  ( L u - 7 3 )  
i s  c a u s e d  b y  t h e  e t h a n o l  f o r m e d  t h r o u g h  p o s t - h a r v e s t  f e r m e n 
t a t i o n .  S i x  o f  t h e  e l e v e n  c o m p o u n d s  e x c e e d i n g  t h e  1 p p m  

v a l u e  i n  t h e  j u i c e  w e r e  a l c o h o l s  ( c f .  T a b l e  1 ) . I n  a d d i t i o n  t o  
t h e s e ,  m e t h a n o l ,  1 - p r o p a n o l ,  1 - b u t a n o l ,  3 - m e t h y l - 1 - b u t a n o l ,
1 -  h e x a n o l ,  a n d  t r a n s - 3 - h e x e n - l - o l  w e r e  f o u n d  i n  s m a l l e r  
a m o u n t s .

T h e  a l i p h a t i c  c a r b o n y l  f r a c t i o n  i s  l a r g e  b e c a u s e  o f  t h e  g r e a t  

a m o u n t  o f  a c e t a l d e h y d e .  T h e  o t h e r  a l i p h a t i c  c a r b o n y l  c o m 
p o u n d s  a r e  a c e t o n e ,  d i a c e t y l ,  2 - h e p t a n o n e ,  2 - m e t h y l - 2 - b u t e n a l  
a n d  6 - m e t h y l - 5 - h e p t e n - 2 - o n e .  T h e  a m o u n t  o f  a c e t a l d e h y d e  

w a s  d i f f i c u l t  t o  d e t e r m i n e  b e c a u s e  o f  i t s  g r e a t  l o s s  d u r i n g  t h e  
c o n c e n t r a t i o n .

T h e  m a i n  c o m p o n e n t  i n  a l l  t h e  c u l t u r e d  b e r r y  s a m p l e s  w a s  

c o m p o u n d  N o .  1 3 7 ,  2 , 5 - d i m e t h y l - 4 - m e t h o x y - 2 , 3 - d i h y d r o - 3 -  
f u r a n o n e  ( c o m p o u n d  I I ,  F i g .  2 ) .  B e c a u s e  o f  i t s  i m p o r t a n c e  f o r  

t h e  a r o m a  o f  t h e  a r c t i c  b r a m b l e  ( i n  F i n n i s h  m e s i m a r j a ) ,  t h e  
c o m p o u n d  is  h e r e a f t e r  c a l l e d  b r i e f l y  m e s i f u r a n e .  T h e  i s o l a t i o n  
a n d  s t r u c t u r a l  a n a l y s i s  o f  t h i s  c o m p o u n d  h a s  b e e n  r e p o r t e d  
e a r l i e r  ( K a l l i o  a n d  H o n k a n e n ,  1 9 7 5 ) .  C o m p o u n d  N o .  2 1 9  

p r o v e d  t o  b e  h y d r o x y  c o m p o u n d ,  w h i c h  c o r r e s p o n d s  t o  t h e  

m e s i f u r a n e  ( 2 , 5 - d i m  e t h y l - 4 - h y d r o x y - 2 , 3 - d i h y d r o -  3 - f u r a n o n e ,  
h y d r o x y  m e s i f u r a n e ,  c o m p o u n d  I ,  F i g .  2 ) .  T h e  m a s s  s p e c t r u m  
o f  t h e  c o m p o u n d ,  t a k e n  f r o m  t h e  o r i g i n a l  a r o m a  c o n c e n t r a t e  

w i t h  t h e  a i d  o f  c a p i l l a r y  G L C - M S ,  w a s  n o t  v e r y  c l e a r ,  b u t  t h e  
s t r u c t u r e  o f  t h e  c o m p o u n d  w a s  c o n f i r m e d  a f t e r  p r e p a r a t o r y  

G L C  c o l l e c t i o n .
T h e  t w o  l a s t  p e a k s  i n  t h e  c h r o m a t o g r a m  g i v e n  i n  F i g u r e  1 

( c o m p o u n d s  N o .  2 4 0  a n d  2 4 1 )  a r e  t w o  i s o m e r s ,  t h e  m a s s  
s p e c t r a  o f  w h i c h  a r e  p r e s e n t e d  i n  F i g .  3 . T h e  c r a c k i n g  p a t t e r n  
s h o w s  t h a t  t h e y  a r e  p r o b a b l y  f o r m e d  t h r o u g h  a  d i m e r i z a t i o n  

o f  m e s i f u r a n e  v i a  d e h y d r o g e n a t i o n .  T h e  f r a g m e n t a t i o n  m e c h a 
n i s m  m a y  b e  e x p r e s s e d  a c c o r d i n g  t o  t h a t  o f  m e s i f u r a n e  p r e 
s e n t e d  e a r l i e r  ( K a l l i o  a n d  H o n k a n e n ,  1 9 7 5 ) .  T h i s  a s s u m p t i o n  

h a s  n o t  y e t  b e e n  v e r i f i e d  b e c a u s e  o f  l a c k  o f  s y n t h e t i c  r e f e r e n c e  
c o m p o u n d s .

S i x t e e n  a l i p h a t i c  a c i d s  a n d  e s t e r s  w e r e  i d e n t i f i e d ,  w i t h  b o t h  
c l a s s e s  e x i s t i n g  i n  a p p r o x i m a t e l y  e q u a l  a m o u n t s .  A c e t i c  a c i d  
( 2 — 5 p p m )  a n d  e t h y l  a c e t a t e  ( 3 - 9  p p m )  w e r e  m o s t  a b u n d a n t  
o f  t h e s e  c o m p o u n d s  i n  a l l  t h e  f o u r  b e r r y  s a m p l e s  s t u d i e d .  T h e  
o t h e r  a c i d s  w e r e  2 - m e t h y l p r o p a n o i c  ( 0 . 1 — 0 . 3  p p m ) ,  n -  
b u t a n o i c  ( 0 . 0 5 —0 . 2  p p m ) ,  3 - m e t h y l b u t a n o i c  ( 0 . 5 — 1 p p m ) ,

3 - m e t h y l - 2 - b u t e n o i c  ( 0 . 6 — 2 . 3  p p m ) ,  3 - m e t h y l - 3 - b u t e n o i c  
( 0 . 1 —0 . 3  p p m ) ,  n - h e x a n o i c  ( 0 . 1  — 0 . 3  p p m )  a n d  p r o p a n o i c  a c i d  
( t r — 0 . 2  p p m ) .  T h e  i d e n t i f i e d  3 - m e t h y l - 3 - b u t e n o i c  a c i d  is  
e v i d e n t l y  v e r y  r a r e  i n  f r u i t s  a n d  b e r r i e s .  I t s  m a s s  s p e c t r u m  is  
p r e s e n t e d  i n  F i g u r e  4  t o g e t h e r  w i t h  t h e  s p e c t r u m  o f  3 - m e t h y l -
2 -  b u t e n o i c  a c i d .  T h e  m o l e c u l e  i o n  o f  t h e  l a t t e r  i s  c l e a r l y  m o r e  
s t a b l e  t h a n  t h a t  o f  t h e  f o r m e r  b e c a u s e  o f  t h e  c o n j u g a t e d  
d o u b l e  b o n d s .  T h e  a m o u n t s  o f  e s t e r s  v a r i e d  o v e r  a  w i d e  r a n g e .  

T h e  t r u e  c o n c e n t r a t i o n s  i n  t h e  j u i c e  w e r e  v e r y  d i f f i c u l t  t o  
d e t e r m i n e  b e c a u s e  o f  t h e  l a b i l i t y  o f  t h e  c o m p o u n d s .  T h e  
a m o u n t s  o f  a d d i t i o n a l  e s t e r s ,  3 - m e t h y l - 2 - b u t e n y l  a c e t a t e ,

2 - m e t h y l - 2 - b u t e n y l  a c e t a t e ,  m e t h y l  p y r u v a t e ,  a c e t o i n  a c e t a t e  
a n d  e t h y l  f o r m a t e  w e r e  c a l c u l a t e d  t o  e x i s t  i n  t h e  r a n g e
0 . 1 — 0 . 6 5  p p m  i n  t h e  j u i c e .  A l s o  c i s - 3 - h e x e n y l  a c e t a t e  e x i s t e d  

i n  f a i r l y  s m a l l  a m o u n t s .  I n  a d d i t i o n  t o  t h e  e s t e r s  i n  T a b l e  1, 
t h e  e x i s t e n c e  o f  2 - h e p t y l  a c e t a t e  i s  a l s o  e v i d e n t ,  b u t  w a s  n o t  
v e r i f i e d ,  b e c a u s e  i t s  r e t e n t i o n  t i m e  w a s  i d e n t i c a l  w i t h  t h a t  o f  
t r a n s - 3 - p e n t e n -  l - o l .

T h e  a c e t o i n e  c o n t e n t  v a r i e d  t o  s o m e  e x t e n t  i n  t h e  d i f f e r e n t  
m a t e r i a l s .  T h e  h i g h e s t  c o n c e n t r a t i o n  ( 1 4  p p m )  w a s  f o u n d  i n  
M a - 7 2  b e r r i e s .  T h e  a c e t o i n e  a c e t a t e  c o n t e n t ,  o n  t h e  o t h e r
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h a n d ,  w a s  q u i t e  c o n s t a n t ,  r a n g i n g  b e t w e e n  0 . 3  a n d  0 . 4  p p m .  
A s  f a r  a s  w e  k n o w ,  t h i s  e s t e r  i s  n o t  s o  c o m m o n  i n  f r u i t s  i n  

n a t u r e .  T h e  m a s s  s p e c t r a  ( 2 0  a n d  7 0  e V )  o f  c o m p o u n d  9 3  
f r o m  t h e  d i s t i l l a t e  a r e  p r e s e n t e d  i n  F i g u r e  5 .  T h e  r e s u l t s  a r e  

i d e n t i c a l  w i t h  t h e  s p e c t r a  o f  t h e  s y n t h e t i z e d  a c e t o i n  a c e t a t e .  

T h e  f r a g m e n t a t i o n  p a t t e r n  o f  t h e  e s t e r  i s  p r o n o u n c e d .  T h e  

f r a g m e n t  m / e  4 3  ( C ( = 0 ) - C H 3 , b a s e  p e a k )  m a y  s p l i t  f r o m  
e i t h e r  e n d  o f  t h e  m o l e c u l e .  M +  - 4 3  ( m / e  8 7 )  i s  o n l y  6 %  a n d  
M +  ( m / e  1 3 0 )  1 %  o f  t h e  b a s e  p e a k  w h e n  a n a l y z e d  w i t h  7 0  e V  
e n e r g y ,  a n d  2 3  a n d  5 %  ( r e s p e c t i v e l y )  w h e n  a n a l y z e d  v / i t h  2 0  

e V .
T h e  a m o u n t  o f  t e r p e n e  a l c o h o l s  w a s  1 — 3  p p m  i n  a l l  j u i c e  

s a m p l e s ,  c o n s i s t i n g  m a i n l y  o f  l i n a l o o l  a n d  a - t e r p i n e o l  T h r e e  
d i f f e r e n t  l i n a l o o l  o x i d e s  w e r e  f o u n d .  T h e i r  t o t a l  a m o u n t s  i n  
t h e  d i f f e r e n t  s a m p l e s  v a r i e d  b e t w e e n  0 .1  a n d  0 . 6  p p m .  T h e  
c o n t e n t  o f  a r o m a t i c  a l c o h o l s  w a s  l i k e w i s e  n o t i c e a b l e  (1  p p m ) .

B e n z y l  a l c o h o l  a n d  2 - p h e n y l e t h a n o l  a r e  r e p r e s e n t e d  i n  c o n 

s i d e r a b l e  a m o u n t s ,  b u t  t h e i r  s i g n i f i c a n c e  f o r  t h e  a r o m a  o f  t h e  
a r c t i c  b r a m b l e  i s  m i n u t e .

T h e  a r o m a t i c  e s t e r s  f o u n d  a r e  e t h y l  b e n z o a t e ,  b e n z y l  a c e 

t a t e ,  2 - p h e n y l e t h y l  a c e t a t e ,  d i m e t h y l  p h t h a l a t e  a n d  d i e t h y l  
p h t h a l a t e  a n d  t h e s e  c o v e r  t o g e t h e r  o n l y  a b o u t  h a l f  p e r c e n t  o f  

t h e  a r o m a  c o m p o u n d s .  I t  i s ,  h o w e v e r ,  q u e s t i o n a b l e  w h e t h e r  

t h e  t w o  l a s t  m e n t i o n e d  c o m p o u n d s  o r i g i n a t e  f r o m  a r c t i c  
b r a m b l e .

T h e  s m a l l  a m o u n t  o f  l a c t o n e s  i s  n o t e w o r t h y .  O n l y  t w o  o f  
t h e m  w e r e  f o u n d ,  i . e . ,  7 - b u t y r o l a c t o n e  a n d  e - c a p r o l a c t o n e .  

T h e  o n l y  n i t r o g e n - c o n t a i n i n g  c o m p o u n d  f o u n d  w a s  e t h y l  
n i c o t i n a t e .

T h e  s a m p l e  h a d  s o m e  f u r t h e r  n o t i c e a b l e  c o m p o n e n t s ,  

w h i c h  r e m a i n e d ,  h o w e v e r ,  u n i d e n t i f i e d  i n  s p i t e  o f  t h e  u s e f u l  

m a s s  s p e c t r a .

1 5 0 14C 1 3 0 110 9 0

Fig. 1—Gas chromatogram o f  arctic bramble aroma concentrate, analyzed by FFAP-glass capillary column (Mi-73).
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DISCUSSION
T H E  Q U A N T I T A T I V E  e s t i m a t i o n  o f  t h e  d i f f e r e n t  c o m p o u n d s  

i n  t h e  o r i g i n a l  p r e s s  j u i c e  i s  a  d i f f i c u l t  p r o b l e m .  T h e  u s e  o f  

s e v e r a l  c o r r e c t i o n  c o e f f i c i e n t s  i s  n o t  a n  a c c u r a t e  m e t h o d  f o r  
t h e  c a l c u l a t i o n  o f  t h e  a m o u n t s  o f  e a s i l y  v o l a t i l e  c o m p o u n d s .  

A s  t h e  d e t e c t o r  r e s p o n s e s  o f  d i f f e r e n t  c o m p o u n d s  v a r y  c o n 
s i d e r a b l y ,  t h e  u s e  o f  t h e  c o r r e c t i o n s  m a k e s  t h e  r e s u l t s ,  h o w 

e v e r ,  m o r e  r e l i a b l e .  F o r  t h i s  r e a s o n ,  t h e  r e s u l t s  w e r e  a l s o  c o r 
r e c t e d  a c c o r d i n g  t o  t h e  y i e l d  o f  d i f f e r e n t  c o m p o u n d s  i n  t h e  
i s o l a t i o n  p r o c e d u r e .  T h e y  v a r i e d  u s u a l l y  b e t w e e n  5 0  a n d  9 8 % ,  
a n d  i t  i s  e v i d e n t  t h a t  t h e  l o s s  i n  t h e  c o n c e n t r a t i o n  p r o c e d u r e  is

q u i t e  s i g n i f i c a n t ,  b e c a u s e  t h e  y i e l d  o f  t h e  c o m p o u n d s  w i t h  
s h o r t e r  r e t e n t i o n  t i m e s  i n  t h e  c h r o m a t o g r a m  w a s  o n l y  
5 0 — 6 5 % .  T h e  r e c o v e r i e s  o f  t h e  m o s t  e a s i l y  v o l a t i l e  c o m p o u n d s  
( a c e t a l d e h y d e ,  a c e t o n e ,  a n d  e t h y l  f o r m a t e )  w e r e  v e r y  l o w ,  

1 5 — 3 0 % ,  w h i c h  m e a n s  t h a t  t h e  a c c u r a c y  o f  t h e s e  r e s u l t s  i s  n o t  
v e r y  h i g h .

T h e  s e n s i t i v i t y  a n d  e f f i c i e n c y  o f  t h e  g a s  c h r o m a t o g r a p h i c  
m e t h o d  u s e d  w a s  s u f f i c i e n t  f o r  t h e  s e p a r a t i o n  o f  a b o u t  2 5 0  

p e a k s  i n  t h e  a r o m a  c o n c e n t r a t e  o f  a r c t i c  b r a m b l e  f r o m  e a c h  

o t h e r .  I n  t h e  m a s s  s p e c t r o m e t r i c  a n a l y s i s  t h e  F F A P - c o l u m n  
d i d  n o t  l o s e  m u c h  o f  i t s  e f f e c t  i n  c o m p a r i s o n  w i t h  t h e  G L C

Table 1 —List of compounds identified from arctic bramble aroma concentrate (Mi-73). The values are given with two significant digits, and 

rounded to the nearest multiple of 0.05 ppm or %.
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n-pentane 1 s 1
diethyl ether ether 4 s 1
ethanal acetaldehyde 7 0.20 9.0 1 6,7,8 12
2-propanone acetone 11 0.05 0.10 1 6,8 12 19
ethyl formate 11 1 9
ethyl acetate 13 4.0 3.3 1 7 ,9 -1 3 18 12 19
methanol 15 tr tr 1 9,15
dlchloromethane 16 s 1
ethanol 19 2.4 3.2 1 9 -1 2 ,1 4 18 12 19
n-pentanal 20 0.10 0.10 1 8
2,3-butanedione diacetyl 21 0.20 0.60 1 6,7,11 12
chloroform 24 S 1
1-propanol 30 tr tr 1
1-butanol 48 0.25 0.20 1 14 12
2-heptanone 52 0.25 0.15 1 18
2-methyl-2-butenyl acetate 54 0.40 0.40 a
2-methyl-2-butenal tlglin aldehyde 56 0.25 0.20 a
3-methy 1-1 -butanol 59 1.1 0.95 1 11,15
methyl-2-oxo propanoate methyl pyruvate 64 0.30 0.35 a
3-methyl-2-butenyl acetate 66 0.65 0.65 a
trans-3-penten-1-ol 69 7.1 5.2 t 15
3-oxo-2-butanol acetoin 77 7.8 9.7 1 6,15
cis-3-hexenyl acetate 79 tr tr 1 9,15
2-heptanol 80 9.8 8.2 a 18 19
3-methyl-2-buten-1-ol 82 4.0 2.9 2 14
6-methyl-5-hepten-2-one 83 0.15 0.10 3 19
1-hexanol 89 0.45 0.40 1 14,15 18 19
2-methyl-2-hydroxy-4-pentanone diacetone alcohol 90 0.05 0.05 1
trans-3-hexen-1-ol 91 0.10 0.10 1 19
3-oxo-2-butyl acetate acetoin acetate 93 0.25 0.25 a
cis-3-hexen-1-ol 98 1.3 1.0 1 9,14 ,15 19
acetic acid 108 4.0 5.1 1 7 ,9 -1 3 12
(-)-(2R),5R-trans-2-vinyl-2-methyl trans-linalool oxide 112 0.45 0.25 4

5- (1 '-hydroxy-1-methylethyl-)
tetrahydrofuran

(+)-(2Rf5S)-cis-2-vinyl-2-methyl-5- cis-linalool oxide 113 0.50 0.30 4
(I'-hydroxy-T-m ethylethyl-)
tetrahydrofuran

propanoic acid 124 0.20 0.15 1 13 19
3,7-dimethyl-1,6-octadien-3-ol linalool 125 5.2 3.0 1 15 18 19
benzaldehyde 126 tr tr 1 8,11 12 19
2-methylpropanoic acid 127 0.30 0.30 1 9,13
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a n a l y s i s  u s i n g  a  f l a m e  i o n i z a t i o n  d e t e c t o r .  H o w e v e r ,  s o m e  o f  

t h e  s e p a r a t i o n  p o w e r  w a s  l o s t  t h r o u g h  d i f f u s i o n  i n  t h e  d e a d  

v o l u m e  o f  t h e  s e p a r a t o r .  Q u a n t i t a t i v e  l o s s e s  w e r e  n o t i c e a b l e  i n  

t h e  e a s i l y  v o l a t i l e  c o m p o u n d s  i n  t h e  s e p a r a t o r .  T h e  m o s t  a b u n 
d a n t  c o m p o u n d s  w e r e  p u r e  e n o u g h  f o r  i d e n t i f i c a t i o n  a c c o r d 
i n g  t o  m a s s  s p e c t r a l  d a t a .  T h e  u s e f u l  r a n g e  o f  t h e  c o n c e n t r a 
t i o n  w a s  w i d e ;  t h e  d i f f e r e n c e  b e t w e e n  t h e  l a r g e s t  a n d  t h e  
s m a l l e s t  p e a k s  i d e n t i f i e d  w a s  a b o u t  1 0 4 - f o l d .  H o w e v e r ,  i n  
m a n y  c a s e s  t h e  c o n c e n t r a t i o n s  o f  t h e  c o m p o u n d s  w e r e  i n s u f 

f i c i e n t  t o  g i v e  r e l i a b l e  s p e c t r a .  T h e  F F A P - l i q u i d  p h a s e  c a u s e d  
s i g n i f i c a n t  d i s t o r t i o n  o f  t h e  s p e c t r a  s o o n  a f t e r  t h e  t e m p e r a t u r e  

e x c e e d e d  2 0 0 °  C ,  b u t  t h e  d i s a d v a n t a g e  c o u l d  b e  a v o i d e d  b y  s u b 
t r a c t i n g  t h e  b a c k g r o u n d  f r o m  t h e  s p e c t r a .  T h e r e f o r e ,  t h e  c o r 

r e c t e d  s p e c t r u m  o f  e . g . ,  t h e  s m a l l e s t  p e a k  i d e n t i f i e d ,  q u a i a c o l ,

w a s  v e r y  p u r e .  I t  w a s  t h u s  p o s s i b l e  t o  c a r r y  o u t  t h e  G L C - M S  

a n a l y s i s  o f  a b o u t  1 0 0  c o m p o u n d s ,  w i t h o u t  a n y  p r e f r a c t i o n 
a t i o n  o f  t h e  a r o m a  c o n c e n t r a t e  a n d  o v e r  6 0  o f  t h e m  w e r e  

i d e n t i f i e d .  A  m o r e  d e t a i l e d  a n a l y s i s  w i l l  r e q u i r e  e i t h e r  p r e f r a c 

t i o n a t i o n  o f  t h e  m i x t u r e ,  o r  t h e  u s e  o f  s e v e r a l  d i f f e r e n t  
c o l u m n s ,  b e c a u s e  t h e  p e a k s  o f  t h e  l a r g e s t  c o m p o u n d s  o v e r l a p  a  
n u m b e r  o f  s m a l l e r  c o m p o u n d s .  A  g o o d  e x a m p l e  o f  s u c h  a  c a s e ,  

w h e r e  t w o  c o m p o u n d s  o v e r l a p  e a c h  o t h e r ,  i s  t h e  p a i r  2 - p h e n y l -  
e t h y l  a c e t a t e - n - h e x a n o i c  a c i d  w h i c h  f o r m  a  s i m i l a r ,  s y m m e t r i c a l  
p e a k  i n  a  r a t i o  c f  1 : 2 .

I t  w a s  f o u n d  t h a t  m e s i f u r a n e  ( c o m p o u n d  I I  i n  F i g .  2 )  i s  t h e  
m o s t  i m p o r t a n t  a r o m a  c o m p o u n d  i n  a r c t i c  b r a m b l e .  T h i s  h a s  

b e e n  n o t i c e d  i r .  e a r l i e r  s t u d i e s  a s  w e l l ,  t h a t  a d d i n g  t h i s  c o m 
p o u n d  i n  a  n a t i v e  c o n c e n t r a t i o n  s u f f i c e s  t o  r e s t o r e  t h e  n a t i v e

Table 1—Continued

I UP AC-name Common name

Compounds found in other berries 
in the genus Rubus references’3

2,5-dimethyl-4-methoxy-2,3- mesifurane 137 32 18 a
di hydro-3-furanone

n-butanoic acid 138 0.15 0.15 1 19
3-methylbutanoic acid 145 0.95 0.80 1 9,13 19
7-butyro lactone 147 0.20 0.20 a
1,4-butanedicarboxylic acid di diethyl succinate 148 0.10 0.05 a 9

ethyl ester
ethyl benzoate 150 0.20 0.05 1 19
1-methyl-4-isopropyl-1-cyclohexen-8-ol a-terpineol 154 0.30 0.05 1 18 19
benzyl acetate 164 0.20 0.05 1 19
2-vinyl-2,6,6-trimethyl-5-hydroxy- linalool oxide 167 0.10 0.05 4

tetrahydropyran
3-methyl-2-butenoic acid 176 0.90 0.55 a
3-methyl-3-butenoic acid 178 0.20 0.10 a
2-phenylethyl acetate 183 0.10 0.05 1
n-hexanoic acid 183 0.20 0.10 1 9,11,13 19
3-pyridinecarboxylic acid ethyl ester ethyl nicotinate 185 tr tr 1
4-(2,6,6-trimethyl-1-cyclohexen- 0-dihydroionone 186 0.10 0.05 a 15

1-yl)-2-butanone
2-cis-3,7-dimethyl-2,6-octadien-1 -ol nerol 187 tr tr 1 15,16
2-trans-3,7-dimethyl-2,6-octadien-1-ol geranlol 188 0.05 tr 1 14,15,17 19
2-methoxyphenol guaiacol 189 tr tr 1 19
benzyl alcohol 198 1.9 0.70 1 9,11,15 12
e-capro lactone 203 0.05 tr 1
2-phenylethanol 205 0.75 0.30 5 7,9-11 19
4-(2,6,6-trimethylcyclohex-1-yl)- (3-tetrahydroionone 209 tr tr t

2-butanone
phenol 213 tr tr 1 19
1,2-dlmethoxy-4-ally Ibenzene eugenol methyl ether 214 tr tr 1
2,5-dimethyl-4-hydroxy-2,3-dihydro hydroxy mesifurane 219 tr tr a

3-furanone
4-ally l-2-methoxy phenol eugenol 229 0.05 tr 1
benzene-1,2-d¡carboxylic acid dimethyl phthalate 235 tr tr 1 19

dimethyl ester
benzene-1,2-dicarboxylic acid diethyl phthalate 238 0.05 tr 1
diethyl ester

a S = solvent; tr = trace am ounts, <  0.05% or < 0.05 ppm; a = mass spectra taken from  t t e  reference  com p ounds by the  au thor; t  = ten ta tive  
iden tifica tion .

b  References: (1) Stenhagen et al., 1969; (2) W illh a lm  and Tnom as, 1968; (3) T hom as et al., 1969; (4) F e lix  et al., 1963; (5) N ib b e r in g  and de 
Boer, 1968; (6) W in ter and Sundt, 1962; (7) Bohnsack, 1967b; (8) P isa rn itsk ii et al., 1970; (9) Bohnsack, 1967a; (10) S ch in z  and Se ide l, 1957; 
(11) Coppens and Hoejenbos, 1939; (12) M cG lu m p h y , 1951; (13) P a llu y  et al., 1963; (14) S und t and W in ter, 1962; (15) W in te r and Enggist, 
1971; (16) Elze, 1929; (17) S und t and W in ter, 1960; (18) Scan lan  et al., 1970; (19) H onkanen , 1972.
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a r o m a  i n  a  p r e s s  j u i c e  o f  t h e  a r c t i c  b r a m b l e ,  w h i c h  h a s  b e e n  
d i s t i l l e d  a l m o s t  o d o r l e s s .  T h e  m e s i f u r a n e  a d d e d  m a y  b e  e i t h e r  
i s o l a t e d  f r o m  t h e  b e r r i e s  o r  s y n t h e t i c  ( K a l l i o  a n d  H o n k a n e n ,

1 9 7 5 ) .  T h e  s a m e  c o m p o u n d  h a s  b e e n  i d e n t i f i e d  e a r l i e r  i n  
c a n n e d  a l p h o n s o  m a n g o  ( H u n t e r  e t  a l . ,  1 9 7 4 ) .

T h e  v a r i a t i o n  o f  m e s i f u r a n e  c o n t e n t  i n  f r e s h  b e r r i e s  s e e m e d  
t o  c o r r e l a t e  w i t h  t h e i r  q u a l i t y .  T h e  s u m m e r  1 9 7 3  w a s  w a r m  
a n d  t h u s  a d v a n t a g e o u s  f o r  t h e  g r o w t h  o f  t h e  b e r r i e s ,  w h i l e  
1 9 7 4  w a s  c o o l  a n d  r a i n y .  T h e  b e r r i e s  i n  1 9 7 3  w e r e  o f  a  v e r y  
h i g h  q u a l i t y  a n d  t h e  h a r v e s t  w a s  r i c h  i n  t h e  w h o l e  c o u n t r y ;  t h e

Fig. 2—Structures o f 2,5-dimethyl-4-hydroxy-2,3-dihydro-3-fura- 
none, compound / ("hydroxy mesifurane") and 2,5-dimethyl-4- 
methoxy-2,3-dihydro-3-furanone, compound // ("mesifurane").

Table 2—Compounds identified from arctic bramble divided into 
nine compound classes3

ppm in press juice

Compound class Ma-72 Lu-73 Mi-73 Mi-74

aliphatic alcohols 12 40 22 32
aliphatic carbonyls 13 6 10 35
mesifurane 12 7 18 11
acetoin 14 4 10 4
aliphatic acids 9 9 7 5
aliphatic esters 6 13 6 7
terpene alcohols 1 3 3 3
aromatic alcohols 1 1 1 1
other compounds identified < 1 < 1 1 1
a F o r  exp lana tion  o f  abbrev iations, see M ate ria ls  &  M ethods.

1 4 0 1 6 0

Fig. 3—70 e V mass spectra o f compounds No. 240(A) and 241 (B).
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Fig. 4—70 eV  mass spectra o f  
3-methyl-3-butenoic acid (A! and 
3-methy!-2-butenoic acid (B).

c o n t e n t  o f  m e s i f u r a n e  w a s  1 8  p p m  ( i n  t h e  b e r r i e s  M i - 7 3 ,  s e e  
T a b l e  2 ) .  I n  1 9 7 4 ,  w h e n  t h e  h a r v e s t  w a s  s c a n t y  a n d  o f  a n  

a v e r a g e  q u a l i t y  ( M i - 7 4 ) ,  : h e  c o n t e n t  o f  m e s i f u r a n e  w a s  o n l y  11  
p p m .  T h e r e  w a s  a  s t i l l  g r e a t e r  d i f f e r e n c e  i n  t h e  c o n c e n t r a t i o n  

o f  m e s i f u r a n e  b e t w e e n  t h e  c u l t i v a t e d  a n d  c o m m e r c i a l  b e r r i e s .  

I t  i s  e v i d e n t  t h a t  t h e  l o w  m e s i f u r a n e  c o n t e n t  i n  t h e  l a t : e r  w a s  
d u e  t o  t h e  p o s t - h a r v e s t  c h a n g e s  d u r i n g  s t o r i n g ,  b e c a u s e  t h e r e  
w a s  a  b e g i n n i n g  f e r m e n t a t i o n  n o t i c e a b l e  i n  t h e m .  T h e  c h a n g e s  
i n  t h e  a r o m a  c o m p o s i t i o n  o f  t h e  a r c t i c  b r a m b l e  a r e  v e r y  f a s t  i n  

u n f a v o r a b l e  s t o r a g e  c o n d i t i o n s  ( R y y n a n e n ,  1 9 7 3 ) .  T h e  

a m o u n t  o f  a n o t h e r  f u r a n o n e  d e r i v a t i v e ,  h y d r o x y  m e s i f u r a n e  
( c o m p o u n d  I  i n  F i g .  2 )  i s  v e r y  s m a l l  i n  t h e  p r e s s  j u i c e ,  l o w e r  
t h a n  0 . 5  p p m .  T h i s  c o m p o u n d  i s  h i g h l y  l a b i l e ,  a n d  t h e  e x a c t  

c o n t e n t  o f  i t  i n  t h e  j u i c e  i s  v e r y  d i f f i c u l t  t o  d e t e r m i n e .  I t s  
t h r e s h o l d  v a l u e  i s ,  h o w e v e r ,  l o w ,  a n d  o n e  c a n  t h u s  v e r i f y  t h a t  

t h e s e  t w o  f u r a n e  d e r i v a t i v e s  f o r m  t h e  b a s i c  o d o r  o f  a r c t i c  
b r a m b l e .  T h e  l a t t e r ,  h y d r o x y  m e s i f u r a n e ,  h a s  b e e n  r e p o r t e d  

e a r l i e r  i n  p i n e a p p l e  ( R o d i n  e t  a l . ,  1 9 6 5 ) ,  b e e f  ( T o n s b e e k  e t  a l . ,

1 9 6 8 ) ,  p o p c o r n  ( W a l r a d t  e t  a l . ,  1 9 7 0 ) ,  h e a t e d  m a p l e  s y r u p  

( U n d e r w o o d ,  1 9 7 1 ) ,  r o a s t e d  f i l b e r t s  ( S h e l d o n  e t  a l . ,  1 9 7 2 ) ,  
s t r a w b e r r y  ( B i i c h i  e t  a l . ,  1 9 7 3 )  a n d  r o a s t e d  a l m o n d s  ( T a k e i  
a n d  Y a m a n i s h i ,  1 9 7 4 ) .  W e  c a n  a s s u m e  t h a t  t h i s  c o m p o u n d  is  

m e t a b o l i c a l l y  c o n s e c u t i v e  t o  m e s i f u r a n e  i n  a r c t i c  b r a m b l e .  
T h e y  h a v e  e v i d e n t l y  n o t  b e e n  f o r m e d  b y  a  h e a t  i n d u c e d  r e 

a c t i o n ,  a n d  t h e  h y p o t h e s i s  t h a t  t h e  h y d r o x y  c o m p o u n d  c o u l d

b e  a n  i n t e r m e d i a t e  i n  e n z y m a t i c  b i o s y n t h e s i s  o f  m e s i f u r a n e  
m a y  b e  a l l o w e d .

T h e r e  a r e  c l e a r  q u a l i t a t i v e  d i f f e r e n c e s  b e t w e e n  t h e  a r o m a  
c o m p o u n d s  o f  t h e  a r c t i c  b r a m b l e  a n d  t h e  c o m p o n e n t s  i d e n t i 
f i e d  i n  o t h e r  b e r r i e s  o f  t h e  s a m e  g e n u s .  T w e n t y - t h r e e  o f  t h e  

c o m p o u n d s  m e n t i o n e d  i n  T a b l e  1 h a v e  n o t  b e e n  f o u n d  e a r l i e r  
i n  t h e  o t h e r  R u b u s  b e r r i e s .  O f  t h e s e  2 3  c o m p o u n d s  t h e  f o l l o w 
i n g  a r e  w o r t h y  o f  n o t e :  m e s i f u r a n e ,  h y d r o x y  m e s i f u r a n e ,

2 -  m e t h y l - 2 - b u t e n y l  a c e t a t e ,  3 - m e t h y l - 2 - b u t e n y l  a c e t a t e ,  a c e -  
t o i n  a c e t a t e ,  2 - p h e n y l e t h y l  a c e t a t e ;  3 - m e t h y l - 2 - b u t e n o i c  a c i d ,
3 -  m e t h y l - 3 - b u t e n o i c  a c i d ,  e u g e n o l  a n d  e u g e n o l  m e t h y l  e t h e r .

T h e r e  a r e  a l s o  s o m e  s u b s t a n c e s  w h i c h  h a v e  b e e n  f o u n d  o n l y  
i n  s o m e  o t h e r  R u b u s  b e r r i e s .  2 - H e p t a n o n e  e x i s t s  i n  b l a c k 

b e r r i e s  ( S c a n l a n  e t  a l . ,  1 9 7 0 ) ,  6 - m e t h y l - 5 - h e p t e n - 2 - o n e ,  e t h y l  
b e n z o a t e  a n d  b e n z y l  a c e t a t e  o n l y  i n  c l o u d b e r r y  ( H o n k a n e n ,

1 9 7 2 ) ,  a n d  a - t e r p i n e o l  i n  b l a c k b e r r y  ( S c a n l a n  e t  a l . ,  1 9 7 0 )  a n d  
i n  c l o u d b e r r y  ( H o n k a n e n ,  1 9 7 2 ) .

T h e  q u a n t i t a t i v e  c o m p a r i s o n  o f  t h e  a r o m a  c o m p o s i t i o n  b e 

t w e e n  t h e  r e l a t e d  b e r r i e s  i s  n o t  e a s y ,  b e c a u s e  s u c h  e s t i m a t i o n s  
h a v e  b e e n  r e p o r t e d  i n  r a r e  p u b l i c a t i o n s .  A n  i m p o r t a n t  d i f 

f e r e n c e  b e t w e e n  t h e  a r o m a  c o m p o s i t i o n  o f  c l o u d b e r r y  a n d  
a r c t i c  b r a m b l e  i s  c o n s t i t u t e d  b y  t h e  r i c h  a r o m a t i c  f r a c t i o n  i n  
t h e  f o r m e r  ( H o n k a n e n ,  1 9 7 2 ) .  T h e  m a i n  c o m p o n e n t  o f  c l o u d 

b e r r y ,  b e n z y l  a l c o h o l  ( 3 0 % ) ,  h a s  a  v a l u e  o f  o n l y  2 — 3 %  
( 0 . 7 — 1 .1  p p m  i n  t h e  j u i c e )  i n  a r c t i c  b r a m b l e .  T h e  m a i n  c l a s s  o f

Fig. 5—Mass spectra o f acetoin 
acetate.
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a r o m a  c o m p o u n d s  i n  r a s p b e r r y ,  a c c o r d i n g  t o  m a n y  s t u d i e s ,  is  
c a r b o n y l  c o m p o u n d s .  W i n t e r  a n d  S u n d t  ( 1 9 6 2 )  r e p o r t e d  t h a t  

1 4 %  o f  t h e  d i s t i l l a t e  i s  c a r b o n y l s  ( e s t i m a t e d  a s  a c e t a l d e h y d e ) .  
D u c l o s e  a n d  L a t r a s s e  ( 1 9 7 1 )  s t u d i e d  t h e  c a r b o n y l  c o m p o u n d s  

o f  s e v e r a l  r a s p b e r r y  v a r i e t i e s  s p e c t r o  p h o t o  m e t r i c a l l y  a s  2 , 4 -  
d i n i t r o p h e n y l h y d r a z o n e s .  T h e s e  c o m p o u n d s  c o m p r i s e d  5 0 %  o f  
t h e  t o t a l  v o l a t i l e  f r a c t i o n .  T h i s  c o m p o u n d  c l a s s  i s  q u a n t i t a 
t i v e l y  s i g n i f i c a n t  a l s o  i n  a r c t i c  b r a m b l e ,  b u t  i t s  i m p o r t a n c e  f o r  
t h e  a r o m a  i s  a s s u m e d  t o  b e  m i n u t e ,  b e c a u s e  t h e  f r a c t i o n  c o n 
s i s t s  m a i n l y  o f  a c e t a l d e h y d e .  T h e  a l c o h o l  f r a c t i o n  in  a r c t i c  
b r a m b l e  i s  a l w a y s  m u c h  r i c h e r  t h a n  t h e  v o l a t i l e  a c i d  f r a c t i o n .  
A c c o r d i n g  t o  O b r e t e n o v  e t  a l .  ( 1 9 7 2 ) ,  t h e  v o l a t i l e  a c i d  c o n t e n t  
i n  d i f f e r e n t  v a r i e t i e s  o f  r a s p b e r r y  r a n g e s  b e t w e e n  4 0 — 6 0 %  o f  

t h e  t o t a l  v o l a t i l e s .  T h i s  i s  a n  u n u s u a l l y  h i g h  c o n t e n t .
R a s p b e r r i e s  h a v e  s e v e r a l  i m p o r t a n t  f l a v o r  c o m p o u n d s  w h i c h  

a r e  m i s s i n g  in  a r c t i c  b r a m b l e .  O n e  o f  t h e m  is  p - h y d r o x y -  
p h e n y l - 3 - b u t a n o n e ,  t h e  r a s p b e r r y  k e t o n e  ( S c h i n z  a n d  S e i d e l ,  

1 9 5 7 ,  1 9 6 1 ;  S c h m i d l i n - M e s z a r o s ,  1 9 7 1 ) ,  w h i c h  h a s  n o t  b e e n  
f o u n d  i n  o t h e r  R u b u s  b e r r i e s  e i t h e r .  N o m u r a  a n d  N o z a w a  

( 1 9 1 8 )  s y n t h e t i z e d  t h e  c o m p o u n d  a s  e a r l y  a s  t h e  b e g i n n i n g  o f  
t h e  c e n t u r y ,  b u t  t h e y  d i d  n o t ,  h o w e v e r ,  r e a l i z e  i t s  i m p o r t a n c e  
t o  t h e  f l a v o r  o f  r a s p b e r r y .  T h e  t h r e s h o l d  v a l u e  o f  t h e  r a s p b e r r y  
k e t o n e  is  l o w e r  t h a n  0 .1  p p m  ( S c h m i d l i n - M e s z a r o s ,  1 9 7 1 ) .  a -  

a n d  ( 3 - i o n o n e s  a r e  a l s o  t y p i c a l  r a s p b e r r y  c o m p o u n d s  ( W i n t e r  
a n d  S u n d t ,  1 9 6 2 ;  B o h n s a c k ,  1 9 6 7 ;  W i n t e r  a n d  E n g g i s t ,  1 9 7 1 ) .  
N e i t h e r  o f  t h e m  h a s  b e e n  f o u n d  in  t h e  a r c t i c  b r a m b l e ,  b l a c k 

b e r r y  o r  c l o u d b e r r y ,  a n d  a c c o r d i n g  t o  M c G l u m p h y  ( 1 9 5 1 ) ,  
b l a c k  r a s p b e r r i e s  d o  n o t  c o n t a i n  ) 3 - io n o n e .  H o w e v e r ,  ( 3 - d i h y d r o -  

i o n o n e  o c c u r s  in  a r c t i c  b r a m b l e  i n  t r a c e  a m o u n t s .  I t  i s  a n  

a r o m a  c o m p o n e n t  o f  r a s p b e r r y ,  t o o  ( W i n t e r  a n d  E n g g i s t ,

1 9 7 1 ) .  W e  h a v e  a l s o  i d e n t i f i e d  t e t r a h y d r o i o n o n e  t e n t a t i v e l y  i n  
a r c t i c  b r a m b l e  ( c o m p o u n d  N o .  2 0 9 ,  F ig .  1 ) ,  b u t  w e  d i d  n o t  

h a v e  a n y  r e f e r e n c e  c o m p o u n d  t o  c o n f i r m  t h e  i d e n t i f i c a t i o n .

T a b l e  2  s h o w s  t h a t  t h e  v a r i a t i o n  o f  d i f f e r e n t  c o m p o u n d  
c l a s s e s  b e t w e e n  t h e  f o u r  h a r v e s t s  s t u d i e d  a r e  a p p r e c i a b l e .  I t  is  
s u r p r i s i n g  t h a t  t h e  d i f f e r e n c e s  o f  t h e  s a m e  v a r i e t i e s  ( M e s p i  +  
M e s m a )  f r o m  t h e  d i f f e r e n t  c u l t i v a t i o n s  a n d  s u c c e s s i v e  y e a r s  a r e  
a b o u t  a s  g r e a t  a s  t h e  d i f f e r e n c e s  b e t w e e n  t h e  c u l t i v a t e d  a n d  
w i l d  b e r r i e s .  I t  is ,  h o w e v e r ,  w o r t h  n o t i n g  t h a t  t h e  c u l t i v a t e d  

M e s p i  a n d  M e s m a  v a r i e t i e s  w e r e  c h o s e n  f r o m  w i l d  c u l t u r e s .
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D E V E L O P M E N T  O F  V O L A T I L E  A R O M A  C O M P O U N D S  

I N  A R C T I C  B R A M B L E ,  R u b u s  a r c t i c u s  L .

-----------------------------------------  A B S T R A C T  ------------------------------------------

T h e  f o r m a t io n  o f  v o la t i le  a r o m a  c o m p o u n d s  o f  a  w i ld  s t r a in  c u l t i v a t e d  
a r c t i c  b r a m b le ,  R u b u s  a r c t i c u s  L .  w a s  s tu d i e d  d u r in g  th e  r ip e n in g  o f  th e  
b e r r ie s  in  t h e  f i e ld .  T h e  a m o u n t  o f  2 ,5 - d im e th y l - 4 - m e th o x y - 2 ,3 - d i -  
h y d r o - 3 - f u r a n o n e ,  w h ic h  is  th e  m o s t  i m p o r t a n t  a r o m a  c o m p o u n d  f o r  
th e  b e r r y ,  i n c r e a s e d  f r o m  0 .2  u p  t o  o v e r  2 0 %  o f  t h e  v o la t i l e s .  T h e  t o t a l  
c o n t e n t  o f  t h e  m o s t  a p p r e c i a b l e  g r o u p s ,  a lc o h o l s ,  a c id s  a n d  e s te r s ,  
v a r ie d  b e tw e e n  3 5 - 6 6 % .  T h e  a m o u n t  o f  t h e  a c id s  s tu d i e d ,  a c e t i c ,
3 -m e th y l - 2 - b u te n o ic ,  2 - m e th y lp r o p a n o ic ,  3 - m e t h y l b u t a n o i c  a n d  3- 
m e th y l - 3 - b u te n o ic ,  i n c r e a s e d  u p  t o  c a  5 %  d u r in g  t h e  r ip e n in g .  T h e  r e la 
t iv e  a m o u n t s  o f  2 - h e p ta n o l ,  b e n z y l a l c o h o l ,  c i s - 3 - h e x e n - l - o l ,  2 -p h e n y l-  
e th a n o l ,  1- b u t a n o l  a n d  1 - h e x a n o l  d e c r e a s e d  f r o m  u n r ip e  t o  o v e r - r ip e  
s a m p le s ,  w h e r e a s  t r a n s - 3 - p e n t e n - l - o l ,  3 - m e th y l - 2 - b u te n - l - o l ,  l in a lo o l ,  
e th a n o l ,  a - t e r p i n e o l  a n d  g e r a n io l  in c r e a s e d  u p  t o  t h e  r ip e  s ta g e  a n d  
b e g a n  to  d e c r e a s e  a f t e r  t h a t .  T h e  e s te r s ,  e t h y l  a c e t a t e ,  m e th y l  p y r u v a t e ,
2 - m e th y l - 2 - b u te n y l  a c e t a t e ,  b e n z y l  a c e t a t e  a n d  c i s - 3 -h e x e n y l  a c e t a t e  
f o l l o w e d  m a in ly  t h e  s a m e  p a t t e r n  a s  t h e  a lc o h o ls  m e n t i o n e d  la s t .  T h e  
th r e e  c a r b o n y l  c o m p o u n d s  m e a s u r e d  w e re  a c e t o n e ,  2 - h e p ta n c n e  a n d
2 - m e th y l - 2 - b u te n a l ,  o f  w h ic h  th e  l a s t  m e n t io n e d  s h o w e d  e x t r e m e ly  
r a p id  in c r e a s e  u n t i l  t h e  b e r r ie s  w e re  r ip e .  T h e  c o n t e n t  o f  a c e to in  i n 
c re a s e d  d r a s t i c a l ly  d u r in g  t h e  r ip e n in g  o f  t h e  f r u i t .

IN T R O D U C T IO N

T H E  S T U D Y  o f  t h e  f o r m a t i o n  o f  b i o c h e m i c a l  m e t a b o l i t e s  

s u c h  a s  a r o m a  c o m p o u n d s  i n  b e r r i e s  l i k e  a r c t i c  b r a m b l e  i s  
m o r e  d i f f i c u l t  t h a n ,  f o r  i n s t a n c e ,  i n  a p p l e s ,  p e a r s  a n d  b a n a n a s ,  

s i n c e  t h e  b e r r i e s  a r e  h a r v e s t e d  f u l l y  r i p e .  T h i s  m a k e s  i t  i m p o s s i 
b l e  t o  i n v e s t i g a t e  t h e  n a t i v e  c h a n g e s  i n  t h e  a r o m a  c o m p o s i t i o n  
o f  r i p e n i n g  b e r r i e s  a f t e r  h a r v e s t i n g ,  a s  i s  c u s t o m a r i l y  d o n e  w i t h  
t h e  b e f o r e  m e n t i o n e d  f r u i t s  ( R o m a n i  a n d  K u ,  1 9 6 6 ;  T r e s s l  a n d  

J e n n i n g s ,  1 9 7 2 ;  D r a w e r t  e t  a l . ,  1 9 7 2 ;  T r e s s l  a n d  D r a w e r t ,
1 9 7 3 ) .  I n  f r u i t s ,  t h e  p r e c u r s o r s  o f  t h e  a r o m a  c o m p o u n d s  a r e  

u s u a l l y  f o r m e d  d u r i n g  r i p e n i n g  f r o m  c a r b o h y d r a t e s ,  s y n t h e 
s i z e d  b y  p h o t o s y n t h e t i c  p a t h w a y s  i n  t h e  p l a n t s .  T h e  f l a v o r  
c o m p o u n d s  a r e ,  h o w e v e r ,  f o r m e d  a f t e r  a  p o s t h a r v e s t  r e s p i r a 

t o r y  c l i m a c t e r i u m .  T h e  f o r m a t i o n  o f  m a n y  v o l a t i l e s  i n  t h e s e  
f r u i t s  i s  a  c y c l i c  d e v e l o p m e n t ,  w h i c h  c a n  b e  t r a c e d ,  w i t h o u t  
d e s t r o y i n g  t h e  f r u i t ,  u s i n g  t h e  t e c h n i q u e  d e v e l o p e d  b y  T r e s s l  

a n d  J e n n i n g s  ( 1 9 7 2 )  f o r  t h e  s t u d y  o f  f l a v o r  c o m p o u n d s .  
W h e t h e r  t h e  f o r m a t i o n  o f  t h e  a r o m a  c o m p o u n d s  i n  a r c t i c  
b r a m b l e  h a s  a  s i m i l a r  c y c l i c  m e c h a n i s m  i s ,  h o w e v e r ,  a  q u e s t i o n  
t h a t  c a n n o t  b e  a n s w e r e d  b y  t h e  t e c h n i q u e  u s e d  i n  t h i s  s t u d y .  
A s  t h e  c h a n g e s  i n  t h e  q u a l i t y  o f  t h e  a r c t i c  b r a m b l e  b e r r i e s  a r e  
q u i c k  a f t e r  h a r v e s t i n g  ( R y y n a n e n ,  1 9 7 3 ) ,  t h e  o n l y  p r o p e r  

m e t h o d  is  t o  p i c k  b e r r i e s  a t  d i f f e r e n t  s t a g e s  o f  r i p e n e s s  a n d  
a t t e m p t  t o  p r e v e n t  t h e  c h e m i c a l  a n d  b i o c h e m i c a l  c h a n g e s  b e 
f o r e  a n d  d u r i n g  t h e  i s o l a t i o n  o f  t h e  a r o m a  c o m p o u n d s .  
A c c o r d i n g  t o  a  s t u d y  o f  t h e  v o l a t i l e  c a r b o n y l  c o m p o u n d s  o f  
a r c t i c  b r a m b l e  a t  v a r i o u s  s t a g e s  o f  r i p e n e s s  ( K a l l i o  a n d  L i n k o ,
1 9 7 3 ) ,  t h e  c o n t e n t  o f  m o s t  c a r b o n y l s  i n c r e a s e s  d u r i n g  t h e  
r i p e n i n g ,  t h e  l a r g e s t  c h a n g e s  o c c u r r i n g  i n  t h e  a m o u n t s  o f  
a c e t a l d e h y d e ,  a  p e n t e n a l ,  a c e t o n e ,  a c e t o i n  a n d  d i a c e t y l .  T h e  
t o t a l  a m o u n t  o f  c a r b o n y l s  i s  m i n u t e ,  e x c e p t  f o r  a c e t a l d e h y d e .  

I d e n t i f i c a t i o n  o f  o v e r  6 0  v o l a t i l e  a r o m a  c o m p o u n d s  i n  a r c t i c

b r a m b l e  b y  a  G L C - M S  a n a l y s i s  h a s  b e e n  r e p o r t e d  e a r l i e r  b y  t h e  

p r e s e n t  a u t h o r  ( K a l l i o ,  1 9 7 6 ) .

M A T E R IA L S  &  M E T H O D S

T H E  B E R R IE S  ( a r c t i c  b r a m b le ,  R u b u s  a r c t i c u s  L .)  w e re  c u l t i v a t e d  in  
C e n t r a l  F in l a n d  ( A g r i c u l t u r a l  R e s e a r c h  C e n t r e  S o u t h  S a v o  E x p e r i m e n t  
S t a t i o n ,  M ik k e l i ,  F in l a n d ) .  T h e  tw o  d i f f e r e n t  c lo n e s  (w ild  s t r a in s  M e s p i 
a n d  M e s m a )  w e re  p l a n t e d  in  1 9 7 0  a n d  g r o w n  in  a  m ix e d  c u l tu r e  
( R y y n a n e n ,  1 9 7 3 ) .  T h e  b e r r ie s  w e re  h a r v e s t e d  in  A u g u s t ,  1 9 7 4  a n d  
a s s o r t e d  i n to  f o u r  c la s s e s  d u r in g  t h e  p ic k in g  a c c o r d i n g  to  t h e i r  s ta g e  o f  
r ip e n e s s .  T h e s e  w e r e :  u n r ip e ,  U R  ( s m a l l ,  g r e e n ,  h a r d ) ,  h a l f  r i p e ,  H R  
( la rg e ,  g r e e n  o r  r e d d is h ,  b e g in n in g  t o  s o f t e n ) ,  r ip e  R  ( la rg e , r e d ,  s o f t ,  
o p t i m a l  r i p e ) ,  o v e r - r ip e ,  O R  ( r e d ,  v e ry  s o f t ,  b e g in n in g  t o  w r in k le ) .  T h e  
b e r r ie s  w e re  f r o z e n  i m m e d ia t e ly  a n d  s to r e d  a t  —2 0 ° C .  T h e  s a m p le s  
w e r e  a n a l y z e d  w r h i n  2 m o n t h s  a f t e r  h a rv e s t i n g .

T h e  p r e s s  ju ic e  f r o m  1 k g  o f  t h e  m a c e r a t e d  b e r r ie s  w a s  d is t i l l e d  a t  
2 2 ° C  in  t h e  p r e s s u re  o f  3  t o r r s ,  a n d  t h e  a r o m a  c o m p o u n d s  o f  t h e  
d i s t i l l a te  e x t r a c t e d  w i th  p e n ta n e - e th e r  ( 1 : 2 , v /v )  in  a  c o n t i n u o u s  e x 
t r a c t o r .  T h e  e x t r a c t  w a s  c o n c e n t r a t e d  c a r e f u l ly  w i t h  a  W id m e r  c o lu m n  
a t  3 5 ° C  to  t h e  f in a l  v o lu m e  o f  2 5 0  p i .  T h e  p r o c e d u r e  is d e s c r ib e d  in  
m o re  d e t a i l  in  a n  e a r l ie r  p a p e r  b y  t h e  a u t h o r  (K a l l io ,  1 9 7 5 ) .

T h e  q u a n t i t a t i v e  a n a ly s is  o f  t h e  a r o m a  c o m p o u n d s  w a s  c a r r ie d  o u t  
b y  g la s s  c a p i l ia r y -G L C -s y s te m . T h e  r e s u l t s  a r e  g iv e n  in  p e r c e n t  o f  th e  
t o t a l  a m o u n t  o f  t h e  c o m p o u n d s  m e a s u r e d  w i t h  a n  i n t e g r a t o r .  T h e  c a p i l 
l a r y  c o lu m n  w a s  a  s e lf -m a d e  F F A P - c o lu m n ,  8 0 m  in  l e n g th  a n d  0 .3 2  m m
i.d .  T h e  id e n t i f i c a t i o n  o f  t h e  a r o m a  c o m p o u n d s  w a s  b a s e d  o n  
G L C -M S -a n a ly s e s  ( K a l l io ,  1 9 7 5 ) .

T h e  s o lv e n t s  w e re  a l l  g u a r a n t e e d  r e a g e n t s  (E .  M e rc k  A G ) a n d  w e re  
a lw a y s  r e d i s t i l l e d  b e f o r e  u s e .  T h e  r e f e r e n c e  c o m p o u n d s  w e r e  p u r e s t  
c o m m e r c ia l ly  a v a .la b le  p r o d u c t s .

R E S U L T S  & D IS C U S S IO N

I N  T H E  P R E S E N T  S T U D Y ,  t h e  d e v e l o p m e n t  o f  t h e  a r o m a  
s p e c t r u m  i n  a r c t i c  b r a m b l e  w a s  e x a m i n e d  i n  1 9 7 4  d u r i n g  t h e  

r i p e n i n g .  C u l t i v a t e d  p l a n t s  w e r e  u s e d  i n s t e a d  o f  w i l d  o n e s  b e 
c a u s e  i t  w a s  r e q u i r e d  t h a t  t h e  b e r r i e s  s h o u l d  b e  h o m o g e n o u s  

f o r  c o m p a r i s o n  o f  t h e  r e s u l t s  f r o m  b e r r i e s  a t  d i f f e r e n t  s t a g e s  o f  
r i p e n e s s .  I n  s p i t e  o f  t h e  e f f o r t s  t o  c l a s s i f y  a n d  p i c k  t h e  b e r r i e s  
o f  t h e  f o u r  s t a g e s  o f  r i p e n e s s ,  t h e r e  w a s  a n  a p p r e c i a b l e  a m o u n t  
o f  v a r i a t i o n  w i t h i n  t h e  c a t e g o r i e s .  T h e  c l a s s i f i c a t i o n  w a s  b a s e d  
o n l y  o n  s e n s o r y  e s t i m a t i o n s .  B e c a u s e  o f  t h e  l a r g e  a m o u n t  o f  
s i n g l e  b e r r i e s  o n e  c a n ,  h o w e v e r ,  a s s u m e  t h a t  e a c h  o f  t h e  f o u r  
c l a s s e s  w a s  h o m o g e n o u s  e n o u g h  i n  t e r m s  o f  a v e r a g e s .  T h e  
c h a n g e s  i n  t h e  c o n t e n t s  o f  s i n g l e  a r o m a  c o m p o u n d s  w e r e  o f t e n  
1 0 -  o r  e v e n  1 0 0 - f o l d  d u r i n g  t h e  r i p e n i n g .  T h e  s t a n d a r d  d e v i a 
t i o n s  w e r e  n o t  c o m p u t e d  b e c a u s e  o f  s m a l l  m a t e r i a l s  a v a i l a b l e .  
T h e  v a r i a t i o n s  o f  t h e  y i e l d s  o f  e a c h  c o m p o u n d  r a n g e d  b e t w e e n
2 — 1 5 %  i n  p a r a l l e l  a n a l y s e s  o f  r i p e  b e r r i e s  ( t h r e e  s e p a r a t e  d e t e r 

m i n a t i o n s ) .
T h e  y i e l d  o f  v o l a t i l e s  w a s  a b o u t  6 0  m g  o f  1 k g  o f  r i p e  

b e r r i e s ,  a n d  o n l y  a b o u t  2 0  m g  i n  u n r i p e  o n e s .  D u r i n g  t h e  
d e v e l o p m e n t  f r o m  u n r i p e  t o  h a l f - r i p e  s t a g e ,  t h e  t o t a l  a m o u n t  
o f  v o l a t i l e s  i n c r e a s e d  o n l y  s l i g h t l y  ( s o m e  m i l l i g r a m s ) .  I n  o v e r 
r i p e  b e r r i e s  t h e  c o n t e n t  o f  a r o m a  c o m p o u n d s  w a s  a t  a b o u t  t h e  

s a m e  l e v e l  a s  i n  r i p e  o n e s .

V o l u m e  4 1  ( 1 9 7 6 ) - J O U R N A L  O F  F O O D  S C I E N C E - 5 6 3



5 6 4 - J O U R N A L  O F  F O O D  S C I E N C E -  V o l u m e  4 1  ( 1 9 7 6 )

T h e  r e l a t i v e  a l t e r a t i o n s  o f  3 1  a r o m a  c o m p o u n d s  t y p i c a l l y  

o c c u r r i n g  i n  a r c t i c  b r a m b l e  w e r e  f o l l o w e d  d u r i n g  t h e  r i p e n i n g  
o f  t h e  b e r r i e s  f r o m  u n r i p e  t o  o v e r - r i p e  s t a g e .  T h e  c o m p o u n d s  

w e r e  c l a s s i f i e d  i n  t h r e e  d i f f e r e n t  c a t e g o r i e s  ( F i g .  1 - 3 )  a c c o r d 
i n g  t o  t h e  m o d e s  o f  t h e  f o r m a t i o n  c u r v e s .  T h e  r e s u l t s  a r e  
p r e s e n t e d  i n  a  l o g a r i t h m i c  s c a l e .  F i g u r e  1 s h o w s  t h e  c h a n g e s  o f  

t h e  r e l a t i v e  p r o p o r t i o n s  o f  s i x  a l c o h o l s ,  f i v e  e s t e r s  a n d  t w o  
c a r b o n y l s ;  t h e r e  i s  a  p o w e r f u l  i n c r e a s e  d u r i n g  p r o g r e s s  o f  t h e  
r i p e n i n g .  A t  t h e  o v e r - r i p e  s t a g e  t h e s e  c o m p o u n d s  d i m i n i s h  
r e g u l a r l y .  T h e  a m o u n t s  o f  t h e  c o m p o u n d s  r e a c h  t h e i r  c u l m i n a 
t i o n  p o i n t  a t  a b o u t  t h e  s a m e  p h a s e  i n  t h e  g r o w t h  c y c l e ,  i . e . ,  i n  

t h e  r i p e  b e r r i e s .  T h e  m o s t  a b u n d a n t  e s t e r  i n  r i p e  b e r r i e s  w a s  

e t h y l  a c e t a t e  ( F i g .  1 ) ,  t h e  a m o u n t  o f  w h i c h  w a s  a b o u t  6 %  o f  
t h e  i s o l a t e d  a r o m a  c o n c e n t r a t e .  T h e  r e l a t i v e  a m o u n t s  o f  t h e  
o t h e r  i m p o r t a n t  e s t e r s  s t u d i e d ,  m e t h y l  p y r u v a t e ,  2 - m e t h y l -2  - 
b u t e n y l  a c e t a t e ,  b e n z y l  a c e t a t e  a n d  c i s - 3 - h e x e n y l  a c e t a t e ,  w e r e  
c l e a r l y  l o w e r .  A l l  o f  t h e  a l c o h o l s  ( F i g .  1 ) ,  t r a n s - 3 - p e n t e n - l - o l ,

3 - m e t h y l - 2 - b u t e n - l - o l ,  l i n a l o o l ,  e t h a n o l ,  a - t e r p i n e o l  a n d  
g e r a n i o l ,  i n c r e a s e d  r e l a t i v e l y  t w o  t o  4 0 - f o l d  i n  t h e  r i p e n i n g  

p h a s e .  T h e  d e c r e a s e  o f  t h e s e  c o m p o u n d s  is  s m a l l  b u t  n o t i c e 
a b l e ,  h o w e v e r ,  a f t e r  t h e  b e r r y  h a s  p a s s e d  t h e  o p t i m a l l y  r i p e  
s t a g e .  I n  g e n e r a l ,  t h e  c h a n g e s  o f  t h e  t e r p e n e  a l c o h o l s  a n d  e s t e r s  
a r e  n o t  s o  s h a r p  a s  i n  t h e  a l i p h a t i c  o n e s .  T h e  h i g h e s t  i n c r e a s e s  
w e r e  f o u n d  i n  3 - m e t h y l - 2 - b u t e n - l - o l ,  m e t h y l  p y r u v a t e  a n d

t r a n s - 3 - p e n t e n - l - o l .  T h e  t w o  c a r b o n y l s  b e l o n g i n g  t o  t h e  s a m e  
c a t e g o r y  ( F i g .  1 )  w e r e  a c e t o n e  a n d  2 - m e t h y l - 2 - b u t e n a l .  T h e  

i n c r e a s e  o f  t h e  l a t t e r  c o m p o u n d  w a s  v e r y  s h a r p ,  f r o m  0 . 0 2 %  i n  

u n r i p e  b e r r y  t o  2 %  i n  r i p e  b e r r y .
F i g u r e  2  s h o w s  t h e  d e v e l o p m e n t  o f  1 1  v o l a t i l e  a r o m a  c o m 

p o u n d s ,  c h a r a c t e r i z e d  b y  a n  i n c r e a s e  u n t i l  t h e  o v e r - r i p e  s t a g e .  
T h e  m o s t  a b u n d a n t  c o m p o u n d  is  2 , 5 - d i m e t h y l - 4 - m e t h o x y - 2 , 3 -  

d i h y d r o - 3 - f u r a n o n e  ( F i g .  2 ,  c u r v e  N o .  1 4 ) .  T h i s  c o m p o u n d ,  

c a l l e d  m e s i f u r a n e ,  i s  t h e  m o s t  i m p o r t a n t  a r o m a  c o m p o n e n t  o f  
a r c t i c  b r a m b l e  ( K a l l i o  a n d  H o n k a n e n ,  1 9 7 5 ;  K a l l i o ,  1 9 7 6 ) ,  a n d  

i t s  c l e a r  i n c r e a s e  i s  d i r e c t l y  c o n n e c t e d  w i t h  t h e  r i p e n e s s  o f  t h e  
b e r r y ,  w h i c h  c a n  a l s o  b e  n o t i c e d  o r g a n o l e p t i c a l l y .  T h e  r e l a t i v e  

a m o u n t  o f  m e s i f u r a n e  i s  a b o u t  0 . 2 %  i n  t h e  a r o m a  c o m p o u n d s  
i s o l a t e d  f r o m  g r e e n  f r u i t s .  I n  r i p e  b e r r i e s ,  i t s  p r o p o r t i o n  i s  c a  

2 0 % ,  a n d  i n  o v e r - r i p e  o n e s ,  e v e n  3 0 % .  T h e  a m o u n t  o f  t h i s  
c o m p o u n d  s h o w s  g r e a t  v a r i a t i o n  i n  b e r r i e s  f r o m  d i f f e r e n t  y e a r s  
a n d  d i f f e r e n t  s o u r c e s .  I n  t h e  b e r r i e s  h a r v e s t e d  o p t i m a l l y  r i p e ,  
a c c o r d i n g  t o  t h e  s a m e  c r i t e r i a ,  t h e  a m o u n t  o f  m e s i f u r a n e  w a s  
3 2 %  i n  t h e  s a m e  c u l t u r e  t h e  y e a r  b e f o r e .  T h e  r a n g e s  o f  v a r i a 

t i o n  a r e  w i d e  i n  o t h e r  c o m p o u n d s ,  a s  w e l l  ( K a l l i o ,  1 9 7 5 ) .

T h e  b i o s y n t h e s i s  o f  a c e t o i n  i s  i n d u c e d  i n  g r e a t e r  a m o u n t s  
o n l y  t o w a r d s  t h e  e n d  o f  t h e  r i p e n i n g ,  a n d  t h e  i n c r e a s e  p r o 
g r e s s e d  a s  t h e  b e r r y  b e c a m e  o v e r - r i p e  ( F i g .  2 ,  c u r v e  1 5 ) .  I t s  

c o n t e n t  w a s  a s  h i g h  a s  1 4 %  i n  o v e r - r i p e  b e r r i e s ,  w h i c h  is  a l s o  a

Fig. / — Rates o f formation o f the aroma compounds in arctic 
bramble. The compounds which reach their maximum in the ripe 
stage. UR = unripe; HR  = half-ripe; R = ripe; and OR = over-ripe. 
[(!) trans-3-penten-Tol; <2! 3-methyl-2-buten-1-ol; (3) ethyl ace
tate; (4) linalool; (51 ethanol; (6) 2-methyl-2-butenal; (7) acetone; 
(8) a-terpineol; (9) methyl pyruvate; (10) geraniol; (11) 2-methyl-2- 
buteny! acetate; (12) benzyl acetate; (13) cis-3-hexenyl acetate.]

STAGE OF RIPENESS

Fig. 2—Rates o f formation o f the aroma compounds in arctic 
bramble. The compounds, the relative amounts o f which increase 
until overripe stage. [(14) 2,5-dimethyl-4-methoxy-2,3-dihydro-2- 
furanone (mesifurane); (15) acetoine; (16) 3-methyl-1 -butanol: (17) 
acetic acid; (18) 3-methyl-2-butenoic acid; (19) 2-methyl propanoic 
acid; (20) 3-methylbutanoic acid; (21) acetoine acetate; (22) 3- 
methyl-3-butenoic acid; (23) diacetyl; (24) 1-propanol.]
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t y p i c a l  f e a t u r e  o f  a g e d  a r c t i c  b r a m b l e s .  T h e  c u r v e  r e p r e s e n t i n g  
t h e  f o r m a t i o n  o f  a c e t o i n  a c e t a t e  s h o w e d  i d e n t i c a l  s h a p e  ( c u r v e  
2 1 ) ,  a n d  t h u s  d i f f e r e d  f r o m  t h e  o t h e r  e s t e r s  s t u d i e d .  D r a w e r t  
e t  a l .  ( 1 9 6 9 )  s u p p o s e d  t h a t  t h e  f o r m a t i o n  o f  a c e t o i n  s h o w s  t h e  

b e g i n n i n g  o f  t h e  s e c o n d ,  g l y c o l y t i c  p h a s e  i n  a p p l e .

F i g u r e  2  a l s o  s h o w s  t h e  d e v e l o p m e n t  o f  f i v e  a c i d s  d u r i n g  
t h e  r i p e n i n g .  T h e  i n c r e a s e  o f  t h e  r e l a t i v e  a m o u n t s  o f  t h e s e  
w e r e  n o t i c e a b l e .  F o u r  o f  t h e  a c i d s ,  a c e t i c ,  3 - m e t h y l - 2 - b u t e -  

n o i c ,  2 - m e t h y l p r o p a n o i c  a n d  3 - m e t h y l b u t a n o i c  a c i d ,  s h o w e d  
a n  i n c r e a s i n g  t e n d e n c y  a l s o  i n  o v e r - r i p e  b e r r i e s ,  w h i l e  t h e  

p r o p o r t i o n  o f  3 - m e t h y l - 3 - b u t e n o i c  a c i d  w a s  s l i g h t l y  d e c r e a s i n g  
i n  t h e m .  T h e  r e l a t i v e l y  m o s t  r a p i d  i n c r e a s e  i s  s e e n  i n  t h e  c a s e  
o f  3 - m e t h y l - 2 - b u t e n o i c  a c i d  ( c u r v e  1 8 ) ,  w h i c h  i n c r e a s e d  f r o m  

0 . 0 1 %  i n  u n r i p e  t o  1 %  i n  o v e r - r i p e  b e r r i e s .  3 - M e t h y l - l - b u t a n o l ,  

d i a c e t y l  a n d  1 - p r o p a n o l  a l s o  f o l l o w  m a i n l y  t h e  s a m e  t y p e  o f  
f o r m a t i o n  a s  t h e  o t h e r  c o m p o u n d s  i n  F i g u r e  2 .

F i g u r e  3  p r e s e n t s  t h e  c h a n g e s  i n  t h e  r e l a t i v e  a m o u n t s  o f  t h e  
c o m p o u n d s  w h i c h  a r e  f a i r l y  a b u n d a n t  i n  u n r i p e  a r c t i c  

b r a m b l e ,  b u t  d e c r e a s e  d u r i n g  t h e  r i p e n i n g .  T h e  m o s t  a b u n d a n t  
v o l a t i l e  i n  u n r i p e  b e r r i e s  i s  2 - h e p t a n o l  ( c u r v e  2 5 ) ,  w h i c h  c o m 

p r i s e s  a l m o s t  5 0 %  ( n e a r l y  1 0  p p m )  o f  t h e  w h o l e  e s s e n c e .  T h e  
r e l a t i v e  a m o u n t  o f  2 - h e p t a n o l  c o m p a r e d  t o  t h e  a m o u n t  o f  t h e  
w h o l e  a r o m a  c o n c e n t r a t e  d e c r e a s e s  r e g u l a r l y  a n d  g o e s  b e l o w  
t h e  c o n t e n t  o f  m e s i f u r a n e  ( F i g .  2 ,  c u r v e  1 4 )  i n  t h e  r i p e  b e r r i e s .  

T h e  c o n t e n t  o f  2 - h e p t a n o l  i s  a b o u t  8 %  i n  o v e r - r i p e  b e r r i e s .  T h e  
o t h e r  n o t i c e a b l e  a l c o h o l s  i n  t h i s  g r o u p  a r e  b e n z y l  a l c o h o l ,  c is -

3 - h e x e n - l - o l ,  2 - p h e n y l e t h a n o l ,  1 - b u t a n o l  a n d  1 - h e x a n o l .  T h e

c u r v e  o f  2 - h e p : a n o n e  s h o w s  a n  a n a l o g o u s  d e c r e a s i n g  f o r m  a s  

2 - h e p t a n o l .

I t  m u s t  b e  n o t e d ,  h o w e v e r ,  t h a t  t h e  t o t a l  a m o u n t s  o f  v o l a 

t i l e s  v a r y  i n  a  m a n n e r  d i f f e r e n t  f r o m  t h e  p e r c e n t a g e  c u r v e s  
( F i g .  1 - 3 ) .  T h e  c o n t e n t  o f  t h e  v o l a t i l e s  i n  a r c t i c  b r a m b l e  b e r 

r i e s  i n c r e a s e s  o v e r  t h r e e f o l d  d u r i n g  t h e  r i p e n i n g .  T h u s  e . g . ,  t h e  
a b s o l u t e  c o n t e n t s  o f  t h e  c o m p o u n d s  p r e s e n t e d  i n  F i g u r e  3  a r e  

a t  a b o u t  t h e  s a m e  l e v e l  i n  e a c h  s t a g e  o f  r i p e n e s s .  A c c o r d i n g l y ,  
i t  c a n  a l s o  b e  e s t i m a t e d  t h a t  t h e  a m o u n t  o f  m e s i f u r a n e  i n 
c r e a s e s  a b o u t  5 0 0 - f o l d  w h e n  t h e  b e r r y  g r o w s  f r o m  g r e e n  t o  
o v e r - r i p e .

F i g u r e  4  s h o w s  t h e  s u m m a r y  c u r v e s  o f  a c i d s ,  a l c o h o l s  a n d  
e s t e r s .  A l t h o u g h  t h e  y i e l d s  i n  i s o l a t i o n  v a r i e d  i n  d i f f e r e n t  c o m 
p o u n d s ,  t h e  s h a p e s  o f  t h e  c u r v e s  a r e  c o r r e c t ,  a n d  t h e y  g i v e  a  

c l e a r  p i c t u r e  o f  t h e  d i r e c t i o n  o f  t h e  d e v e l o p m e n t .  T h e  a l c o h o l s  
w e r e  d i v i d e d  i n t o  t w o  g r o u p s  a c c o r d i n g  t o  t h e  t y p e  o f  v a r i a 

t i o n .  C u r v e  n u m b e r  t w o  i n  F i g u r e  4  i s  s u m m a r i z e d  f r o m  t h e  
c u r v e s  o f  t h e  a l c o h o l s  p r e s e n t e d  i n  F i g u r e  3  ( 2 - h e p t a n o l ,  

b e n z y l  a l c o h o l ,  c i s - 3 - h e x e n - l - o l ,  2 - p h e n y l e t h a n o l ,  1 - b u t a n o l  
a n d  1 - h e x a n o l ) .  I n  g e n e r a l  t h e  s h a p e  o f  e a c h  i n d i v i d u a l  c u r v e  

r e s e m b l e s  t h a t  o f  t h e  s u m m a r i z e d  c u r v e .  T h e  t o t a l  s h a r e  o f  
t h e s e  a l c o h o l s  d e c r e a s e d  f r o m  a b o u t  5 0  t o  1 0 % .  T h e  o n l y  
e x c e p t i o n  a m o n g  t h e s e  i s  1 - b u t a n o l ,  w h i c h  e x i s t s  a t  e a c h  s t a g e  
a t  t h e  l e v e l  o f  0 . 2 % .  T h e  o t h e r  a l c o h o l s  s h o w n  i n  F i g u r e  1 , f i v e  

c a r b o n  a l i p h a t i c ,  t e r p e n e  a l c o h o l s  a n d  e t h a n o l ,  a r e  g e n e r a t e d  
m a i n l y  d u r i n g  t h e  r i p e n i n g  o f  t h e  b e r r y  ( F i g .  4 ,  c u r v e  3 ) .  T h e i r  
t o t a l  a m o u n t  i n  u n r i p e  b e r r i e s  i s  1 — 2 % .  A t  t h e  f i r s t  s t a g e ,

Fig. 3-Rates of decrease o f some aroma compounds in arctic 
bramble. [(25) 2-heptanol; (26) benzyl alcohol; (27) cis-3-hexen-1 - 
ol; (28) 2-phenylethanol; (29) 2-heptanone; (30) 1-butanol; (31) 
1-hexanol.]

Fig. 4 - Rates o f variation o f some aroma compound classes in arctic 
bramble. Curve 2 = alcohols from Fig. 3; curve 3 = alcohols from 
Fig. 1; curve 4 = acids from Fig. 2; curve 5 = esters from Fig. 1; 
curve 1 shows the proportional changes o f sum o f these alcohols, 
acids and esters in total aroma concentrate.
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w h e n  t h e  g r e e n  u n r i p e  b e r r i e s  g r o w ,  a n d  t h e  r e d d i s h  c o l o r  

b e g i n s  t o  a p p e a r ,  t h e  r e l a t i v e  a m o u n t  o f  t h e  l a s t - m e n t i o n e d  
a l c o h o l s  i n c r e a s e  a b o u t  s e v e n f o l d .  T h e  a m o u n t s  o f  t h e s e  a l 
c o h o l s  i n c r e a s e  v e r y  m u c h  d u r i n g  t h e  w h o l e  r i p e n i n g ,  a n d  t h e y  

r e a c h  a  l e v e l  o f  2 0 %  i n  r i p e  b e r r i e s ,  a f t e r  w h i c h  t h e r e  i s  a  r a p i d  
d e c r e a s e  b y  h a l f  ( d o w n  t o  s o m e  1 2 % ) .

I n  t h e  g r e e n  u n r i p e  b e r r i e s  t h e  v o l a t i l e  a c i d s  e x i s t  i n  s m a l l e r  
a m o u n t s  ( F i g .  4 ,  c u r v e  4 ) .  T h e i r  t o t a l  a m o u n t  i s  l e s s  t h a n  0 . 5 %  

i n  t h e  i s o l a t e d  a r o m a  f r a c t i o n .  T h e  s p e e d  o f  f o r m a t i o n  f o l l o w s  
r o u g h l y  t h e  r a t e  o f  t h e  a l c o h o l s  i n  c u r v e  3  i n  F i g u r e  4 ,  w i t h  

t h e  e x c e p t i o n  t h a t  t h e y  r e a c h  t h e  l e v e l  o f  5 %  i n  r i p e  b e r r i e s ,  
a n d  t h e  i n c r e a s e  c o n t i n u e s  u p  t o  7 %  i n  o v e r - r i p e  o n e s .

T h e  m a i n  p a r t  o f  e s t e r s  c o n s i s t e d  o f  e t h y l  a c e t a t e  a t  e a c h  
s t a g e .  O t h e r  e s t e r s  e x i s t e d  i n  a m o u n t s  l e s s  t h a n  1 % . T h e  t o t a l  

a m o u n t  o f  e s t e r s  i n c r e a s e d  f i v e f o l d  d u r i n g  t h e  r i p e n i n g  a n d  
r e a c h e d  t h e  m a x i m u m  ( 8 % )  i n  r i p e  b e r r i e s  ( F i g .  4 ,  c u r v e  5 ) .  A t  
t h e  p o s t - r i p e n i n g  s t a g e  t h e i r  c o n t e n t  d e c r e a s e d ,  l i k e  t h a t  o f  t h e  

a l c o h o l s .  A t  t h e  l a t t e r  r i p e n i n g  p h a s e  ( f r o m  h a l f - r i p e  t o  r i p e )  
t h e  f o r m a t i o n  o f  t h e  e s t e r s  i s  s l i g h t l y  m o r e  r a p i d  t h a n  t h a t  o f  

t h e  a c i d s  a n d  a l c o h o l s .  T h e  s u m m a r y  c u r v e  1 o f  t h e  c o m p o u n d  
c l a s s e s  m e n t i o n e d  a b o v e  ( c u r v e s  2 — 5 i n  F i g .  4 )  s h o w s  t h a t  t h e  

p e r c e n t a g e  o f  t h e s e  c o m p o u n d s  d e c r e a s e d  f r o m  o v e r  6 0  t o  
3 5 % .  T h e i r  t o t a l  a m o u n t  w a s  b i g g e s t  i n  h a l f - r i p e  b e r r i e s ,  m a i n 
l y  b e c a u s e  o f  t h e  v e r y  h i g h  l e v e l  o f  2 - h e p t a n o l .

T h e  s t o r a g e  o f  t h e  b e r r i e s  d e s e r v e s  p r o p e r  c a r e .  A s  t h e  

c h a n g e s  i n  f r o z e n  s t o r a g e  c a n n o t  b e  f u l l y  a v o i d e d ,  t h e  a n a l y s e s  
w e r e  m a d e  a s  s o o n  a s  p o s s i b l e .  T h e  a r o m a  p r o f i l e  o f  f r o z e n  
a r c t i c  b r a m b l e  w a s  f o l l o w e d  h a l f  a  y e a r  i n  t h e  b e r r i e s  f r o m  t h e  
1 9 7 3  a n d  1 9 7 4  h a r v e s t s .  T h e  m o s t  n o t i c e a b l e  c h a n g e  w a s  d e 

c r e a s e  i n  m o s t  e s t e r s  a n d  3 - m e t h y l - 2 - b u t e n - l - o l ,  t h e  l o s s e s  o f  
w h i c h  w e r e  o v e r  6 0 %  a f t e r  h a l f  a  y e a r ’s  s t o r a g e .  A n  e x c e p t i o n  
a m o n g  t h e  e s t e r s  w a s  m e t h y l  p y r u v a t e ,  t h e  a m o u n t  o f  w h i c h  
i n c r e a s e d  m a n y f o l d .  T h e  l o s s e s  o f  t r a n s - 3 - p e n t e n - l - o l ,  2 - h e p t a -  
n o n  a n d  3 - m e t h y l - 1 - b u t a n o l  w e r e  a l s o  a p p r e c i a b l e .  2 , 5 - D i -  

m e t h y l - 4 - h y d r o x y - 2 , 3 - d i h y d r o - 3 - f u r a n o n e  d i s a p p e a r e d  f r o m  
t h e  d i s t i l l a t e .  I t s  y i e l d  i n  t h e  i s o l a t i o n  p r o c e d u r e  w a s ,  h o w e v e r ,

s o  l o w ,  t h a t  t h e  r e s u l t  c a n  b e  o n l y  t a k e n  a s  a n  a p p r o x i m a t i o n .  

M e s i f u r a n e  s h o w e d  a  s l i g h t  d e c r e a s i n g  t e n d e n c y .  T h e  a m o u n t  
o f  c i s - 3 - h e x e n - l - o l  d i m i n i s h e d ,  a n d  t h e  c o r r e s p o n d i n g  t r a n s -  
c o n f i g u r a t i o n  i n c r e a s e d ,  w h i c h  m e a n s  t h a t  t h e r e  i s  o n l y  

i s o m e r i z a t i o n  i n v o l v e d .  T h e  h i g h e s t  c h a n g e  w a s  n o t i c e d  i n  t h e  

a m o u n t  o f  p r o p a n o l ,  w h i c h  i n c r e a s e d  o v e r  2 0 - f o l d .  S i m i l a r l y ,  

d i a c e t y l  a n d  e t h a n o l  i n c r e a s e d  m a r k e d l y .  S o m e  n e w  c o m 
p o u n d s  w e r e  a l s o  f o r m e d  d u r i n g  f r o z e n  s t o r a g e ,  b u t  t h e y  h a v e  

n o t  b e e n  i d e n t i f i e d .
I n  g e n e r a l  o n e  c a n  s a y ,  h o w e v e r ,  t h a t  t h e  a r c t i c  b r a m b l e  

s t a n d s  q u i t e  b l a m e l e s s  i n  d e e p - f r o z e n  s t o r a g e ,  w h i c h  c a n  b e  
c o n f i r m e d  a l s o  o r g a n o l e p t i c a l l y .  I n  a r o m a  r e s e a r c h ,  h o w e v e r ,  
w h e n  t h e  a i m  is  t o  r e s o l v e  t h e  n a t i v e  c o m p o s i t i o n  o f  t h e  b e r r y ,  

l o n g  s t o r a g e s  s h o u l d  b e  a v o i d e d .
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P S Y C H O M E T R I C  A N A L Y S I S  O F  F O O D  A R O M A S  

B Y  P R O F I L I N G  A N D  M U L T I D I M E N S I O N A L  S C A L I N G

----------------------------- ABSTRACT ---------------------------- -
P a n e l i s t s  e v a l u a te d  2 0  c o m m e r c i a l  f o o d  a r o m a s  b y  tw o  p r o c e d u r e s :  
P r o f i l in g  a n d  e s t i m a t i o n  o f  o v e ra l l  q u a l i t a t i v e  d is s im i la r i ty .  T h e  sc a lin g  
p r o c e d u r e  o f  m a g n i tu d e  e s t i m a t i o n  w a s  u s e d  f o r  e a c h  ta s k .  P r o f i l in g  
p r o d u c e d  u n iq u e  s ig n a tu r e s  o f  a t t r i b u t e s  f o r  e a c h  a r o m a ,  a n d  i l l u s t r a t e d  
v a r ia t io n s  i n  q u a l i t y .  E s t im a te s  o f  q u a l i t a t i v e  d i s s im i la r i ty  w e r e  t r e a t e d  
as ‘i n t e r - s t im u l u s ’ d i s ta n c e s ,  a n d  t h e  m e t h o d  o f  m u l t id i m e n s io n a l  
s c a lin g  w a s  u s e d  to  d e v e lo p  g e o m e t r i c a l  m a p s  in  w h ic h  b o t h  a rc  m a s  a n d  
d e s c r ip t o r  t e r m s  w e r e  p la c e d .  T h e s e  m a p s  re v e a l e d  t h a t  ( a )  a rc  m a s  a n d  
d e s c r ip t o r s  ( o n e ’s c o n c e p t  o f  a n  ‘id e a l ’ a r o m a )  w e r e  f a i r l y  c lo s e  t o  e a c h  
o t h e r  f o r  f r u i t  a ro m a s ,  b u t  o f t e n  d iv e rg e d  f o r  m e a t s ;  (b )  a  p i c to r i a l  
r e p r e s e n t a t i o n  o f  t h e  q u a l i t a t i v e  d i s s im i la r i ty  ( a n d  s im i la r i ty )  o f  a r o m a s  
a n d  d e s c r ip t o r s  c a n  b e  e a s i ly  p r o d u c e d ;  a n d  (c )  in d iv id u a l s  p e r c e iv e  
q u a l i t a t i v e  d i f f e r e n c e s  in  a r o m a s  in  s im ila r  w a y s .

INTRODUCTION
T H E  D E S C R I P T I O N  o f  f o o d  a r o m a  is  c o m p l i c a t e d  b y  t h e  l a c k  
o f  a n y  s i m p l e  s y s t e m  f o r  e n u m e r a t i n g  o d o r  q u a l i t y .  A l t h o u g h  
m a n y  d i f f e r e n t  s y s t e m s  h a v e  b e e n  p r o p o s e d ,  r a n g i n g  f r o m  f o u r  
s i m p l e  c h a r a c t e r i s t i c s  ( f r a g r a n t ,  a c i d ,  b u r n t ,  c a p r y l i c ;  C r o c k e r  

a n d  H e n d e r s o n ,  1 9 2 7 )  t o  m o r e  t h a n  4 0  ( H a r p e r  e t  a l . ,  1 9 6 8 ) ,  
n o n e  h a s  p r o v e d  e n t i r e l y  s a t i s f a c t o r y  f o r  f o o d  a n a l y s i s .  I d i o -  
s y n c r a c i e s  i n  t h e  f o o d  a r o m a s  e v a l u a t e d  f o r  s p e c i f i c  u s e s  

r e q u i r e  t a i l o r e d  d e s c r i p t o r  l i s t s ,  a n d  i d i o s y n c r a c i e s  i n  t h e  w a y  
t h a t  p a n e l i s t s  p e r c e i v e  a n d  d e s c r i b e  a r o m a s  l e a d  t o  i n f l a t e d  

w i t h i n - p a n e l i s t  v a r i a b i l i t y .
T h e  p r e s e n t  s t u d y  c o n c e r n s  t h e  d e s c r i p t i o n  o f  f o o d  a r o m a s  

b y  t w o  p r o c e d u r e s :  p r o f i l i n g  a n d  d i s s i m i l a r i t i e s  e s t i m a t i o n .  

P r o f i l i n g  m e t h o d s  r e q u i r e  t h a t  t h e  p a n e l i s t  e v a l u a t e  t h e  d e g r e e  
t o  w h i c h  a  q u a l i t y  i n h e r e s  i n  a n  o d o r a n t ,  a n d  i s  e s s e n t i a l l y  a  
j u d g m e n t  a b o u t  m a g n i t u d e .  E a c h  o d o r a n t  o r  f o o d  a r o m a  
g e n e r a t e s  i t s  o w n  u n i q u e  ‘s i g n a t u r e ’ , w h i c h  c a n  b e  r e p r e s e n t e d  
b y  a  b a r  g r a p h .  D i f f e r e n c e s  a m o n g  t h e  s i g n a t u r e s  o f  v a r i o u s  
a r o m a s  c a n  b e  a s s e s s e d  t o  s e e  w h i c h  c h a r a c t e r i s t i c s  d i f f e r 
e n t i a t e  t h e  a r o m a s  p e r c e p t u a l l y .  D i s s i m i l a r i t i e s  e s t i m a t i o n  
( a l s o  k n o w n  a s  p r o x i m i t i e s  e s t i m a t i o n )  r e q u i r e  t h a t  t h e  p a n e l 

i s t s  r a t e  h o w  ‘ d i f f e r e n t ’ o r  p e r c e p t u a l l y  d i s s i m i l a r  t w o  a r o m a s  
a p p e a r  t o  b e .  T h e  p a n e l i s t  i s  n o t  i n s t r u c t e d  t o  a t t e n d  s p e c i f i 
c a l l y  t o  o n e  o r  a  f e w  s a l i e n t  f e a t u r e s ,  b u t  r a t h e r  h e  i s  l e f t  f r e e  
t o  s e l e c t  w h i c h  a t t r i b u t e s  h e  w i s h e s  t o  u s e .  I n  m a n y  i n s t a n c e s  
t h e  p a n e l i s t  m a y  n o t  e v e n  b e  a s k e d  a b o u t  t h e  a t t r i b u t e s  w h i c h  
h e  u s e d .  T h e s e  d i s s i m i l a r i t i e s  r a t i n g s  a r e  t h e n  t r e a t e d  a s  d i s 

t a n c e s  b e t w e e n  s t i m u l u s  p o i n t s  i n  a  g e o m e t r i c a l  s p a c e .  K n o w l 
e d g e  o f  t h e  i n t e r - s t i m u l u s  d i s t a n c e s  a l l o w s  t h e  e x p e r i m e n t e r  
( t h r o u g h  t h e  u s e  o f  ‘ c a n n e d  p r o g r a m s ’ ) t o  r e c o n s t r u c t  a  ‘ m a p ’ 
o f  f o o d  a r o m a s  w h i c h  m i g h t  c o n c e i v a b l y  h a v e  b e e n  u s e d  b y  
t h e  p a n e l i s t  w h e n  h e  g e n e r a t e d  t h e  e s t i m a t e s  o f  d i s s i m i l a r i t y .

1 P resen t ad d re ss : M PI S e n s o ry  T e s tin g  In c ., 7 7 0  L e x in g to n  A ve., 
N Y , N Y  1 0 0 2 1

P r o x i m i t i e s  e v a l u a t i o n  a n d  t h e  r e c o n s t r u c t i o n  o f  c a n d i d a t e  

p e r c e p t u a l  m a p s  h a v e  b e e n  p r e v i o u s l y  u s e d  f o r  t h e  o v e r a l l  
f l a v o r  e v a l u a t i o n  o f  d i f f e r e n c e s  b e t w e e n  p a i r s  o f  e q u a l l y  s w e e t  
s u g a r s  ( M o s k o w i t z ,  1 9 7 2 ) ,  a n d  d i f f e r e n c e s  b e t w e e n  t h e  a r o m a s  
o f  c a r r o t  r o o t  o i l  c o m p o n e n t s  a n d  d e s c r i p t o r  t e r m s  ( A l a b r a n  e t  
a l . ,  1 9 7 5 ) .

EXPERIMENTAL
P r o c e d u r e

T h e  s t im u l i  w e r e  c o m m e r c ia l  f o o d  a r o m a s ,  e a c h  d i l u t e d  t o  1%  o f  i t s  
s t a r t in g  c o n c e n t r a t i o n  (a s  p r o c u r e d  f r o m  f la v o r  h o u s e s ) .  T h e  d i lu e n t  
w a s  N u jo l ,  a  h ig h ly  r e f in e d  o d o r le s s  p a r a f f in  o il. T h e  o d o r  s t im u l i  w e re  
p r e s e n te d  t o  t h e  p a n e l i s t s  in  s m a l l  s c in t i l l a t i o n  b o t t l e s  (1  o z ) .  I n s id e  
e a c h  b o t t l e  w a s  a p p r o x i m a t e l y  4  m l o f  t h e  s t im u lu s  o d o r a n t ,  a b s o r b e d  
o n t o  a  c o t t o n  w ic k .  T h i s  p r o v id e d  a  la rg e  s u r f a c e  a re a  f r o m  w h ic h  th e  
o d o r a n t  c o u ld  e v a p o r a t e .  W h e n  n o t  in  u s e  t h e  b o t t l e s  w e re  r e f r ig e r a t e d  
a t  4 ° C  a n d  s to r e d  a i r t ig h t .

T h i r t e e n  p a n e l i s t s  p a r t i c ip a t e d .  A ll  h a d  h a d  p r e v io u s  e x p e r i e n c e  in  
t h e  s e n s o r y  a n a ly s is  o f  a r o m a s  a n d  f la v o r s  a t  t h e  U .S . A r m y  N a t ic k  
D e v e lo p m e n t  C e n t e r ,  a n d  w e re  f a m i l ia r  w i t h  b o t h  t h e  m e t h o d  o f  m a g n i
t u d e  e s t i m a t i o n ,  a n d  w i th  t h e  p r o c e d u r e s  f o r  e s t i m a t i o n  o f  q u a l i t a t i v e  
d is s im i la r i t ie s .  A ll  o f  t h e  p a n e l i s t s  e x c e p t  o n e  w e r e  h o u s e w iv e s  in  th e  
N a t i c k - F r a m in g h a m  r e g io n .  T h e  t h i r t e e n t h  p a n e l i s t  w a s  a  4 3 - y r  o ld  
m a le .

M e th o d s  p ro f i l in g .  T h e  s e t  o f  p r o f i l e  t e r m s  ( s e e  T a b le  1 ) w e r e  se 
l e c te d  t o  f u l f i l l  t h e  f o l l o w in g  c r i t e r i a :  (a )  t h e  t e r m s  w o u ld  b e  g e n e r a l  
e n o u g h  so  t h a t  t h e y  w o u ld  n o t  a p p ly  t o  o n ly  o n e  o r  tw o  o f  t h e  f o o d  
a r o m a s ,  o r  ( b )  t h e  t e r m s  w o u ld  b e  s u f f i c i e n t ly  f a m i l ia r  t o  c a p t u r e  o n e  
s p e c i f i c  h ig h l ig h t  o f  t h e  a r o m a  (v iz . f r u i t y  c i t r u s  a n d  c h e e s e l ik e ) ;  a n d
(c )  t h e  t e r m s  h a d  to  b e  m e a n in g f u l  t o  a  n a iv e  p a n e l i s t  ( e v e n  i f  o n ly  
i n tu i t i v e l y ,  s u c h  a s  ‘f l a v o r f u l , ’ ‘f o o d l i k e , ’ ‘d i s t i n c t iv e ’).

T h e  p a n e l is ts  w e r e  p r o v id e d  w i t h  t h e  2 0  b o t t l e s  ( s e e  T a b le  1) a n d  
in s t r u c t e d  t o  r a t e  h o w  s t r o n g  e a c h  f o o d  a r o m a  w a s  o n  t h e  a t t r i b u t e s .  
S o m e  w e re  q u i t e  g e n e r a l  ( i n t e n s i t y ,  p le a s a n tn e s s ) ,  w h e r e a s  s o m e  w e re  
q u i t e  s p e c i f i c  ( f r u i t y  c i t r u s ) .  T h e  p a n e l i s t s  r a t e d  e a c h  s t im u lu s ,  in  
r a n d o m  o r d e r ,  a t o t a l  o f  f o u r  t im e s .  T h e  o r d e r  o f  a t t r i b u t e s  s h o w n  in  
T a b le  1 w a s  t h e  s a m e  f o r  a ll  p a n e l i s t s  a n d  f o r  a ll  o d o r a n t s ,  a  m e th o d  o f  
e x p e r i m e n t a t i o n  w h ic h  m a k e s  t h e  t a s k  o f  p r o f i l in g  s im p le r  f o r  a  p a n e l 
i s t  P a n e l i s t s  w e r e  p e r m i t t e d  t o  c h o o s e  a n y  n u m b e r s  w i t h  w h ic h  th e y  
f e l t  c o m f o r t a b l e ,  s u b je c t  t o  t h e  fo l l o w in g  c o n s t r a i n t s :

1. R a t io s  a m o n g  n u m b e r s  w e re  t o  r e f l e c t  r a t i o s  o f  s e n s o r y  m a g n i
tu d e .  I f  s a m p le  X  w a s  r a t e d  5 o n  ‘c h e e s e - l ik e ,’ a n d  s a m p le  Y  w a s  r a t e d  
1 0 0  o n  ‘c h e e s e - l ik e , ’ t h e n  s a m p le  X  w a s  t o  a p p e a r  2 0  t im e s  m o re  
‘c h e e s e - l ik e ’ t h a n  s a m p le  Y . T h i s  m e t h o d  o f  m a g n i tu d e  e s t i m a t i o n  is 
v e ry  u s e f u l  a s  a  p r o c e d u r e  t o  o b t a i n  r a t io - s c a le  i n f o r m a t i o n  o n  s e n s o r y  
q u a l i t i e s  a n d  in t e n s i t i e s  o f  ta s t e s ,  a r o m a s ,  t e x t u r e s ,  a n d  f o o d  a c c e p t 
a b i l i t i e s  (M o s k o w i t z ,  1 9 7 4 ) .

2. N o  a t t e m p t  w a s  m a d e  t o  a n c h o r  t h e  p a n e l i s t ’s r a t in g s  t o  a n y  
p h y s ic a l  e x e m p la r ,  a n d  e v e r y  a t t e m p t  w a s  m a d e  t o  e n c o u r a g e  t h e  p a n e l 
is t  t o  m a in t a in  a  c o n s i s t e n c y  in  r a t in g s  a c r o s s  s a m p le s ,  a c r o s s  a t t r i b u t e s  
a n d  a c r o s s  r e p l ic a te s .

3 . P le a s a n tn e s s - u n p le a s a n tn e s s  w a s  t r e a t e d  a s  a  b i - p o l a r  c o n t i n u u m ,  
w i t h  u n p le a s a n t  s m e l l in g  a r o m a s  t o  b e  r a t e d  n e g a t iv e ly  f o r  u n p le a s a n t 
n e s s  m a g n i tu d e  ( - ) ,  a n d  p le a s a n t  s m e l l in g  a r o m a s  t o  b e  r a t e d  p o s i t iv e ly .  
Z e ro  w a s  t o  r e f l e c t  n e u t r a l i t y  ( n e i t h e r  p le a s a n t  n o r  u n p le a s a n t ) .  A g a in  
t h e  r a t i o  r u le  a p p l ie d :  A  + 5 0 0  a n d  a  + 2 5 0  m e a n t  t h a t  t h e  f o r m e r  a r o m a
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w a s  tw ic e  a s  p le a s in g  a s  t h e  l a t t e r ,  a n d  t h a t  b o t h  w e r e  p le a s a n t .  A  + 5 0 0  
a n d  a  - 2 5 0  m e a n t  t h a t  t h e  f o r m e r  w a s  p le a s a n t ,  t h a t  t h e  l a t t e r  w a s  
u n p le a s a n t ,  a n d  t h a t  t h e  m a g n i tu d e  o f  t h e  h e d o n ic  v a lu e  ( w h e t h e r  
p le a s a n t  o r  u n p le a s a n t )  w a s  tw ic e  a s  m u c h  f o r  t h e  f o r m e r  a s  f o r  t h e  
la t t e r .

T h e  a r i t h m e t i c  m e a n  o f  a l l  5 2  r a t in g s ,  a c r o s s  t h e  1 3  p a n e l i s t s  p r o 
v id e  a  u n iq u e  s ig n a tu r e  f o r  e a c h  o d o r a n t .  N o  e f f o r t  w a s  m a d e  t o  e l im i
n a t e  t h e  n a tu r a l l y  o c c u r r in g  v a r ia b i l i ty ,  w h ic h  m ig h t  b e  e x p e c t e d  o n  th e  
b a s is  o f  d i f f e r e n t  s c a le  v a lu e s .

Q u a l i t a t iv e  d i f f e r e n c e s  j u d g m e n t s .  O n  th e  s e c o n d  d a y  th e  s a m e  
p a n e l i s t s  w e re  p r o v id e d  w i th  a  b o o k l e t  w h ic h  in s t r u c t e d  th e m  t o  c o n 
s id e r  o n e  o d o r a n t  ( o r  o n e  o d o r a n t  n a m e )  a s  a  r e f e r e n c e  s t a n d a r d ,  a n d  
t h e n  t o  r a t e  t h e  o v e ra l l  d is s im i la r i ty  b e tw e e n  t h a t  r e f e r e n c e  s t a n d a r d  
a n d  e a c h  o f  th e  r e m a in in g  o d o r a n t s  a n d  o d o r  n a m e s .  T h e  b o o k l e t  
c o m p r i s e d  4 2  p a g es , o n e  p a g e  d e v o te d  to  e a c h  o f  t h e  2 0  o d o r a n t s  a c t in g  
a s  a  s t a n d a r d ,  a n d  o n e  p a g e  d e v o te d  t o  e a c h  o f  t h e  2 0  o d o r a n t  n a m e s  o r  
d e s c r ip t o r  t e r m s  a c t in g  a s  a  s t a n d a r d .  T h e  4 1 s t  p a g e  w a s  d e v o te d  t o  t h e  
c o n c e p t  o f  ‘id e a l  f a m i l i a r i t y ’ a s  a  s t a n d a r d ,  a n d  t h e  4 2 n d  p a g e  w a s  
d e v o te d  to  t h e  c o n c e p t  o f  ‘id e a l  p le a s a n tn e s s ’ a s  a  s t a n d a r d .

P a n e l i s t s  w e r e  i n s t r u c t e d  to  r a t e  o v e ra l l  q u a l i t a t i v e  d i s s im i la r i ty  b y  
th e  m e th o d  o f  m a g n i tu d e  e s t i m a t i o n ,  w i th  la rg e  n u m b e r s  r e f l e c t i n g  a  
la rg e  p e r c e iv e d  q u a l i t a t i v e  d is s im i la r i ty  b e tw e e n  th e  r e f e r e n c e  a n d  a  
c o m p a r i s o n  s t im u lu s ,  a n d  s m a l l  n u m b e r s  r e f le c t in g  s m a l l  p e rc e iv e d  
q u a l i t a t i v e  d if f e r e n c e s .  I d e n t i t y  w a s  r e f l e c t e d  b y  a m a g n i tu d e  e s t i m a te  
o f  0 .

B e c a u s e  o f  t h e  s iz e  o f  t h e  t a s k  ( c o m p le t io n  o f  4 2  X 4 2  m a t r ix ) ,  th e  
e s t i m a te s  r e q u i r e d  a b o u t  8 h r  t o  c o m p le te .  P a n e l i s t s  p r o c e e d e d  a t  t h e i r  
o w n  p a c e ,  a n d  d id  t h e  t a s k  o v e r  s e v e ra l  d a y s .

T h e  o r d e r  o f  s t a n d a r d s  ( r e f e r e n c e s )  w a s  v a r ie d  f r o m  o n e  p a n e l i s t  t o  
a n o th e r ,  in  o r d e r  t o  c o u n t e r a c t  p o t e n t i a l  b ia s e s  d u e  to  o r d e r .  I n  a d 
d i t io n ,  t h e  o r d e r  o f  c o m p a r i s o n s  o f  o d o r a n t s  a n d  d e s c r i p t o r  t e r m s  w a s  
r a n d o m iz e d  f o r  e a c h  s t a n d a r d  o r  r e f e r e n c e ,  f o r  e a c h  p a n e l i s t .  B e tw e e n  
s n i f f s  p a n e l i s t s  w e re  i n s t r u c t e d  t o  w a i t  a t  le a s t  10  s e c o n d s  in  o r d e r  t o  
f o r e s t a l l  a n y  c a r r y - o v e r  o f  o d o r .

R E S U L T S

P r o f i l i n g

T a b l e  1 p r e s e n t s  t h e  p r o f i l e s  f o r  e a c h  o f  t h e  2 0  f o o d s  o n  
t h e  d i f f e r e n t  a t t r i b u t e s ,  o b t a i n e d  b y  a v e r a g i n g  t o g e t h e r  a l l  o f  
t h e  r e p l i c a t e s  o f  t h e  1 3  p a n e l i s t s .  S o m e  e s t i m a t e d  v a r i a b i l i t i e s

r a n g e  f r o m  0  ( f o r  d e s c r i p t o r  t e r m s  s u c h  a s  c h e e s e - l i k e  a s  a p 

p l i e d  t o  l e m o n  o i l )  u p  t o  s t a n d a r d  d e v i a t i o n s  a r o u n d  3 0 — 7 0  
f o r  o t h e r  a t t r i b u t e  t e r m s  a p p l i e d  t o  v a r i o u s  a r o m a s .  T h e  f o l 
l o w i n g  s h o r t  p a r a g r a p h s  a r e  p r é c i s  o f  t h e  v a r i o u s  p r o f i l e s :

O v e r a l l  i n t e n s i t y .  M o s t  o f  t h e  a r o m a s  w e r e  e q u a l l y  i n t e n s e  

( b e t w e e n  3 0 0  a n d  4 0 0 )  w i t h  t h e  e x c e p t i o n  o f  g i n g e r  ( r a t i n g  =  
2 2 4 ) ,  c e l e r y  ( r a t i n g  =  2 0 2 ) ,  a n d  g r e e n  b e l l  p e p p e r  ( r a t i n g  =  
2 3 3 ) .

P l e a s a n t n e s s .  C h e e s e ,  m e a t s  a n d  v e g e t a b l e  a r o m a s  w e r e  t h e  

l e a s t  p l e a s a n t  ( m o l a s s e s  o d o r  w a s  r a t e d  o n  t h e  a v e r a g e  a s  u n 
p l e a s a n t ) ,  w h e r e a s  t h e  f r u i t  a r o m a s  ( c a n t a l o u p e ,  l e m o n ,  p i n e 
a p p l e )  w e r e  t h e  m o s t  p l e a s a n t .  A r i t h m e t i c  m e a n s  s u g g e s t  a b o u t  

a  1 5 : 1  r a n g e  i n  h e d o n i c  v a l u e  ( m e a s u r e d  o n  a  r a t i o  s c a l e ) .  T h e  
s p i c e s  ( g i n g e r ,  a l l s p i c e ,  a n i s e )  w e r e  i n t e r m e d i a t e  i n  h e d o n i c  

t o n e .

F a m i l i a r i t y .  T h i s  i s  a n  i n t e r e s t i n g  d e s c r i p t o r ,  s i n c e  a l l  o f  t h e  

a r o m a s  h e r e  w e r e  i n i t i a l l y  a s s u m e d  t o  h a v e  b e e n  h o u s e h o l d  
a r o m a s ,  f a m i l i a r  t o  t h e  h o u s e w i v e s .  T h e  m o s t  f a m i l i a r  o d o r a n t s  
w e r e  l e m o n ,  c a n t a l o u p e ,  s t r a w b e r r y  a n d  a n i s e ,  a n d  t h e  l e a s t  

f a m i l i a r  w e r e  c e l e r y ,  b a c o n ,  b e e f  a n d  p a r m e s a n  c h e e s e .  B a s e d  
u p o n  t h e  r a n k i n g  o f  t h e  a r o m a s  a  c o u p l e  o f  c o n j e c t u r e s  c a n  b e  
m a d e :  ( 1 )  F r u i t  a r o m a s  t e n d  t o  b e  t h e  m o s t  s a l i e n t  ( a l t h o u g h  
f o r  t h i s  t o  b e  t e s t a b l e  b y  a n a l y s i s - o f - v a r i a n c e  f o r  s t a t i s t i c a l  

s i g n i f i c a n c e ,  o n e  w o u l d  h a v e  t o  c o n t r o l  i n i t i a l l y  f o r  i n t e n s i t y  

o f  t h e  a r o m a ) .  P a n e l i s t s  p a y  a t t e n t i o n  t o  f r u i t  a r o m a s ,  a n d  
p r o b a b l y  m o r e  e a s i l y  i d e n t i f y  t h e m .  P e r h a p s  a r o m a  i s  t h e  
p r i m a r y  i d e n t i f i e r  o f  t h e  f r u i t s  t h e m s e l v e s .  A n i s e  a n d  a l m o n d  

a r e  a l s o  v e r y  f a m i l i a r ,  p e r h a p s  b e c a u s e  a r o m a  i s  e x t r e m e l y  

i m p o r t a n t  f o r  t h e m  a s  w e l l .  ( 2 )  M e a t  a r o m a s  t e n d  t o  b e  
m i n i m a l l y  f a m i l a r ,  b e c a u s e  t h e  p a n e l i s t s  u s e  a  v a r i e t y  o f  c u e s  
b e s i d e s  a r o m a s  t o  i d e n t i f y  t h e s e  p r o d u c t s  ( e . g . ,  c o l o r ,  t a s t e ,  
g e n e r a l  a p p e a r a n c e ) .

T h e r e  i s  a  2 : 1  r a n g e  i n  s u b j e c t i v e  e s t i m a t e s  o f  f a m i l i a r i t y .  
L e m o n  a n d  c a n t a l o u p e  a r e  t h e  m o s t  f a m i l i a r ,  p e r h a p s  b e c a u s e  
t h e s e  t w o  a r e  m o s t  o f t e n  i d e n t i f i e d  b y  t h e i r  a r o m a .  L e m o n  is  a  
s p e c i a l  e x a m p l e —p r o d u c t s  a r e  s o l d  c o m m e r c i a l l y  w i t h  a d v e r 
t i s i n g  s t a t i n g  t h a t  t h e  p r o d u c t  h a s  l e m o n  f r e s h n e s s ,  l e m o n

Table 1—Odors, profile values

Inten
sity

Pleasant
ness

Famili
arity

Com
plexity

Fruity
(non
citrus)

Fruity
(citrus)

Sweet
odor Spicy Meaty Heavy

Cheese
like

Flavor
ful

Food
like

Stale,
old

Distinc
tive

Lemon oil 335 387 415 80 21 489 245 77 0 67 0 407 341 14 457
Green bell 233 48 241 129 17 0 6 39 6 100 9 96 108 167 210

pepper
Molasses 315 -21 208 186 10 0 142 82 59 193 32 114 146 110 241
Pineapple 299 361 349 83 354 79 270 59 0 88 4 336 366 18 364
Bacon 376 41 207 199 0 0 25 53 300 314 16 211 268 178 249
Tomato 336 148 314 163 114 10 51 80 82 208 108 217 325 118 342
Allspice 344 273 348 161 27 17 123 384 0 128 0 310 154 6 328
Chocolate 308 250 289 139 25 0 244 49 1 93 2 267 259 104 312
Raspberry 347 137 275 152 152 7 146 70 44 199 38 188 204 80 290
Apple 315 317 297 180 308 134 236 90 0 130 10 291 309 41 288
Ginger 224 248 251 164 13 46 134 229 32 119 0 222 206 9 280
Parmesan 289 26 234 108 3 3 19 49 52 197 382 199 278 215 332

cheese
Celery 202 118 241 106 11 0 33 127 61 113 16 151 179 90 268
Beef 342 80 209 192 4 0 42 88 296 283 52 183 280 123 289
Cherry 316 364 344 133 387 48 268 60 3 86 0 372 359 33 382
Strawberry 337 367 403 89 445 30 276 36 0 95 0 399 415 15 440
Sausage 288 134 267 191 16 3 52 180 108 132 17 188 192 77 273
Anise 378 296 389 114 25 44 242 181 2 124 0 381 304 11 389
Almond 392 256 382 93 83 12 222 171 0 209 0 292 257 54 460
Cantaloupe 392 334 424 158 469 7 281 51 0 157 0 373 420 2 457
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a r o m a ,  o r  a  h i n t  o f  l e m o n ,  w h i c h  m a y  p r e d i s p o s e  p a n e l i s t s  t o  

s e a r c h  f o r  s u c h  a t t r i b u t e s  s p e c i f i c a l l y .
C o m p l e x i t y .  T h e  m e a t  a r o m a s  a r e  t h e  m o s t  c o m p l e x ,  

w h e r e a s  t h e  l e m o n ,  p i n e a p p l e  a n d  f r u i t  o d o r s  a r e  t h e  l e a s t  

c o m p l e x .  T h e  r a t i o  o f  r a t i n g s  i s  s l i g h t l y  m o r e  t h a n  2 : 1 .  C o m 
p l e x i t y  s e e m s  t o  b e  i n v e r s e l y  r e l a t e d  t o  d i s t i n c t i v e n e s s .

F r u i t y  ( n o n c i t r u s ) .  T h i s  d e s c r i p t o r  d i v i d e s  t h e  g r o u p  o f  

a r o m a s  i n t o  t h r e e  c l u s t e r s :  T h e  h i g h l y  f r u i t y  a r o m a s  ( c a n t a 
l o u p e ,  s t r a w b e r r y ,  c h e r r y ,  a p p l e  a n d  p i n e a p p l e ) ,  t h e  i n t e r 

m e d i a t e  f r u i t y  a r o m a s  ( t o m a t o ,  r a s p b e r r y ) ,  a n d  t h e  r e m a i n i n g  
a r o m a s ,  w h i c h  a r e  n o t  f r u i t y  a t  a l l .

F r u i t y  ( c i t r u s ) .  T h e  o n l y  a r o m a s  s h o w i n g  t h i s  a t t r i b u t e  a r e  
l e m o n ,  a n d  t o  a  m u c h  l o w e r  d e g r e e  p i n e a p p l e  a n d  a p p l e .  T h i s  

d e s c r i p t o r  f r u i t  t h u s  e f f e c t i v e l y  d i v i d e s  t h e  a r o m a s  i n t o  c i t r u s  

v s  n o n c i t r u s  a r o m a s .
S w e e t  o d o r .  A s  e x p e c t e d ,  t h e  f r u i t  a r o m a s  a r e  t h e  s w e e t e s t ,  

w h e r e a s  t h e  m e a t s ,  c h e e s e s  a n d  v e g e t a b l e s  a r e  t h e  l e a s t  s w e e t .  

T h e  p r e s e n c e  o f  e s t e r s  i n  f r u i t  i s  c o r r e l a t e d  w i t h  t h e  p e r c e p t i o n  
o f  o l f a c t o r y  ‘s w e e t n e s s . ’ L e m o n ,  r a s p b e r r y ,  c a n t a l o u p e ,  s t r a w 

b e r r y ,  e t c . ,  a r e  v e r y  s w e e t ,  w h e r e a s  g r e e n  b e l l  p e p p e r ,  p a r m e -  
s a n  c h e e s e ,  e t c . ,  a r e  l e s s  s w e e t  o r  n o t  s w e e t  a t  a l l .  T h e r e  a p p e a r  
t o  b e  t h r e e  m a j o r  c l u s t e r s :  T h e  f r u i t s  a n d  n u t s ,  t h e  s p i c e s  

( a l l s p i c e ,  g i n g e r  a n d  t h e  a r o m a  o f  m o l a s s e s ,  w h i c h  is  n o t  t e c h 
n i c a l l y  a  s p i c e ) ,  a n d  t h e  o t h e r  a r o m a s .

S p i c i n e s s .  M o s t  o f  t h e  a r o m a s  t e s t e d  w e r e  n o t  s p i c y .  A l l 
s p i c e  i s  t h e  s p i c i e s t ,  w i t h  g i n g e r  b e i n g  c o n s i d e r a b l y  l o w e r ,  a n d  

a n i s e ,  a l m o n d  a n d  s a u s a g e  b e i n g  q u i t e  l o w .  S t r a w b e r r i e s ,  g r e e n  
b e l l  p e p p e r  a n d  p a r m e s a n  c h e e s e  a r o m a  a r e  t h e  l e a s t  s p i c y .  T h e  
o v e r a l l  r a n g e  o f  s p i c i n e s s  i s  a b o u t  4 : 1 .

M e a t i n e s s .  M o s t  o f  t h e  a r o m a s  a r e  n o t  m e a t y .  B e e f  a n d  
b a c o n  a r e  b o t h  t h e  m e a t i e s t ,  w i t h  t o m a t o  a n d  s a u s a g e  a r o m a  
b e i n g  a b o u t  a s  t h i r d  a s  m e a t y .  M o l a s s e s ,  c e l e r y ,  p a r m e s a n  
c h e e s e ,  r a s p b e r r y  a n d  g i n g e r  a r e  v e r y  s l i g h t l y  m e a t y .  T h e  a t t r i 
b u t e  o f  m e a t i n e s s  d i v i d e s  t h e  g r o u p  o f  a r o m a s  i n t o  t w o  ( p o s s i 

b l y  t h r e e )  d i s t i n c t  c l u s t e r s .  N o t e  t h a t  t h i s  a t t r i b u t e  w a s  t o  
r e f e r  t o  c o o k e d  m e a t  a r o m a ,  n o t  r a w  m e a t  a r o m a .

H e a v i n e s s .  B a c o n ,  b e e f ,  t o m a t o ,  a n i s e  a n d  p a r m e s a n  c h e e s e  

a r e  t h e  h e a v i e s t  a r o m a s ,  w h e r e a s  g r e e n  b e l l  p e p p e r ,  c h e r r y ,  

p i n e a p p l e ,  e t c . ,  a r e  t h e  l e a s t  h e a v y .  P r o b a b l y  h e a v i n e s s  c o r r e 
l a t e s  w i t h  t h e  p r e s e n c e  o f  m e a t - l i k e  o r  b u r n t  n o t e s  i n  t h e  
a r o m a ,  a n d  is  i n v e r s e l y  c o r r e l a t e d  w i t h  t h e  p r e s e n c e  o f  s w e e t  

s m e l l i n g  e s t e r s .  T h e  a r o m a s  f o r m  a l m o s t  a  c o n t i n u o u s l y  d e 
c r e a s i n g  g r o u p  i n  t e r m s  o f  t h e  r a t i n g s — t h e  t e r m  h e a v i n e s s  d o e s  
n o t  s h a r p l y  c l u s t e r  a r o m a s  i n t o  d i f f e r e n t  g r o u p s .  T h e r e  i s  
a b o u t  a  3 : 1  r a n g e  i n  t e r m s  o f  r a t e d  s u b j e c t i v e  h e a v i n e s s  o f  

t h e s e  a r o m a s .

C h e e s e - l i k e .  T h i s  i s  a n  e x c e p t i o n a l l y  d i s c r i m i n a t i n g  d e s c r i p 

t o r ,  s i n c e  v i r t u a l l y  a l l  a r o m a s  b u t  t h a t  o f  p a r m e s a n  c h e e s e  w e r e  
r a t e d  a r o u n d  0 , w h e r e a s e  p a r m e s a n  c h e e s e  w a s  g i v e n  a  r a t i n g  

o f  3 8 2 .

F l a v o r f u l .  T h i s  d e s c r i p t o r  t e r m  i s  a m b i g u o u s ,  s i n c e  a l l  o f  
t h e  a r o m a s  h e r e  r e p r e s e n t e d  f l a v o r s .  L e m o n ,  s t r a w b e r r y ,  a n i s e ,  
c h e r r y  a n d  c a n t a l o u p e  a r e  t h e  m o s t  f l a v o r f u l ,  w h e r e a s  g r e e n  
b e l l  p e p p e r ,  m o l a s s e s  a n d  c e l e r y  a r e  t h e  l e a s t .  A p p a r e n t l y ,  t h e  

c o n n o t a t i v e  m e a n i n g  o f  t h e  t e r m  f l a v o r f u l  i s  o n e  w h i c h  e v o k e s  
a n  i m a g e  o f  s o m e t h i n g  t o  e a t .  S i n c e  t h e  a r o m a s  o f  f r u i t  a r e  
s a l i e n t ,  a n d  s i n c e  t h e y  h a v e  t h e  g r e a t e r  n u m b e r  o f  c h a r a c t e r  

i m p a c t s ,  i t  i s  r e a s o n a b l e  t o  f i n d  t h a t  t h e  f r u i t  a r o m a s  a r e  m o s t  

f l a v o r f u l .

F o o d l i k e .  A g a i n ,  t h i s  d e s c r i p t o r  s o r t s  o u t  t h e  a r o m a s  f r o m  

h i g h  t o  l o w  i n  t e r m s  o f  f r u i t  a r o m a s  a t  t h e  t o p ,  a n d  m e a t ,  
m o l a s s e s  a n d  c e l e r y  a r o m a  t o  t h e  b o t t o m .  B o t h  f l a v o r f u l  a n d  
f o o d l i k e  d e s c r i p t o r s  p r o d u c e  a  c o n t i n u u m  o f  r e s p o n s e s  s o  t h a t  

t h e  a r o m a s  f a i l  t o  c l a s s i f y  t h e m s e l v e s  i n t o  d i s t i n c t  c l u s t e r s .  I t  is  
i n t e r e s t i n g  t h a t  r a s p b e r r y  a r o m a ,  a  f r u i t ,  i s  n o t  u s u a l l y  p l a c e d  
t o g e t h e r  w i t h  t h e  o t h e r  f r u i t s ,  w h i c h  s u g g e s t s  t h a t  t h e  c o m 
m e r c i a l l y  p r e p a r e d  a r o m a  o f  r a s p b e r r y  i n  t h i s  s t u d y  i s  i n  a  
q u a l i t a t i v e l y  d i f f e r e n t  c l a s s  t h a n  t h e  a r o m a s  o f  t h e  o t h e r  f r u i t s  

( l e m o n ,  c h e r r y ,  c a n t a l o u p e ,  p i n e a p p l e ) .  R a s p b e r r y  i s  a l s o  n o t  a

s w e e t  s m e l l i n g  a r o m a  c o m p a r e d  t o  t h e  a r o m a s  o f  t h e  o t h e r  

f r u i t s .
S t a l e ,  o l d .  M o s t  a r o m a s  w e r e  r a t e d  v e r y  l o w  o n  t h i s  a t 

t r i b u t e  ( l e s s  t h a n  1 0 0 ) ,  w i t h  t h e  e x c e p t i o n  o f  g r e e n  b e l l  
p e p p e r ,  m o l a s s e s ,  b a c o n ,  t o m a t o ,  p a r m e s a n  c h e e s e  a n d  b e e f .  
T h i s  d e s c r i p t o r  d i s t i n g u i s h e s  b e t w e e n  t h e  a r o m a s  o f  s p i c e  a n d  

f r u i t  a n d  t h e  a r o m a s  o f  m e a t ,  c h e e s e  a n d  v e g e t a b l e s .
D i s t i n c t i v e n e s s .  T h e  f r u i t s  w e r e  t h e  m o s t  d i s t i n c t i v e  o d o r s  

( i . e . ,  t h e y  h a d  m o r e  c h a r a c t e r  i m p a c t ) ,  t h e n  d i d  t h e  v e g e t a b l e s  
a n d  m e a t s .  T h i s  m a y  b e  r e l a t e d  t o  t h e  f a c t  t h a t  f r u i t  a r o m a s  
s e e m  t o  b e  m o r e  e a s i l y  i d e n t i f i e d  a s  s u c h  t h a n  a r e  t h e  v e g e 

t a b l e  a n d  m e a t  a r o m a s .  G i n g e r ,  g r e e n  b e l l  p e p p e r ,  m o l a s s e s  a n d  
b a c o n  w e r e  t h e  l e a s t  d i s t i n c t i v e .  P a r t  o f  t h e  f a i l u r e  f o r  t h e s e  
a r o m a s  t o  b e  d i s t i n c t  ( i n  t e r m s  o f  s u b j e c t i v e  r a t i n g s )  m a y  
r e s u l t  f r o m  a  p a n e l i s t ’s  f a i l u r e  t o  l a b e l  a n d  i d e n t i f y  t h e m  a s  

q u i c k l y  a s  t h e  p a n e l i s t  c a n  l a b e l  a n d  i d e n t i f y  a  f r u i t  a r o m a .  
T h e r e  i s  o n l y  a  2 . 5 : 1  r a t i o  i n  d i s t i n c t i v e n e s s ,  h o w e v e r ,  c o m 
p a r e d  t o  t h e  l a r g e  8 : 1  r a n g e  i n  h e d o n i c s .

M u l t i d i m e n s i o n a l  s c a l i n g

S i n c e  t h e  p a n e l i s t s  i n  t h i s  s t u d y  p r o v i d e d  m a g n i t u d e  e s t i 
m a t e s  o f  t h e  o v e r a l l  q u a l i t a t i v e  d i s s i m i l a r i t y  b e t w e e n  p a i r s  o f  

a r o m a s ,  b e t w e e n  p a i r s  o f  d e s c r i p t o r  t e r m s ,  a n d  b e t w e e n  h e t e r 
o g e n e o u s  p a i r s  c o m p a r i n g  o n e  a r o m a  a n d  o n e  d e s c r i p t o r  t e r m ,  

i t  p r o v e d  e a s y  t o  p e r f o r m  a  m u l t i d i m e n s i o n a l  s c a l i n g  a n a l y s i s  

( o r  p r o x i m i t i e s  a n a l y s i s ) .  T h i s  a n a l y s i s ,  b y  m e a n s  o f  t h e  
M - D - S C A L  5 M  ( K r u s k a l  &  C a r m o n e ,  1 9 6 9 )  t o o k  t h e  p a n e l i s t ’s 

m e a n  r a t i n g  o f  o v e r a l l  d i s s i m i l a r i t y  f o r  e v e r y  e n t r y  i n  t h e  d i s 
s i m i l a r i t y  m a t r i x  ( 4 2  X  4 2  s y m m e t r i c  m a t r i x ,  2 0  a r o m a s ,  2 2  

d e s c r i p t o r s  X 2 0  a r o m a s ,  2 2  d e s c r i p t o r s )  a n d  l o c a t e d  t h e  4 2  

p o i n t s  i n  g e o m e t r i c a l  s p a c e s  o f  3 ,  2  a n d  1 d i m e n s i o n s ,  r e s p e c 
t i v e l y .  F o r  e a c h  d i m e n s i o n ,  t h e  c o m p u t e r  w a s  p r o g r a m m e d  t o  

s u g g e s t  f o u r  d i f f e r e n t  p o t e n t i a l  a r r a n g e m e n t  o f  p o i n t s ,  w i t h  
e a c h  a r r a n g e m e n t  o b t a i n e d  b y  s t a r t i n g  f r o m  a  n e w ,  r a n d o m  
i n i t i a l  c o n f i g u r a t i o n  o f  p o i n t s .  T h e  c o m p u t e r  t h e n  c o m p u t e d  
t h e  m e a s u r e  o f  ‘s t r e s s , ’ w h i c h  i s  a k i n  t o  a  r e s i d u a l  s u m  o f  

s q u a r e s .  T h a t  c o n f i g u r a t i o n  m i n i m i z i n g  t h e  ‘s t r e s s ’ v a l u e  i s ,  b y  
d e f i n i t i o n ,  t h e  o n e  w h i c h  m o s t  v e r i d i c a l l y  r e p r o d u c e s  t h e  a r r a y  
o f  o r i g i n a l  e s t i m a t e s  o f  q u a l i t a t i v e  d i s s i m i l a r i t y .  M a t h e m a t i 
c a l l y ,  i t  i s  k n o w n  t h a t  w i t h  h i g h e r  d i m e n s i o n a l  s p a c e s  t h e  
s t r e s s  b e c o m e s  l o w e r  a n d  l o w e r ,  b u t  a l s o  p a r s i m o n y  i s  r e d u c e d ,  
a n d  t h e  e x p e r i m e n t e r  a l w a y s  r u n s  t h e  r i s k  o f  a c c o u n t i n g  i n  h i s  
g e o m e t r i c a l  s p a c e  f o r  n o i s y  d a t a .

I n  t h e  p r e s e n t  e x p e r i m e n t ,  a  t w o - d i m e n t i o n a l  s p a c e  p r o 
d u c e s  s l i g h t l y  h i g h e r  s t r e s s  t h a n  a  t h r e e - d i m e n s i o n a l  s p a c e ,  a n d  
m u c h  l o w e r  s t r e s s  t h a n  a  1 d i m e n s i o n a l  o n e .  H e n c e ,  t h e  t w o -  

d i m e n s i o n a l  g e o m e t r i c a l  r e p r e s e n t a t i o n  w a s  c h o s e n  o n  t h e  
c o m b i n e d  b a s i s  o f  r e l a t i v e l y  l o w  s t r e s s  a n d  r e l a t i v e l y  h i g h  

p a r s i m o n y .  T h e  p a r a m e t e r s  o f  t h e  c a l c u l a t i o n  w e r e  t h a t  t h e  
d i s t a n c e s  w e r e  t o  b e  r e p r e s e n t e d  b y  t h e  s t a n d a r d  E u c l i d e a n  
f o r m u l a  f o r  d i s t a n c e ,  a n d  t h a t  t h e  r e c o v e r e d  d i s t a n c e s  o f  
p o i n t s  i n  t h e  s p a c e  w e r e  t o  b e  a s  c l o s e l y  r e l a t e d  a s  p o s s i b l e  t o  
t h e  o r i g i n a l  e s t i m a t e d  d i s s i m i l a r i t i e s  b y  a  s i m p l e  p o l y n o m i a l  
( l i n e a r  p o l y n o m i a l ,  n o  a d d i t i v e  c o n s t a n t ) .

T h e  c o n f i g u r a t i o n  w a s  d e v e l o p e d  a f t e r  t h e  a v e r a g e s  f r o m  a l l  
1 3  p a n e l i s t s  w e r e  c o m p u t e d  ( 4  r e p l i c a t e s / p a n e l i s t / p a i r ) .  H i g h  
d i s s i m i l a r i t y  v a l u e s  a r e  r e f l e c t e d  i n  F i g u r e  1 b y  l a r g e  i n t e r 
p o i n t  d i s t a n c e s ,  a n d  l o w  d i s s i m i l a r i t y  v a l u e s  a r e  r e f l e c t e d  b y  
l o w  i n t e r - p o i n :  d i s t a n c e s .  N o t e  a l s o  t h a t  s i n c e  p a n e l i s t s  e v a l u 

a t e d  t h e  d i s s i m i l a r i t y  b e t w e e n  p a i r s  o f  d e s c r i p t o r  t e r m s  a n d  
b e t w e e n  p a i r s  c o m p a r i s i n g  a  d e s c r i p t o r  t e r m  a n d  a n  a r o m a ,  
t h a t  t h e s e  t e r m s  a r e  e m b e d d e d  i n  t h e  s a m e  s p a c e ,  a n d  m a y  b e  
c o n s i d e r e d  t o  b e  ‘ h y p o t h e t i c a l ’ o r  ‘ i d e a l ’ a r o m a s .  T h e  d e s c r i p 
t o r  t e r m s  a r e  u n d e r l i n e d  i n  F i g u r e  1 , w h e r e a s  t h e  a c t u a l  

a r o m a s  a r e  n o t ,  t o  f a c i l i t a t e  d i f f e r e n t i a t i o n .  S i n c e  t h e  c o m 
p u t e r  p r o g r a m  p r o d u c e d  g e o m e t r i c a l  m a p s  i n  w h i c h  i n t e r p o i n t  
d i s t a n c e s  o n l y  c o n v e y  i n f o r m a t i o n  ( b u t  n o t  n e c e s s a r i l y  t h e  
o r i e n t a t i o n ,  n o r  t h e  l o c a t i o n  o f  t h e  m a p  r e l a t i v e  t o  t h e  X - Y  
c o o r d i n a t e  s y s t e m ) ,  t h e  a c t u a l  X  a n d  Y  v a l u e s  a r e  t h e m s e l v e s  

u n i m p o r t a n t .  R a t h e r ,  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  a r o m a s  a n d
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Fig. 1 — Two dimensional geometrical space obtained by multidi
mensional scaling. The input to the MDSCAL program was the 
Symmetric 42 X 42 matrix o f subjective dissimilarities between all 
pairs o f aromas, descriptors, and heterogeneous pairs o f aroma X 
descriptor. The map comprises two axes: The vertical (Y) axis ap
pears to be the gradation between food like and nonfoodlike (viz. 
spicy). The horizontal (X) axis appears to be the gradation between 
meaty and fruity.

t h e  d e s c r i p t o r  t e r m s  c o n v e y  i n f o r m a t i o n  a b o u t  t h e  a r o m a  
q u a l i t y .

T h e  i m p o r t a n t  r e s u l t s  a p p e a r i n g  i n  F i g u r e  1 c a n  b e  s u m 
m a r i z e d  a s  f o l l o w s :

( 1 )  P a n e l i s t s  d o  a p p e a r  t o  b e  a b l e  t o  j u d g e  t h e  q u a l i t a t i v e  

d i s s i m i l a r i t y  b e t w e e n  p a i r s  o f  f o o d  a r o m a s ,  b e t w e e n  p a i r s  o f  
a r o m a  d e s c r i p t o r s ,  a n d  b e t w e e n  p a i r s  i n  w h i c h  o n e  c o m p o n e n t  

i s  a n  a r o m a  a n d  t h e  o t h e r  i s  a  d e s c r i p t o r  o f  t h a t  a r o m a  ( o r  o f  
a n o t h e r  a r o m a ) .  T h a t  t h e s e  d i s s i m i l a r i t y  e s t i m a t e s  s e e m  t o  
m a k e  s e n s e  c a n  b e  s e e n  f r o m  t h e  a r r a n g e m e n t  o f  d e s c r i p t o r  
t e r m s  a n d  a r o m a s  i n  n a t u r a l - a p p e a r i n g  c l u s t e r s  ( w i t h  f r u i t  
a r o m a s  c l o s e  t o  e a c h  o t h e r ,  a n d  s p i c e  a n d  m e a t  a r o m a s  f a r  
a w a y  f r o m  t h e  f r u i t  a r o m a  c l u s t e r ) .  T h e  a b i l i t y  o f  p a n e l i s t s  t o  
j u d g e  d i s s i m i l a r i t y  b e t w e e n  a  d e s c r i p t o r  t e r m  ( w h i c h  r e p r e 
s e n t s  a n  ‘ i d e a l ’ a r o m a  i n  t h e  p a n e l i s t ’ s  c o n c e p t i o n )  a n d  t h e  
a c t u a l  a r o m a  i s  a  p o w e r f u l  t o o l  f o r  d e t e r m i n i n g  h o w  c l o s e  
t o g e t h e r  a  s t i m u l u s  a n d  a  c o n c e p t  l i e .

( 2 )  F o r  m o s t  o f  t h e  f r u i t  a r o m a s ,  t h e  d e s c r i p t o r  t e r m  a n d  
t h e  a r o m a  l i e  v e r y  c l o s e  t o  e a c h  o t h e r .  T h i s  i m p l i e s  t h a t  f o r  
f r u i t s  p a n e l i s t s  m a y  e a s i l y  a s s o c i a t e  t h e  d e s c r i p t o r s  w i t h  t h e  
a r o m a s ,  a n d  t h a t  t h e  t w o  a r e  i n t e r c h a n g e a b l e .  A  p a n e l i s t ’s  c o n 
c e p t i o n  o f  l e m o n  a r o m a  s e e m s  t o  b e  v i r t u a l l y  i d e n t i c a l  w i t h  
t h e  s a m p l e  o f  l e m o n  a r o m a  p r e s e n t e d .  W h y  f r u i t s  s e e m  t o  b e  
s o  s i m i l a r  t o  t h e i r  d e s c r i p t o r  t e r m s  i s  d i f f i c u l t  t o  e x p l a i n ,  
e x c e p t ,  p e r h a p s ,  t h a t  t h e  d e s c r i p t i o n  o f  f r u i t s  m a y  p r o v o k e  a  
s m e l l  i m a g e  m o r e  r e a d i l y  t h a n  t h e  d e s c r i p t i o n  o f  a  m e a t ,  a n d  
v i c e  v e r s a .

( 3 )  F o r  m e a t  a r o m a s ,  t h e  o v e r l a p  b e t w e e n  t h e  d e s c r i p t o r  
t e r m s  a n d  t h e  a c t u a l  a r o m a s  i s  c l o s e ,  b u t  n o t  n e a r l y  a s  c l o s e  a s  
f o r  f r u i t .  T h e  b i g g e s t  d i f f e r e n c e  b e t w e e n  t h e  d e s c r i p t o r  a n d  

t h e  a c t u a l  a r o m a  a r i s e s  f o r  t h e  s a u s a g e  o d o r .  Q u i t e  p o s s i b l y  w e  

s t o r e  c o n c e p t s  o f  m e a t  a r o m a s  i n  a  d i f f e r e n t  w a y ,  a n d  s i n c e  
m e a t  ( a n d  p e r h a p s  o t h e r  ‘h e a v y ’ a r o m a s )  c a n  v a r y  s o  m u c h ,  
t h e s e  a r o m a s  m a y  n o t  h a v e  a n  i m m e d i a t e  c h a r a c t e r  i m p a c t .

( 4 )  A r o m a s  c l u s t e r  i n t o  s e v e r a l  g r o u p s ,  a n d  o n  t w o  d i f f e r e n t

a x e s .  O n e  g r o u p  ( f a r  l e f t )  i s  t h e  f r u i t  g r o u p .  T h e s e  a r e  t h e  

l i g h t ,  f r u i t y ,  s w e e t  s m e l l i n g  a r o m a s .  M o s t  o f  t h e  f r u i t s ,  w i t h  
t h e  e x c e p t i o n  o f  r a s p b e r r y  a r o m a  l i e  t h e r e .  O n e  g r o u p  ( f a r  

r i g h t )  i s  t h e  m e a t  g r o u p ,  w h i c h  a r e  t h e  h e a v i e r ,  s u l f u r -  

c o n t a i n i n g  a r o m a s .  T h e  X  a x i s  is  p o s s i b l y  a  f r u i t y - m e a t y  d i s 
t i n c t i o n .  T h e  a r o m a s  a t  t h e  t o p  o f  t h e  Y  a x i s  a r e  m e a t s  a n d  
f r u i t s  ( f o o d - l i k e  a r o m a s ) ,  w h e r e a s  t h o s e  a t  t h e  b o t t o m  o f  t h e  

Y  a x i s  a r e  t h e  s p i c e s ,  n u t s ,  e t c .  T h e  Y  a x i s  m a y  b e  f o o d l i k e  v s  
n o n - f o o d l i k e .

I n d i v i d u a l  d i f f e r e n c e s  s c a l i n g

T h e  m a p  s h o w n  i n  F i g u r e  1 w a s  o b t a i n e d  b y  a v e r a g i n g  t h e  
r e s u l t s  o f  t h e  p a n e l i s t s .  I n d i v i d u a l s  o f t e n  d i f f e r  i n  t h e i r  p e r 
c e p t i o n  o f  q u a l i t a t i v e  d i f f e r e n c e s ,  e s p e c i a l l y  w i t h  r e g a r d  t o  
o d o r s  o f  c h e m i c a l s  ( B e r g l u n d  e t  a l . ,  1 9 7 3 ) .  A l t h o u g h  t h e  a v e r 
a g e  g e o m e t r i c a l  s p a c e  f o r  a  c o l l e c t i o n  o f  o d o r a n t s  m a y  a p p e a r  
t o  b e  p e r f e c t l y  r e a s o n a b l e ,  t h e  i n d i v i d u a l  g e o m e t r i c a l  s p a c e s  
m a y  h a v e  n o  c l e a r  r e l a t i o n  t o  t h e  o v e r a l l  s p a c e  ( w h i c h  w o u l d  
t h u s  a r i s e  a s  a n  a r t i f a c t  f r o m  a v e r a g i n g ) .  B e r g l u n d  e t  a l .  ( 1 9 7 3 )  
s u g g e s t e d  t h a t  w e  m a y  l i v e  i n  q u i t e  d i f f e r e n t  p e r c e p t u a l  w o r l d s  
w h e n  e v a l u a t i n g  a r o m a ,  a n d  t h a t  t h e  a v e r a g e  g e o m e t r i c a l  s p a c e  

t o  b e  o b t a i n e d  f r o m  m u l t i d i m e n s i o n a l  s c a l i n g  p r o b a b l y  d o e s  
n o t  r e f l e c t  t h e  s p a c e  o f  a n y  s i n g l e  i n d i v i d u a l .  A  s i m i l a r  c o n 
c l u s i o n  w a s  r e a c h e d  b y  M o s k o w i t z  ( 1 9 7 5 )  i n  a  r e - a n a l y s i s  o f  
d i s s i m i l a r i t y  j u d g m e n t s  p r o v i d e d  b y  1 5  p a n e l i s t s ,  e a c h  o f  
w h o m  j u d g e d  t h e  o v e r a l l  q u a l i t a t i v e  d i s s i m i l a r i t y  o f  3 0  s t i m u l i  

( 1 5  o d o r a n t s ,  1 5  d e s c r i p t o r s ,  a  d e s i g n  s i m i l a r  t o  t h e  p r e s e n t  
o n e ) .  A l t h o u g h  t h e  o v e r a l l ,  a v e r a g e  g e o m e t r i c a l  s p a c e  w a s  

r e a s o n a b l e  i n  l i g h t  o f  t h e  l o c a t i o n s  o f  t h e  d e s c r i p t o r  t e r m s  a n d  
t h e  s t i m u l u s  o d o r a n t s  ( M o s k o w i t z  a n d  G e r b e r s ,  1 9 7 4 ) ,  t h e  

i n d i v i d u a l  s p a c e s  v a r i e d  q u i t e  c o n s i d e r a b l y .

A n  a n a l y s i s  o f  t h e  i n d i v i d u a l  s p a c e s ,  a n d  h o w  t h e y  r e l a t e  t o  
a  s i n g l e  c o m p o s i t e  s p a c e ,  w a s  u n d e r t a k e n  w i t h  t h e  a i d  o f  a  

c o m p u t e r  p r o g r a m  k n o w n  a s  I N D S C A L  ( C a r r o l l  a n d  C h a n g ,

1 9 6 9 ) .  T h e  b a s i c  p r e m i s e  o f  t h e  I N D S C A L  a p p r o a c h  i s  t h a t  
e a c h  p a n e l i s t  p o s s e s s e s  t h e  s a m e  g e o m e t r i c a l  s p a c e  a s  e v e r y  

o t h e r  p a n e l i s t ,  b u t  t h a t  i n  a d d i t i o n  e a c h  p a n e l i s t  b r i n g s  t o  b e a r  
a  s e t  o f  w e i g h t i n g  f a c t o r s  ( s t r e t c h i n g  o r  s h r i n k i n g ) .  A  s i m p l e  
e x a m p l e  w i l l  b r i n g  o u t  t h e  a p p r o a c h .  I n  t h e  p r e s e n t  s t u d y ,  

w e r e  t h e  f i r s t  d i m e n s i o n  ( o r  a x i s )  t o  b e  f r u i t  v s  m e a t ,  t h e n  a l l  
p a n e l i s t s  w o u l d  p o s s e s s  t h e  s a m e  f i r s t  d i m e n s i o n .  S o m e  p a n e l 

i s t s  m i g h t  a t t e n d  q u i t e  c l o s e l y  t o  d i f f e r e n c e s  b e t w e e n  a r o m a s ,  

u s i n g  t h e  d i m e n s i o n  o f  f r u i t y  v s  m e a t y .  T h e  w e i g h t i n g  f a c t o r s  
( o r  b i a s e s )  o f  t h e s e  p a n e l i s t s  w o u l d  b e  v e r y  h i g h .  O t h e r s  m i g h t  
s e e  t h e  s a m e  d i f f e r e n c e s  i n  p a i r s  o f  a r o m a s ,  b u t  m i g h t  c h o o s e  
t o  i g n o r e  t h e  d i f f e r e n c e s  e n t i r e l y .  T h e i r  w e i g h t i n g  f a c t o r s  
w o u l d  b e  0 .  T h e  p e r c e p t i o n  o f  t h e  a r o m a  w o u l d  b e  t h e  s a m e ,  
b u t  t h e  d e g r e e  o f  i m p o r t a n c e  g i v e n  t o  d i f f e r e n c e s  o n  t h e  
d i m e n s i o n  m i g h t  v a r y  f r o m  o n e  i n d i v i d u a l  t o  a n o t h e r .

T h e  i n p u t  t o  t h e  a p p r o p r i a t e  I N D S C A L  p r o g r a m  i s  a  s e t  o f  
i n d i v i d u a l  s y m m e t r i c  d i s s i m i l a r i t y  m a t r i c e s ,  l i k e  t h e  t y p e  o b 
t a i n e d  h e r e .  S i n c e  t h e r e  w e r e  1 3  p a n e l i s t s ,  t h e  I N D S C A L  i n p u t  
h e r e  i s  a  s e r i e s  o f  1 3  m a t r i c e s  ( s i z e  4 2  X  4 2 ) .  T h e  m a t r i c e s  
w e r e  f i r s t  m a d e  s y m m e t r i c  b y  a v e r a g i n g  t o g e t h e r  t h e  i ,  j  a n d  
t h e  j ,  i  e n t r i e s  i n  e a c h  p a n e l i s t ’s  m a t r i x ,  u n d e r  t h e  a s s u m p t i o n  
t h a t  w h e n  t h e  p a n e l i s t  j u d g e d  t h e  d i s s i m i l a r i t y  b e t w e e n  s t i m u 
l u s  i  a n d  s t i m u l u s  j ,  t h e n  t h e  o r d e r  ( i . e . ,  w h i c h  w a s  t h e  s t a n d 

a r d  o r  r e f e r e n c e ,  a n d  w h i c h  w a s  t h e  c o m p a r i s o n )  d i d  n o t  
m a t t e r .  T h i s  i s  i t s e l f  a n  a r g u a b l e  a s s u m p t i o n ,  b u t  i s  n e c e s s a r y  

f o r  t h e  a n a l y s i s .  T h e  o u t p u t  o f  t h e  I N D S C A L  a n a l y s i s  i s  a  
g r a n d  s p a c e  ( l i k e  F ig .  1 ) ,  a s  w e l l  a s  t h e  i n d i v i d u a l  w e i g h t i n g  
f a c t o r s .  F i g u r e  2  s h o w s  t h e  d i s t r i b u t i o n  o f  1 3  s u c h  w e i g h t i n g  

f a c t o r s .  T h e  f a c t o r s  a r e  a l l  p o s i t i v e  f o r  b o t h  d i m e n s i o n  I 
( f r u i t y  v s  m e a t y ) ,  a n d  d i m e n s i o n  I I  ( f o o d - l i k e  v s  s p i c e - l i k e ) .  

T h i s  m e a n s  t h a t  a l l  p a n e l i s t s  p e r c e i v e d  t h e  g r a d a t i o n  o f  f r u i t y  

v s  m e a t y  a n d  f o o d l i k e  v s  n o n f o o d l i k e  i n  t h e  s a m e  w a y .  H o w 
e v e r ,  t h e r e  w e r e  s o m e  i n d i v i d u a l  v a r i a t i o n s  i n  s t r e t c h i n g  o r  

s h r i n k i n g  o f  t h e  d i m e n s i o n s .  P a n e l i s t s  9 ,  1 1  a n d  1 2  s h r a n k  
d i m e n s i o n  I r e l a t i v e  t o  t h e  o t h e r  p a n e l i s t s .  F o r  d i m e n s i o n  I I
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Fig. 2—The individual weights attached to dimensions I and i i  as 
obtained from the INDSCAL program. Note that all panelists show 
positive weights, implying that all panelists perceive the aroma space 
similarly, and vary only in the amount o f shrinking or expansion 
they do on each attribute. Expansion (high subject weightsI mean 
that the dimension is relatively critical in determining dissimilarity 
between two stimuli, whereas contraction (low subject weights) 
means that the panelist disregards differences on the dimension.

there was substantially more individual variation in the stretch
ing vs shrinking, suggesting that the range of individual dif
ferences might be larger for this food attribute.

D IS C U S S IO N  & C O N C L U S IO N S

THE PRESENT FINDINGS address two major methodological 
areas of sensory evaluation: profile representation of flavor 
quality, and the assessment o f individual differences in aroma 
perception by means of multidimensional scaling.
Profiling

No single num ber can capture the aroma of foods. Rather, 
aroma quality must be considered as a ‘signature’ which com
prises a series o f numbers, one num ber for each relevant at
tribute. Here 15 such attributes (if odor intensity is included) 
were used to  evaluate 20 aromas. Actually, several hundred 
different attributes can be enum erated (Dravnieks, personal 
com munication), and the literature of sensory evaluation for a 
variety of disciplines (e.g., perfum ery, flavor, etc.) contains a 
host of such descriptors. The present approach is notew orthy 
methodologically, insofar as:

(a) It uses profiling procedures which em body magnitude 
estim ation—a m ethod of assigning num bers to stimuli in which 
ratios of numbers reflect ratios o f perceived magnitude. Most 
approaches to sensory analysis, either w ith unidimensional 
continua (e.g., sweetness, acceptability) or with m ulti-attribute 
continua (different aspects of texture, etc.) use the traditional 
category scale, in which differences among categories reflect 
differences in sensory magnitude. Magnitude estim ation per
mits the experim enter to state that the arom a intensity of 
aroma X is some num ber o f tim es stronger or weaker than the 
aroma intensity o f aroma Y, o r that the sweetness-note of 
aroma A is five times (or how many times) stronger or weaker 
than, for example, its com plexity. A more detailed description 
of magnitude estimation is proved by Moskowitz (1974).

(b) The present procedure dispenses w ith the use of ex
ternal standards to represent magnitude, and utilizes, instead, 
the panelist’s concept of what a ‘m oderate’ intensity is. Tradi
tionally, experiments in sensory evaluation have used explicit 
standards, w ith numbers attached to the standard to indicate

the measure c f  intensity. The present procedure allows the 
panelists to compare all notes against an internal ‘standard’ 
which they call ‘m oderate,’ and to  which they assign the value 
of ‘30.’ Variations in the ratings among panelists can be dis
entangled into variations resulting from experim ental error 
(e.g., panelist variability and failure to replicate), and the more 
subtle variation due to  what a panelist thinks is ‘m oderate,’ 
‘intense,’ etc., for that stimulus and class o f aromas. Future 
w ork might consider explicit external stimuli as standards, 
which may not necessarily be assigned numbers, but would 
rather serve to anchor the panelist’s judgments. With these 
explicit external standards, to which the panelist assigns 
magnitude estimates (with 30 or some other num ber always 
reflecting ‘m oderate’) the advantages o f mental references for 
num ber may be combined with the advantages of an invariant, 
unchanging reference stimulus.
Individual differences

Panelists differ in the way that they assign numbers to 
stimuli. In many olfactory experim ents w ith simple chemicals 
which are not related to food the variation among panelists in 
assignments of numbers is so great that it casts suspicion upon 
the grand geom etric map as a valid representation of overall 
qualitative dissimilarity. In a previous study (Moskowitz and 
von Sydow, 1975) w ith the profiling of a variety of fruit juices 
by different panelists, the INDSCAL approach was success
fully used to show tha t all panelists rated reliably across days, 
but that they used different ways of assigning odor descrip
tors. In the present study, which uses the INDSCAL approach 
to analyze symm etric matrices o f pairwise dissimilarities 
between stimuli, the finding is that panelists perceive overall 
qualitative differences in about the same way, although each 
panelist may bring to bear slight variations.
An overview

The multidimensional scaling technique provides an excel
lent way to obtain a pictorial representation of overall simi
larity (or dissimilarity) in product perception from different 
panelists. Such scaling ought to  prove highly instructive in 
assessing the way trained panelists perceive qualitative dif
ferences. Here there is no system atic  inter-individual variations 
in which dimensions (or axes) o r the geometrical space are 
stressed, and which are eliminated. What might occur in the 
comparison of maps for trained vs untrained panelists is the 
next logical step in a program which utilizes the analytical and 
descriptive power of m ultidimensional scaling.
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A  T E S T  O F  T H E  M U T A G E N IC  E F F E C T S  O F  

S O R B IT O L  O N  D ro s o p h ila  m e la n o g a s te r

-----------------------------------------  A B S T R A C T  ------------------------------------—

This investigation critically examines the genetic effects of sorbitol in 
Drosophila melanogaster. Tests for the induction of somatic mutations, 
sex-linked recessive lethals, and chromosome loss paralleled by appro
priate positive and negative controls were performed. In all experi
ments, sorbitol proved to be nonmutagenic. In fact, the frequencies of 
exceptions in sorbitol-treated flies proved to be less than that in un
treated controls.

IN T R O D U C T IO N

ALTHOUGH SORBITOL (D-glucitol) is “generally recognized 
as safe” by the Food & Drug Administration and is commonly 
added to confections and dietary foods, its use has been 
questioned. For example, Van Heyningen (1959) reported ab
normally large am ounts of sorbitol in the lenses of diabetic 
rats in the early stages of sugar cataract form ation; Ward et al.
(1972) dem onstrated the accum ulation of sorbitol and fruc
tose in the nervous system in diabetic animals; and Drasnin 
(1973a, b) found that a high sorbitol diet prom otes macroangi
opathy, neuropathy and cataracts, and advocated stricter 
lim itations on the am ounts o f sorbitol in foods and in in
dividual diets.

A search of the literature uncovered no reports on the 
mutagenicity of sorbitol, a study we deemed to  be advisable in 
light o f its wide-spread use and pathological implications. 
Therefore, we have assayed the genetic effects of sorbitol in 
several experim ental conditions using the vinegar fly Dro-

Table 1—Synopsis of mutants and chromosomes used in this 
study.

Symbol Location and remarks

asc X — chromosome inversions marked with 
apricot eye color.

ec X — 5.5, echinus eye. Fortuitously present 
in some of the stocks used.

Qn(1 liv' X — 1.5, quintuplication of white 
region carrying 5 w* mutants.

sc8 • Y Y  chromosome with duplication carrying y+. 
Serves to identify the Y chromosome when in 
an otherwise yellow-bodied stock.

sn3 X — 21, singed bristles. Used as 
contamination control.

V X — 33, vermilion eye color. Used as 
contamination control.

wi X — 1.5, white-ivory eye color.
V X — 0, yellow body. See note on sc8 • Y. 

Fortuitously present in other stocks.

sophila melanogaster. These tests were designed to  cover a 
broad spectrum  of genetic phenom ena, providing maximum 
opportunity  for the detection of deleterious effects. The re
sults detailed below will verify that we found no evidence of 
harmful genetic effects of sorbitol.

E X P E R IM E N T A L

ALL Drosophila stocks were maintained at room temperature 
(21-25°C) on a standard medium of cornmeal, agar, brewer’s yeast, 
and sucrose with propionic acid added as a mold inhibitor. The chrono- 
somes and mutants used in these experiments are briefly described in 
Table 1. Additional information is available in Lindsley and Grell
(1968). Particular crosses and stocks are described in connection with 
the experiments in which they were employed.

Each of the experiments reported here consisted of comparing the 
frequency of a genetic anomaly in flies or the offspring of flies treated 
with sorbitol to that observed in untreated controls. To assure that the 
experimental operations were in fact uncovering the types of events 
sought, positive controls, i.e., treatments known to induce the anomaly, 
were conducted simultaneously. In analyzing the data, the sorbitol- 
treated populations were compared to the untreated controls both by 
computing the appropriate fiducial limits and by comparison in a con
tingency table. In each experiment, the reliability of the conclusion was 
evaluated by testing the hypothesis that the actual frequencies of ex
ceptions in the treated populations might be twice the spontaneous 
frequency, the low values observed being fortuitious deviations. Reject
ing this very conservative hypothesis validates the adequacy of :he 
population sizes.

R E S U L T S  & D IS C U S S IO N

BEFORE GENETIC TESTS were perform ed, flies were placed 
on various concentrations of sorbitol in order to  observe the 
effect of the chemical on the flies and their im bibing behavior. 
Flies were placed in half-pint culture bottles with Kimwipes 
saturated with 1, 5, 10, 20 and 50% sorbitol solutions. After 
132 hr, it was observed no flies had died, leading to  the con
clusion that large doses of sorbitol are not lethal. Feeding 
experim ents with sorbitol solution colored with green food 
coloring led to  the conclusions that flies use sorbitol to  satisfy 
an energy requirem ent and tha t treatm ent of flies w ith concen
trations of 3—5% sorbitol are equivalent

According to  Bowman (1969) the white-ivory m u tan t of 
Drosophila melanogaster is distinguished by its frequent rever
sion to  wild type, not only in germinal cells but in som atic 
tissue as well. The eyes of the adult fly contain a total of 
about 1600 om m atidia and one can observe a one-cell rever
sion in the eye.

Since the frequency of mosaic spots in an eye is directly 
proportional to the num ber of w* loci in the genom e, a quin- 
tuplication of the white region carrying w> in each segment, 
Qn(l)w>, obtained from E.B. Lewis, was used to  enhance the 
sensitivity of the test. The offspring of hom ozygous w> females 
and y  Q n(l )w'ec males were allowed to  develop on medium 
containing 1% or 10% sorbitol. Flies raised on the standard 
media of cornmeal, agar, sucrose, yeast and propionic acid
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served as a control. A fter eclosion, the eyes of female imagoes 
(w '/y  Q n(l)w 'ec) were scored for wild-type spots. Prior to 
scoring, the cultures were coded. Upon com pletion of the 
experim ent, the code was revealed for the first time to  the 
experimenter.

Mitomycin C, purchased from Sigma Chemical Company, 
was used as a positive control in this test. Eggs from the paren
tal cross were collected over a 12-hr interval on Bakers’ yeast. 
Three days later, the larvae were collected by washing the 
yeast through a 60-mesh sieve. The larvae were transferred to  
filter paper saturated with a m itom ycin C solution (4C /rg/ml 
in 1% sucrose). After 1 hr, the larvae were removed from  the 
filter paper and washed. The entire MC treatm ent was carried 
out in the dark or in very dim light. The larvae were then 
placed in bottles of standard media and allowed to  develop in 
the dark. After eclosion, the eyes of the imagoes were scored 
as before.

The results of the somatic m utation tests are given in Table
2. Fiducial limits, com puted according to  the tables of Stevens
(1942), revealed the frequency of mosaics in the control group 
to  be inseparable from  tha t of the sorbitol-treated group. A 
contingency chi-square com puted to  test the hom ogeneity of 
the data suggests a 0.8 probability of observing the same or a 
greater difference than that actually observed between the 
treated and control populations. The hypothesis tha t the 
actual frequency of mosaics might be twice the spontaneous 
frequency can be rejected at the 0.005 level.

Germinal cell m utations are most readily determ ined as 
recessive lethals expressed in the generations following trea t
ment. The sex-linked recessive lethal test developed by Muller 
(1942) using the asc chrom osom e scans the entire X chrom o
some for the occurrence of new lethal m utations. Homozygous 
asc females, which have apricot eyes, were m ated to  treated or 
to  control wild-type males. The F t females, which need not be 
virgin and are heterozygous for the treated X and the balancer 
(asc) chromosom e, were individually mated to  their brothers 
or to  asc males from the same stock from which the parental 
females were derived.

The F 2 generation was examined, w ithout etherization, 
through the vial with the aid of the low power of a stereo
scopic microscope. The cultures tha t did not contain wild- 
type-eyed males and did contain at least 20 asc males were 
considered lethals. If there were no wild-type-eyed males and 
fewer than 20 asc males, the F 3 was reared by mating asc 
males to  F 2 wild-type females and scored until a to ta l of 20 
asc males were observed. If a wild-type-eyed male was ob
served, the chromosome was considered nonlethal.

Ethyl m ethanesulfonate (EMS) was used as a positive con
trol in this test. The m ethod for adm inistering EMS was that 
of Lewis and Bacher (1968). Adult Canton-S males were col
lected as before and placed on Kimwipes saturated w ith an
0.02M solution of EMS in 1% sucrose. The crosses were per
formed and the flies scores as previously described.

The frequencies o f induced sex-linked recessive lethals are 
presented in Table 3. Fiducial limits, com puted as before, re
veal the frequency of lethals observed in the control group to  
be inseparable from  that of the sorbitol-treated group. A con
tingency chi-square was again com puted to  test the hom o
geneity of the data. The chi-square value com puted suggests a 
0 .2—0.5 probability of observing the same or a greater differ
ence than tha t actually observed. On the basis of the one-tailed 
test perform ed on the data, the hypothesis that the actual 
m utation rate is twice the observed control rate was rejected at 
the 0.005 level.

To determ ine if sorbitol induces chromosome loss, males of 
the genotype y  sn3 v/sc8 • Y were placed in half-pint culture 
bottles containing Kimwipes saturated w ith 5% sorbitol for 
four days and then mated to  y  sn3 v virgins. F i males which 
fail to  receive the Y chromosom e from  their father are readily 
recognized as yellow-bodied.

X-rays were used as a positive control in this experim ent. 
Pi males enclosed in a perforated gelatin capsule were given 
3000r of X rays with a Seifert “ Isovolt 150” operated at 140 
kv and 12 ma with 1 mm A1 filtration. The dose rate was 
196r/min with the target to  specimen distance being 30 cm. 
Approxim ately 65 males were placed in the gelatin capsule, 
and after irradiation, an equal num ber of females were mated 
to  these males in half-pint milk bottles. The F ! was scored as 
previously described.

Table 4 represents the data obtained from  the chromosome 
loss test. Fiducial limits com puted as before reveal the fre
quency of nondisjunction observed in the control group to  be 
inseparable from  tha t of the sorbitol-treated group. A con
tingency chi-scuare was again com puted to  test the hom o
geneity of the data. The chi-square value com puted suggests a
0 .5—0.8 probability of observing the same or a greater differ
ence. On the basis of a one-tailed test perform ed on the data, 
the hypothesis tha t the actual m utation  rate might be as large 
as twice that observed was again rejected at the 0.005 level.

Throughout our experim ents we noted only one effect of 
sorbitol on Drosophila—a 2-day lag in eclosion. This may be 
trivial. The control media on which the larvae feed has been 
carefully balanced for rapid development. Any change in the 
standard recipe, such as adding significant quantities of sugar,

Table 2—The effects of sorbitol on the induction of iv* mosaics

Treatment

>' QnlDvv1 ec/w1 
Flies scored Mosaics Mosaics/fly X 100

Control 4872 29 0.60
1 % Sorbitol 4629 19 0.41
10% Sorbitol 6664 38 0.57
Mitomycin C 821 478 58.2

Table 3—Effects of sorbitol on the induction of recessive sex- 
linked lethality

Treatment

Number of 
chromosomes 

tested

Number
of

lethals
Percent
lethals

Control 4233 4 0.09
Sorbitol 6097 4 0.07
Ethyl methanesulfonate 581 199 34.3

Table 4—Effects 

loss

of sorbitol on the induction of chromosome

Treatment

Number of 
chromosomes 

tested
Number of 

y  males
Percent 

loss of Y

Control 3956 7 0.18

Sorbitol 5842 9 0.15

X rays 419 23 5.49
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would not enhance, but rather retard, development. There was 
no visible difference in larval activity on the two media. Beau
m ont et al. (1971) stated tha t sorbitol is not rapidly m etab
olized in most tissues, and this could be the cause for the 
retarded development. There is no evidence to  suggest that 
sorbitol has any genetic effects on Drosophila melanogaster.
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-----------------------------------------  A B S T R A C T  ------------------------------------------
5-Thio-a-D-glucopyranose and 6-thio-(3-D-fructopyranose are shown to 
be significantly sweeter than a-D-glucopyranose and (3-D-fructopy- 
ranose, respectively, when tasted in crystalline form. In solution, only 
the thio analog of glucose is significantly sweeter than its parent sugar. 
The mutarotational formation of a nonsweet tautomer of thio-fructose 
in solution probably accounts for its fall in sweetness intensity. Reasons 
for the greater sweetness intensity of these thio analogs are proposed.
5-Thio-0-D-fructofuranose is shown to be essentially tasteless.

IN T R O D U C T IO N

QUANTITATIVE sugar sweetness intensity studies (e.g., 
Schütz and Pilgrim, 1958; Shallenberger, 1963; Moskowitz,
1971) have conclusively shown that j3-D-fructopyranose is the 
sweetest naturally occurring sugar when tasted in crystalline 
form or as a freshly prepared solution. However, in solution its 
intensity falls with tim e to that approxim ating sucrose due to 
the m utarotational form ation of such nonsweet isomers as 
|3-D-fructofuranose (Shallenberger, 1971). O ther sugars, such 
as D-glucose, may also undergo sweetness intensity shifts in 
solution. Freshly prepared solutions of a-D-glucopyrar.ose are 
sweeter than m utarotated solutions, and a m utarotated solu
tion of D-glucose is sweeter than freshly prepared (3-D-gluco- 
pyranose (Pangborn and Gee, 1961).

Relationships between the molecular structure and inten
sity of response generated by sweet tasting com pounds have 
also been extensively examined. The degree of intramolecular 
hydrogen bonding w ithin sugar molecules satisfactorily ex
plains much of their varying sweetness, but one structural 
feature whose role in sugar sweetness is as yet unclear is that 
of the ring oxygen atom . It has been suggested (Hodge et al.,
1973) that the ring oxygen atom  may act as an electronegative 
centre increasing sweetness and reducing bitterness. In view of 
this proposed action of the ring oxygen, it is of interest to  
examine the taste o f some sulfur analogs in which a sulfur 
atom  replaces the ring oxygen atom . We report here the de
tailed sensory evaluation of 5-thio-a-D-glucopyrancse and
6-thio-/3-D-fructopyranose (Fig. 1). The effect o f a ring sulfur 
atom on sweetness is discussed. In addition, the qualitative 
evaluation of the taste of 5-thio-j3-D-fructofuranose and its sig
nificance is reported.

M A T E R IA L S  &  M E T H O D S

5-THIO-a-D-GLUCOPYRANOSE, 6-thio-/3-D-fructopyranose and 5- 
thio-/3-D-fructofuranose were prepared by one of us (R.L.W.) using 
novel carbohydrate chemistry techniques (Rowell and Whistler, 1966; 
Chmielewski and Whistler, 1975; Whistler, unpublished data). The sam
ples were chromatographically homogenous (TLC) and their confor
mations established by nuclear magnetic resonance.

Gas chromatography (GC) was carried out using a Varian Aer
ograph, Model 204, gas chromatographic unit. The vaporization 
chamber was maintained at 270°C to ensure complete volatilization. A

stainless steel column (4 m x 3 mm o.d.) was used containing 3% (w/w) 
O.V-225 stationary phase on a 100/120 mesh support of Gas-Chrom Q. 
The. column oven was maintained isothermally at 165°C. Nitrogen was 
used as the carrier gas, at a flow rate of 60 ml min"1. The detector and 
collector temperatures were maintained at 270° C and 210°C, respec
tively. Trimethylsilation of sugars in aqueous solution followed the 
procedure of Bentley and Botlock (1967). A 10% aqueous solution of 
the sugar (30 pi) in pyridine (0.5 ml) was frozen in liquid nitrogen. 
Trimethylchlorosilane (1 ml) and hexamethyldisilazane (1 ml) were 
added and the mixture shaken gently for 5 min before standing at room 
temperature until silation was complete.

Eight experienced taste panelists were trained according to the re
commendations of Spencer (1971). Relative sweetness intensity meas
urements were made on both crystalline and solution form. Tasting 
sessions were conducted in a specially equipped taste panel room with 
individual booths and rinsing facilities. Samples were presented in ran
domly coded (2 digit numbers) glass beakers at room temperature. 
When tasting solid material, panelists were requested to place a few 
milligrams on the tongue and to rate the intensity of response on an 
unnumbered ten-point scale. Sucrose was used as an internal standard. 
Equimolar (0.2M) solutions were evaluated by the same procedure, 
sample size being limited to 0.5 ml due to scarcity of material. The 
internal standard, sucrose, was also 0.2M. Difference testing was carried 
out by the paired comparison technique. Panelists were asked to iden
tify the sweeter sample within a pair of test compounds, e.g., a-D-gluco- 
pyranose and 5-thio-a-D-glucopyranose, and to indicate the degree of 
difference within the pair. The results were subjected to statistical 
analysis (Byer and Abrams, 1953) and the significance of recorded 
differences within pairs calculated. All taste tests were carried out in 
duplicate with two pairs of test materials evaluated at each session.

The taste of 5-thio-/3-D-fructofuranose was examined on a qualita
tive basis, panelists being asked to describe its taste according to one of 
the following descriptions: tasteless, trace sweet, sweet or intensely 
sweet.

R E S U L T S  &  D IS C U S S IO N

CRYSTALS and solutions of the thio analogs give sweeter 
sensations than a-D-glycopyranose and j3-D-fractopyranose as 
shown in Taale 1. Results o f paired com parison testing to 
assess the significance of differences in intensity between each 
sugar and its thio analog are given in Table 2. It should be 
noted that the values reported in Table 2 are not absolute 
sweetness scores, but merely describe the degree of the differ
ence noted within an analogous pair o f sugars. It is also impor
tant to  be aware of the inherent imprecise nature of con
ducting taste panels using crystalline sugars. A m ounts tasted 
will vary. Crystal size and rate of solution may cause confusion 
among panelists between actual sweetness intensity and impact 
tim e of the sensation (Birch et al., 1970). However, such 
tasting procedures were necessary for the com plete sensory 
analysis of the test materials.

That the thio sugars are consistently sweeter than their 
carbohydrate analogs casts doubt on the suggestion tha t the 
ring oxygen atom  acts as an electronegative centre to  increase 
sweetness. Sulfur is less electronegative than  oxygen, having 
essentially the same electronegativity as carbon (Pauling,
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Table 1—Test sugar sweetness relative to sucrose

Relative sweetness intensity

Sugar
Crystalline

form In solution

6-Thio-/3-D-fructopyranose 180 1 1 2
(3-D-Fructopyranose 141 104
Sucrose 1 0 0 1 0 0
5-Thio-a-D-glucopyranose 77 65
a-D -G lycopyranose 60 51

Table 2—Sweetness scores 
parent sugars

of the thio analogs relative to their

Sweetness scores3

Sugar Crystalline form In solution

6-Thio-(3-D-fructopyranose 6 .4 * * 5.1
/3-D-Fructopyranose 5.3 4.8

5-Thio-a-D -glycopyranose 5.8 * 5.0*
a -  D-G ly copyra nose 4.8 4.4

a Sw ee tn e ss  scores represent the  average of the scores g iven  b y  the 
pane lists to  ind icate  the degree of d iffe rence  in in te n s ity  w ith in  a 
pa ir o f  test co m p o u n d s. T h e  sign ificance  o f  the  d iffe rence s is n Dt 
based on  these  scores, bu t is ca lcu lated  fro m  the  fo rm u la :

o = (h —  N p )J \J  N pq

w here  N =  T o ta l n um b e r o f judgm ents; h =  n u m b e r  of se lections 
of the th io  ana log  as sweeter; p = p ro b a b ilit y  of se lection  o f the 
th io  an a lo g  by  chance; q =  p ro b a b ilit y  o f se lection  o f the othar 
sam p le  w ith in  the  pair b y  chance. T h e  n u m b e r  o f se le ction s o f the 
sweeter sam p le  w ith in  a pair in  excess o f chance  expecta tion  is 
g iven in te rm s o f standard  dev iations, or o  units. F o r  s ign ificance  
at the 5 %  level, o  m ust  be >  1 .65  b u t <  2.33. F o r  s ign ificance  at 
the 1 %  level, o  m ust  be >  2 .3 3  b u t  <  3 .0 9  (Y u le  and K e nd a  I, 
1 950 ).
* S ig n if ic a n t ly  sw eeter than  the ana log  at the  5%  level.

* * S ig n if ic a n t ly  sweeter than  the ana log  at the  1 %  level.

Fig. 1— T h io  ana logs o f  D -g lucose a n d  D -fru c to se .

Fig. 2 — T h e  A H ,B  s y s te m  o f  ß -D -fr u c to p y ra n o s e  a n d  6-th io -ß-D -  
fru c  to p  yra n ose.

I960) and cannot thus act as an electronegative center of con
sequence. Furtherm ore, if a third electronegative center were 
essential for enhanced sweetness, these thio sugars would elicit 
a less sweet response.

The major saporous unit of )3-D-fructopyranose was pro
posed as being the anomeric and hydroxym ethylene hydroxyl 
groups (Shallenberger and Acree, 1967). This assignment was 
confirmed by sensory and infrared spectral evaluation of struc
turally analogous com pounds (Lindley and Birch, 1975) It 
was proposed that an intram olecular hydrogen bond between 
the C-5 hydroxyl group hydrogen atom  and the ring oxygen 
atom  prevents bonding between the anomeric hydroxyl 
hydrogen and ring oxygen atom s (Fig. 2). No such in;ra- 
molecular hydrogen bonds are possible in 6-thio-(S-D-fructo- 
pyranose because of the low electronegativity of the ring sul
fur atom. Therefore there is an additional a-glycol group (2-4 
and C-5 hydroxyl groups) capable of participating in the sen
sory response which could be responsible for its higher sweet
ness. However, the same argument cannot be applied to  5-thio- 
a-D-glucopyranose as the C-4 and C-3 hydroxyl groups have 
been shown to be of primary im portance to  the sweetness of 
D-glucopyranosyl structured (Birch et al., 1970).

There are two explanations which could account for the 
greater sweetness of both  these thio sugars. The C-S-C bond 
angle is 105° ± 3°C and the C-O-C bond angle is 111° ± 3°C

(Pauling, 1960). This change in bond argle causes a corre
sponding alteration of the interatom ic distances w ithin the 
molecule, possibly causing a better fit of the saporous unit and 
receptor site which results in higher sweetness intensity. A 
second possible reason for the enhanced sweetness o f these 
thio sugars is that the sulfur atom  increases access or binding 
of the molecule to  the receptor site. It is interesting to  note 
that 5-thio-D-glucopyranose and its 1-phosphate have Kj and 
Km values for membrane transport or for enzym e reactions 
which indicate higher bonding strengths than the natural oxy
gen substrates (Whistler, unpublished results). If we consider 
odorous com pounds of molecular formula H2X, w ater (H20 )  
is odorless, H2 S has a strong odor, and H2 Se and H2 Te possess 
still stronger odors (Moncrieff, 1967). As the atom ic weight of 
the Group VI element (X) increases, so does the odor inten
sity, presumably due to  increased access or binding to  the 
receptor site. Such a phenom enon could also be apparent at 
the taste receptors. It would therefore be of interest to  taste 
other ring analogs, such as selenium, phosphorous and nitro
gen.

The results in Table 2 show that in crystalline form and in 
solution, 5-thio-a-D-glucopyranose is significantly sweeter than 
a-D-glucopyranose at the 5% level. On the other hand, 6-thio- 
/3-D-fructopyranose is significantly sweeter than /3-D-fructo- 
pyranose in crystalline form, but there is r.o significant differ-
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ence in intensity  in solution. It is known tha t the fall in sweet
ness intensity of (3-D-fructopyranose in solution is due to  the 
m utarotational form ation of nonsweet 0-D-fructofuranose and 
by analogy the m utarotational form ation of a nonsweet tauto
mer of 6-thio-D-fructopyranose in water also probably ac
counts for its drop in subjective intensity. Although we were 
unable to detect m utarotation polarimetrically ( [ a ] D =
-1 8 5 .1 ; c. 4.0, H20 ), gas chrom atographic analysis of an 
equilibrated aqueous solution showed, after prolonged tri- 
methylsilation, the presence of two com ponents, retention 
times 7.5 and 9.5 min, in the proportion 2:1. Silation of 6- 
thio-j3-D-fructopyranose was very slow, the m ixture taking up 
to  7 days for com pletion. Evidence for the com plete silation 
of the filtered and evaporated m ixture was obtained from its 
infrared spectrum  which showed no sharp absorption band in 
the wavenumber range 3400—3600 cm"1. Studies with diols 
have shown that sharp absorption bands in this range indicate 
free hydroxyl absorption (Brimacombe et al., 1958). There
fore there is strong presumptive evidence that 6-thio-j3-D- 
fructopyranose undergoes m utarotation , although insufficient 
material was available for preparative GC to  identify  the tauto
mer so formed. This tautom er, as stated, accounts for approxi
mately one-third of the m utarotated solution. Its lack of 
sweetness is proposed because of a corresponding fall in sweet
ness of 6-thio-/3-D-fructopyranose when dissolved in water 
(Table 1). Interestingly, 5-thio-(3-D-glucopyranose gave a single 
peak on GC after silation in aqueous solution (retention tim e
10.5 min) indicating that this com pound did not m utarotate.

In evaluating the sensory properties of 5-thio-j3-D-fructo- 
furanose, all panelists reported a very slight trace of sweetness 
along with a slight contam inating sulfur taste. Despite the con
taminating sulfur taste, this result supports speculat.on that 
/3-D-fructofuranose should not taste sweet because of the 
sterically inappropriate disposition of hydroxyl groups (Shal- 
lenberger, 1971).

The substitution of a ring sulfur atom  for a ring oxygen 
atom has no qualitative effect on the sensory properties of 
these compounds. Quantitatively, however, such substitution 
results in greater sweetness intensity when the test com pounds

are tested in crystalline form, i.e., the sensation is elicited 
immediately on dissolution in the saliva. The m utarotational 
form ation of a nonsweet tautom er of 6-thio-jî-D-fructo- 
pyranose is proposed to  explain the nonsignificant difference 
in intensity between this com pound and its parent sugar in 
equilibrated solution.
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O N  T H E  S T A T IS T IC A L  A N A L Y S IS  O F  IN O C U L A T E D  P A C K S

-----------------------------------------  A B S T R A C T  ------- ----------------------------------

This presents new theoretical and practical results derived from ;he 
author’s (1974) paper on calculating 12D from inoculated packs. The 
theoretical portion compares methods for estimating the number of 
surviving organisms and shows that the Halvorson-Ziegler formula is 
approximately derivable from the theory given previously. The mare 
practical part shows several examples of what may hapen if the organ
ism death kinetics are shifted—rather than simple exponential. A new 
test procedure is outlined that should lead to more reliable estimates of 
12D than are now obtained.

IN T R O D U C T IO N

IN A RECENT publication (1974) the author described a new 
theory for analyzing data from inoculated pack experim erts 
designed to  determ ine the effectiveness of radiation as a means 
of food preservation. The purpose of the present paper is to  
describe several consequences, bo th  theoretical and practicrl, 
of this new theory.

The main difficulty in analyzing the results o f an inoculated 
pack is tha t the data do not provide direct estimates of t le 
num ber of surviving organisms. One of the purposes of t ie 
present work is to  make a systematic study of m ethods (both  
traditional and new) for estimating the num ber of surviving 
organisms in an inoculated pack. It is shown tha t the new 
theory gives nearly the same estimate as the Halvorson-Ziegler 
(1933) formula, previously used by Stumbo et al. (1950) and 
Anellis and Werkowski (1968) in therm al and radiation steril
ization.

One of the them es of the preceding paper was that Tie 
simple exponential distribution may not always be the correct 
form of death kinetics for radiation sterilization. If the as
sum ption of a simple exponential distribution is not tenable, 
we must ask what to  use in its place. In the previous paper tlie 
Weibull and lognormal distributions were studied for this pur
pose. Here we shall show how to  analyze the norm al (Gaus
sian) and shifted-exponential distributions as well. Of these 
four, the shifted exponential is the simplest and the natural 
candidate to  replace the simple exponential. Accordingly we 
give several examples showing what may be expected to  hap
pen with a shifted exponential, or, more generally, w ith any 
tw o-param eter distribution.
Summary of the method

In an inoculated pack experim ent a num ber of replicate 
samples (cans) of food are inoculated with microorganisms, 
sealed and irradiated. A fter irradiation and suitable incubation 
the cans are examined for sterility according to  some criterion, 
e.g., swelling, presence of toxin  or viable botulinum .

We assume tha t under the conditions within the cans each 
individual microorganism possesses a minimum lethal dose, X. 
This lethal dose will be different for different individual micro
organisms, and so we regard X as a random  variable obeying 
the distribution function G(x), where x is the dose of the 
experiment. This means that

G(x) = Probability that X < x
= Probability that minimum lethal dose < x 
= Probability that organism is killed at dose x

and

1 -  G(x) = Probability that the organism survives at dose x

When n organisms are put in a can and irradiated, we define

0(x) = Probability that the can is sterilized at dose x

If the death of each organism is unaffected by what happens 
to  all the o ther organisms in the can (i.e., organisms die in
dependently), it is known that

<t>(x) = Probability that all organisms are killed at dose x.

0(x)= [G(x)]n (1)

or

G(x) = [0 (x )l'/n (2)

If 1 — G(x) « 1 , then we obtain approxim ately from Eq (2)

( 1 / n )  ß n  0  = ß n  G  = ß n  [1  — (1  -  G )  ] % -  (1  -  G) (3)

G  %  1 +  n ' 1 ßn  0  (4 )

n ( l  — G )  - ß n  0  (5 )

0 ^ e ‘n<1-G) (5a)

ß n  (1  — G )  %  — ß n  n  +  ß n  ( -  2 n  0 ) ,  (6 )

and the approxim ation is accurate when n ^  1 and <p is no t too 
near zero.

An inoculated pack experim ent gives, at each partial spoil
age dose, x, an estim ated probability of can sterilization,

0 (x) = C(x)/N = C/N (7)

where N is the num ber of cans tested at dose x and C(x) is the 
number of sterile cans at dose x. From  this inform ation we 
want to  estim ate the parameters of various possible forms of 
the distribution G(x) and also decide on the form , if possible. 
In this paper we consider five distribution forms, listed below:

Simple exponential

G(x) = 1 -  e - ^ e  (8)

Shifted exponential

G(x) = 1 -  e'(x-a)/ris (9)

Normal

G(x) = p8( v )  (10)

5 7 8 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  4 1  ( 1 9 7 6 )
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where

1 C t212F g(Z) = TT— /  e ' dt (ID
v  2 7T

Lognormal

G(x) = Fg [pLCn (x/nL)] (12)

Weibull

G(x) = 1 — e _(X/T?w)^w (13)

The general m ethod used in the analysis is that described by 
Ross (1974) for the lognormal and Weibull distributions. In 
essence it consists of testing the hypothesis that the distribu
tion G(x) has a certain form  (i.e., Weibull or lognormal, or 
shifted exponential, etc.). There are several ways in which this 
could be done, e.g., by using the Chi-Square test or Kolmo- 
gorov-Smirnov (K-S) test. Both these tests require more data 
than are likely to  be available in inoculated packs, so we have 
chosen a different though still familiar way. First, the data are 
transformed so that its graph will be a straight line if it actual
ly has a distribution of the assumed form. The transform ed 
data are then fitted by a second degree polynomial using the 
least-squares criterion. The two param eters in the distributions 
are determined from the zero-th and first degree coefficients 
of the fitted polynomials, and the overall curvature is esti
mated from  the second degree coefficient. The F-test is then 
used to  decide whether the second degree coefficient is zero or 
not.

The transform ations which linearize the data for Weibull 
and lognormal distributions were given by Ross (1974). The 
transform ations applicable to  the norm al and shifted-expo- 
nential distributions are stated under formulae for various dis
tributions. We do not use the general m ethod described above 
in the case of the simple exponential, because only one param
eter, i?e, needs to  be found. Instead we simply estim ate the 
value of 7?e from the data at each dose, average the values to  
get an overall best estimate of rje and use the variance. Sg of 
this estimate as the measure of inaccuracy.

E X P E R IM E N T A L

Theoretical considerations
In this section we shall examine several different formulae used for 

estimating the number of surviving organisms in an inoculated pack. We 
imagine that we are analyzing an inoculated pack at dose x. It is as
sumed that each sample (Le., can) is inoculated with n organisms prior 
to exposure and that N samples arc exposed. After irradiation and 
incubation, it is found that C(x) cans are sterile, out of the N cans 
exposed.

In analyzing this data, a natural way of proceeding is to obtain an 
estimate of the total number of surviving organisms in all the cans, 
R(x). Ordinarily this cannot be measured directly but must be inferred 
from other data. We shall, therefore, see what Eq (1) through (7) imply 
about the total number of surviving organisms. To begin with we notice 
that

R(x)/N = (total number of survivors at dose x)/(total number
of samples exposed)

n[ 1 -  G(x)] = (initial number of organisms per sample)
x (probability that an organism survives).

These two quantities are equal since they are merely different ways of 
expressing the average number of surviving organisms per sample at 
dose x. Hence

R(x)/N = n [ l -  G(x)] . (14)

This simple and basic formula relates the number of survivors to the 
distribution function, G(x). It is familiar in the form which it takes for 
the exponential distribution,

R(x) = Nne" <x/he>

but it is helpful to have its general form too.
We now combine formula (14) with Eq (2) and obtain

R(x) = Nn j 1 -  [<i>(x)J ‘)n |  (15)

This formula gives us a way of estimating R(x) if we use Eq (7) to 
calculate 0(x), Le.,

R(x) = Nn j l -  [ c (x)/n] ' / " | .  (16)

We get a slightly different way of calculating R(x) if Eq (5), instead 
of Eq (2), is used with Eq (14). This leads to

R(x) = —N 8n 0(x), (17)

and, using Eq (7) again, we find

R(x) = -N  6 n  [— {] (18)

or

R(x)/N = 2.303 log, 0 [ J L ]  (19)

This formula is the familiar Halvorson-Ziegler (1933) estimate of the 
most probable number of survivors, used by Stumbo et al. (1950) in 
calculating the number of survivors in thermal processing and by Anellis 
and Werkowski 4968) in radiation sterilization.

Finally we mention still a third way of estimating R(x), used by 
Schmidt and Nank (1960), namely

R(x) = N [ l  -  0(x)] = N -  C(x) (20)

This amounts to assuming that exactly one organism survives in each 
can that is not spoiled. This very familiar formula has usually been used 
in conjunction with the assumption that G(x) is of simple exponential 
form, but it can be used without that assumption.

We have available now three different estimates of R(x), which we 
denote as

exact: R(x) = Re(x) = Nn j l  -  [> (x)]'/n j (21)

approximate: R(x) = Ra(x) = -N  Cn 0(x) (22)

Schmidt-Nank: R(x) = Rs(x) = N [1 -0 (x )] (23)

In comparing these, the dominant fact is that the correct formula is Eq 
(21), R = Rg. A well-known inequality about logarithms assures us that 
Ra > Rs, but both these are approximations which may or may not be 
accurate, depending on the circumstances.

In practice Ra(x) usually provides a very good estimate of Re(x) 
because most of the time we are interested in the situation where n > 
1 and <p(x) is not near zero. If we examine what happens to the three 
formulae as the dose, x, becomes large, and therefore 0 = 0(x) -*■ 1, we
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see that all three predict R(x) -* 0 as they should. Moreover we have 
from the binomial expansion

0l /n = [ l - ( l - 0 ) ] l /n % l -  (1 — 0)/n

Re(x) = Nn [l -  0 ‘/n]  %Nn j l  -  [ l  -  (1 -  0)/n] |

Re(x) %Nn (1 -  0)/n = N(1 -  0) = Rs(x) (24)

Similarly, from the power series for the natural logarithm, we have

Ra(x) = -N  fin0 = -N  fin £l -  (1 -  0)J % -N  £-(l -  0)J 

% N(1 — 0) = Rs

That is, all three estimates Re(x), Ra(x) and Rs(x) are nearly equal 
when 0(x) is close to 1. This agrees with the intuitive observation, made 
by Anellis and Werkowski (1968) and others, that, when almost all the 
cans in a pack are sterilized, the likeliest number of survivors in the cans 
not sterilized is 1.

The behavior of Eq (21), (22) and (23) as x -» 0, i.e., at very low 
doses, where 0(x) -> 0, is also instructive. Eq (21) implies that

Re(x) -> Nn, (25)

Le., the total number of survivors is the same as the initial number of 
organisms. This is clearly the correct prediction if radiation is the only 
cause of death. Eq (22) and (23) lead to erroneous results,

Ra(x)/N -* -  (26)

Rs(x) -  N (27)

The reason why Ra(x) gives a wrong prediction is that it is based on the 
approximate formula (5), which is inaccurate when G(x) -+ 0 [and 0(x) 
-+ 0] as we see from the derivation, Eq (3). Rs(x) is wrong because it is 
based on the assumption that exactly one organism survives in each 
unsterilized can, which is clearly dubious at very low doses.

Probably the most striking of these results is the observation that 
the Halvorson-Ziegler formula (19), is obtained as a consequence of 
formulas (14), (4) and (7). The Halvorson-Ziegler formula is not usually 
derived in that way. The fact that Eq (22), which is equivalent in 
practical terms to Eq (19), leads to the erroneous result Eq (26) should 
not be taken too seriously. Although it is a defect of the approximation 
leading to Eq (22), it is not very important in practice because we 
almost always use Eq (19) or Eq (22) when 0(x) is not near zero.

We should observe that in the foregoing derivations we have glossed 
over the distinction between random and deterministic quantities. A 
more careful treatment would show that R(x) and C(x) are random 
variables even if we surmise that n and x are deterministic (Le., not 
random). Then Eq (16), (18) and (20) become relations between ran
dom variables. It is reasonable to assume that C(x) has a binomial 
distribution with

Mean [c(x)J = N0(x) (28)

[C(x)] = N0(x) [ l  -  0(x)] (29)

The distributions of R(x) implied by Eq (16) and (18) are not easy to 
calculate in general, even with the help of the normal approximation to 
the binomial distribution.

Finally, we point out that nowhere in the derivations of this Section

have we assumed the form of G(x). The conclusions therefore are not 
limited to one form of distribution (e.g., exponential). In particular the 
Halvorson-Ziegler estimate Eq (19) of the number of surviving organ
isms is applicable for any distributions and provides good though not 
perfect accuracy in most cases.

R E S U L T S

Formulae for various distributions
In applying the least-squares fitting procedure described 

earlier, we must have the formulae for transform ing the data 
into a straight-line graph. Ross (1974) gave the appropriate 
formulae for the Weibull and lognormal distributions, and in 
this section we give the formulae for the norm al, shifted- 
exponential and simple-exponential distributions.

First, for the normal distribution we obtain from  Eq (4) 
and (10)

— -  = F-‘ (1 + -  fino), a 8 n

Hence, if a linear least-squares fit is made of

yn = Fg‘ ( l +Ifin 0 ) = Fg' j l + i f i n ( | ) j

as a function of x, then a = 1/slope; anc b = —(y in tercep t)/ 
slope.
The 12D dose for a norm al spore-death distribution is given by 

xcn = b + 7.0345 a

Second, for the shifted-exponential distribution, Eq (6) and 
(9) lead to

-------= fin n -  fin (-fin 0>.
4s

Hence, if a linear least-squares fit is made of

ys = fin n -  fin (-fin $) = fin n -  fin j -fin G-)

as a function of x, then T)s = 1/slope; a = —(y intercept)/slope 
and the 12D dose, xcs, is xcs = a + 27.63 r s.

Finally, for the simple-exponential distribution the estimate 
of r)e (or, equivalently, D, since D = 2.3C3 r?e) is obtained by 
averaging the values (x /ys) across all the data points. The 12D 
dose, xce, is then

xce = 12D = 27.63 qe,

and se is the estimated standard deviation in x /ys.
The com puter program described earlier, Ross (1974), was 

extended to  include the above calculations. For each distribu
tion (except the simple exponential) the ?-value arising in the 
likelihood-ratio test of the hypothesis o f zero curvature is 
calculated. For the simple exponential, se , which plays an 
analogous role to F, is com puted. The program also provides 
the value of the logarithm of spore survival probability , i.e., fin 
(1 — G), for each dose as obtained experim entally from  Eq (6) 
and (7) as com puted from  the fitted param eters by the various 
distribution functions.
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Examples
This section contains several examples where the preceding 

theory, Ross (1974), as extended in formulae for various dis
tributions, is illustrated. The examples depict situations that 
are either typical in practice or are likely to  appear bizarre 
when first encountered. Throughout this section we assume 
that the spore load (i.e., the num ber of spores in a can), n, 
satisfies n >  106 and all calculations are perform ed at doses, x, 
for which

organism survival probability = 1 -  G(x) > 10'3

Under these conditions the approxim ate formulae (5), (5a) 
and (6) are very accurate, and we shall use them  instead of the 
exact form ulae, (1) and (2).

We also assume throughout this section that G(x) has the 
shifted-exponential form , Eq (9). This choice was made for 
two reasons. First it is natural and traditional to  plot graphs of 
logi o (1 — G) versus dose, x, and the shifted exponential is the 
most general distribution tha t gives straight lines on such 
graphs. On these graphs

slope = -1/(2.303 ns)
x intercept = a.

Second, and more im portant, it has been custom ary to assume 
that G(x) is the simple exponential, Eq (8). There is some 
evidence (see references quoted by Ross, 1974), tha t in cans of 
food the distribution is no t always of this form . If it is neces
sary to  abandon the sim ple-exponential hypothesis, the next 
simplest distribution is the shifted exponential, and it is 
natural, therefore, to focus our atten tion  upon tha t form. The 
examples will illustrate several consequences of changing our 
basic assumption from  the simple to  the shifted exponential.

The first example, distribution (I), has a = 0.5, r;s = 0.1267 
and therefore xc = 12D = 4.0. We may expect this to  be 
typical of the results for a num ber of different foods. The

Fig. la—Death-kinetic graphs for distributions / and II. Arrows show 
construction lines for graphical determination o f partial-spoilage

survival-probability, or death-kinetic curve has a sharp shoul
der at a dose of a -  0.5 megarads, and 12-D value about 4.0 
megarads is com monly obtained. In contrast the second ex
ample, II, has a = —2 .5 ,7?s = 0.3076 and 12D = 6.0. This curve 
is in several ways not typical of what we expect in death 
kinetics. First, it has a negative shift (i.e., a <  0), which means 
that there is considerable death at zero dose. Second the 12D 
value is higher than usual for most foods. Nevertheless it is 
instructive to  consider this distribution.

Inform ation about these tw o distributions, labelled I and II, 
respectively, is graphed in two different ways in Figures la  and 
lb . The death-kinetic curves, i.e., graphs of log10 (1 -  G) = 
logarithm of survival probability versus dose, x, in megaradS, 
are shown in Figure la . These two curves are straight lines 
because of the assumed exponential form . Figure lb  shows for 
each distribution the theoretical can-sterilization probability, 
0(x), based on the assumption tha t each can contains exactly 1 
X 107 organisms. These curves are derived from  the corre
sponding death-kinetic curves by using Form ula (5a).

The theoretical partial spoilage ranges for the two distribu
tions are also shown in Figures la  and lb . There is no unique 
way of defining what is m eant by the theoretical partial- 
spoilage range, but in deducing these ranges, we have assumed 
that the theoretical partial-spoilage range consists of all doses x 
for which

0.05 <0(x) <0.95.

The end points of the partial spoilage range can be found 
numerically by using Eq (6) w ith n = 1 X 107 and taking 0 = 
0.05 and 0.95. For 0 = 0.05 we obtain from  Eq (6)

S n ( l - G )  = -  Cn (1 x 107) + 8n {-fin (0.05)}
= -15.02

log, 0 (1 — G) = -15.02/2.303 = -6.52

Fig. 1b—Theoretical can-sterilization probability, <t>,asa function o f 
dose, x, for distributions / and II.

ranges.
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and for 0 = 0.95 we get similarly

en (1 -  G) = -19.09 
log, g (1 -  G) = -8.29

The end points of the partial spoilage range for each distribu
tion are then found by solving Eq (9) for x,

x = a -  T)s en (1 -  G)

For example, for distribution (I), the lower end point is at 

x = 0.5 -  [0.1267 x (-15.02)] = 2.40 

and the upper end point is

x = 0.5 -  [0.1267 x (-19.09)] = 2.92

Similarly, for distribution (II) the partial spoilage range is from 
x = 2.12 to  x = 3.37. These end points can also be ob ta ired  
graphically as in Figure la , drawing horizontal lines at Ihe 
end-point values of log io (1 — G), i.e., —6.52 and -8 .2 9 , 
finding the intersections with the straight lines I and II and 
drawing vertical lines from these intersections. The partial- 
spoilage end points are the x-values of these vertical lines. The 
partial-spoilage ranges are labelled PS I and PS II in Figures la  
and lb .

Comparing these two partial-spoilage ranges, we see that, 
although they have roughly the same mid-point or LD 50, 
namely x % 2.7 megarads, distribution II has a much wider 
range than I. Indeed the range of I is so narrow, 2 .4 —2.9 
megarads, that, if tests were conducted at dose increm ents of 
0.4 megarads or greater, it is likely tha t only one dose would 
produce partial spoilage. This happened in inoculated packs 
for beef and ham , Anellis et al. (unpublished data), and the 
example of distribution I show tha t it is not an isolated occur

rence. That is, if the distribution is anything like a shifted- 
exponential with m oderate 12D value (say 4 megarads or less), 
the partial-spoilage range will always be so narrow  tha t dose 
increm ents of 0.1 or 0.2 megarads are needed if we are to  get 
two or three partial spoilage doses.

The practical implications of this observation are im 
portant. For, if we study the five distributions which are prob
ably the most im portant, Eq (8) to  (12), we see tha t all 
depend on two parameters (e.g., a and T)s for the shifted ex
ponential, b and a for the normal etc.), except the simple 
exponential, which depends only on r?e . No m atter which dis
tribu tion  is assumed, if we are to  find the 12D dose, we must 
estim ate these parameters from  the partial spoilage data. In 
order to  estim ate them  we must have at least as many partial 
spoilage data points as the num ber of parameters, and ideally 
should have more.

This means that we must either choose very small dose 
increm ents (0.1 or 0.2 megarads), and hence a very large 
num ber of doses, or resort to  some other test design. Two 
possibilities arise. First, we can carry out a two-stage test, in 
which the first stage is a coarse test designed only to  locate the 
partial-spoilage range, and the second stage is the main pack, 
w ith very small dose increm ents covering a range slightly wider 
than the coarsely-estimated partial-spoilage range. The second 
alternative is to  carry out tests with several different values of 
n, the spore density per can. This m ethod was suggested by the 
author (1974) as a possible way of finding the general form  of 
the distribution G(x), but it also improves the accuracy in 
estim ating the parameters of G(x).

Returning now to some theoretical calculations, Figures 2 
and 3 show the results of fitting all the five distributions, Eq
(8) to  (12), to  partial-spoilage data derived from  the distribu
tions (I) and (II), respectively. The data were obtained by 
assuming n = 1 X 107, using the G-functions of distributions
(I) and (II) and then calculating (p by means of Eq (5a) for 
several doses in the respective partial-spoilage ranges. The 
doses were 2 .4 -3 .0  megarads in increm ents of 0.1 for distri
bution (I) and 2 .0—3.5 in increm ents c f  0.3 for distribution
(II) . These data points were then fitted  by all five distribu
tions, using the m ethod and com puter program outlined in the 
previous section.

X= dose, Mrad X = dose, Mrad

Fig. 2—The fitting o f five distributions to data derived from die- Fig. 3 -The  fitting o f five distributions to data derived from distri-
tribution I. bution II.
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The main conclusion tha t emerges from  studying Figures 2 
and 3 is tha t all the distributions fit the data very well except 
the simple exponential. This is very easy to  see in Figure 3 and 
is still true, though less obvious, in Figure 2. Since all the 
distributions except the simple exponential have two parame
ters, we expect th a t they would provide a better fit than the 
simple exponential, and they do. However, none of the four 
two-param eter distributions fits appreciably better than the 
others, so we have no grounds for choosing, say, the shifted 
exponential (which fits the data exactly) over the others, 
which are only approxim ations. We should expect this also, 
because the writer (1974) has shown tha t tests at only one 
spore density are unlikely to  distinguish clearly between two- 
param eter distributions. The present examples suggest that 
such tests can sometimes distinguish between one-param eter 
and two-param eter distributions but not usually between two- 
param eter distributions.

The estim ated 12D doses in Figure 2 range from  3.84 Mrad 
for a normal fit to  4.11 for a lognormal fit and 4.31 for the 
simple exponential. None of these is far from  the true value,
4.00. The scatter is much greater in Figure 3, where the true 
value is 6.00 Mrad and

estimated 12D = 4.41 
5.59
6.00 
6.96 
7.80

for simple exponential 
for normal
for shifted exponential 
for Weibull 
for lognormal.

These examples suggest tha t the norm al gives the lowest esti
mate of 12D and the lognormal gives the highest among the 
two-param eter distributions.

In both Figure 2 and Figure 3 the true distribution is a 
shifted exponential. In Figure 2 all the distributions fit the 
data fairly well, though the Weibull and lognormal are proba
bly the best. The normal is unacceptable, however, because it 
predicts more than 90% kill at zero dose, when in fact no kill 
occurs below a dose of 0.5 Mrad. In Figure 3, on the other 
hand, the normal is clearly the best-fitting distribution. This 
suggests th a t it may be difficult to  single out any one c f  these 
four two-parameter distributions as universally the best.

Finally we consider two shifted-exponential distributions, 
labelled III and IV, with the following properties:

III: a = 2, pln  = 0.0724, xcln = 12Dln  =4 
IV: a = — 2, n jy  =0.2534, xciv = 12DIV =5.

We assume tha t each can contains 1 X 106 organisms initially, 
and we examine the partial spoilage ranges for the tw o distri
butions, defined (as before) to  be all doses, x, satisfying 0.05 
<  0(x) <  0.95. Using Eq (6) and n = 1 X 106 , we find

log, 0 (1 -  G) = -5.52 and -7.29

for 0 = 0.05 and 0.95, respectively. Figure 4 then shows that 
the partial spoilage ranges are 2 .9 2 -3 .2 2  Mrad for III and 
1 .22-2 .25  for IV. Thus the partial spoilage range of III, and 
hence its LD50 is entirely above that of IV. Ordinarily we 
might think, therefore, tha t the organism ni  is more resistant 
than IV. However, the 12D dose of III is lower than that of 
IV!

This example, in which the organism with the higher 
partial-spoilage range and LD50 has the lower 12D dose, illus
trates a phenom enon that can occur for the shif:ed ex
ponential (or, more generally, for most two-param eter distri
butions) tha t cannot happen with a simple exponential. Al
though this looks suspicious, it is a situation that could oc
casionally arise in a milder form than here. In this example we 
have deliberately chosen two rather “far o u t” distributions in

psm
W—psnz—H k-H

X = dose, Mrad

Fig. 4—Death-kinetic graphs for distributions III and IV, showing 
anomalous-appearing relation between 12D values and partial- 
spoilage ranges.

order to  highlight the strangeness of the situation. Both dis
tributions III and IV are peculiar, III because it has a wide 
shoulder and very steep death rate while IV has kill at zero 
dose and a much less steep death rate. It is unlikely tha t two 
such “extrem e” distributions would arise in practice, but it is 
possible to  have two organisms where one is adjudged the 
more resistant based on their LD50’s and the other based on 
their 12D’s. The final judgm ent should be based on the 
12D-values in such a case. However, the main conclusion to  be 
drawn from  this example is that two-param eter distributions 
are much more flexible than one-param eter ones. In adm itting 
tw o-param eter distributions, we are accepting behavior that 
may (infrequently) affront our intuition.

DISCUSSION & CONCLUSIONS
WE FIRST PRESENT a brief discussion of the results o f theo
retical considerations and propose an experim ent that gives a 
test o f certain aspects of the theory. This is followed by a 
discussion about estimating 12D from  inoculated pack data 
and concludes with a description of a test procedure that 
should improve the reliability o f this estimate.

The theory described in theoretical considerations leads to 
several formulae for estimating R(x), the to ta l num ber of sur
viving organisms at dose x. Usually we are not as concerned 
about the values of R(x) in themselves as we are with the 
predictions of Eq (2), which can be viewed as the result of 
eliminating R(x) between Eq (14) and (15). However, R(x) as 
estim ated by Eq (16) is somewhat interesting because it gives 
us a way to  test the theory  tha t does not depend on knowing 
G(x).

This experim ent consists of irradiating test tubes containing 
the organism in a transparent medium. Survival counts would 
be made on some of the test tubes, and the rest would be 
tested merely for presence or absence of survivors by turbidity  
observation or some similar procedure. The survival counts 
give a direct estimate of R(x), and Form ula (16) enables us to  
obtain an estimate of R(x) from the counts of test tubes 
having survivors. These two estimates should agree. For great
est sensitivity the spore density per test tube, n, should be
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quite small, perhaps n = 20, the num ber of test tubes, N, 
should be fairly large, say N = 100, and the dose should be
such tha t about 4 - 1 0  test tubes are sterilized. If these con
ditions can be attained, there will be a perceptible difference 
between Ra(x) and Re(x) in Eq (16) and (18), and the survival 
counts ought to  verify (16) and contradict (18).

Turning now to the general problem of estimating 12D
from  inoculated pack data, we perceive tha t there are two
conceptually distinct steps in the process. First, the form  of 
the death-kinetic distribution must be decided, and, second, 
the param eters of tha t distribution must be estimated. Both 
steps have to  be taken in order to  get an estimate of 12D. In 
the conventional treatm ent, which leads to the Schmidt-Nank 
formula, the form  of the death-kinetic distribution is decided 
to  be simple exponential regardless of the experim ental data. 
This assumption simplifies the subsequent param eter esti
m ation and 12D calculation so that they can all be accom
plished by the familiar Schmidt-Nank form ula (provided the 
additional assumption of one surviving organism per spoiled 
can is accurate).

There is evidence, cited earlier (Ross, 1974), that the death- 
kinetic distribution is not always a simple exponential. It 
makes sense, therefore, to adm it other distribution form s as 
well. Many forms are possible, but the following, two- 
param eter distributions are com monly used: Weibull, shifted 
exponential (i.e., exponential with a shoulder), normal and 
lognormal. Each of these form s can be fitted to the data and 
the parameters estim ated by the com puter program described 
under formulae for various distributions. A 12-D estimate is 
obtained in this way for each of the four distribution forms. If 
there is sufficient data, the program can also provide infor
m ation about the goodness-of-fit of each distribution form and 
confidence Emits on the estimates of the parameters and of 
1 2D.

In particular, since the simple exponential is a special case 
of bo th  the shifted-exponential and the Weibull distributions, 
the graphs of the fitted distributions (e.g., Fig. 2 and 3) will 
tell us whether the distribution is a simple exponential or not. 
If the true distribution is a simple exponential, the Weibull and 
shifted-exponential lines will coincide with the simple- 
exponential line. In this case the data will have told us that the 
form is a simple exponential, and we shall be on much firmer 
ground in making a 12D estimate than if we had merely as
sumed that form , as is now done.

The use tha t we make of these graphs (e.g., Fig. 2 and 3) 
depends on several circumstances. In the case of Figure 2 we 
would probably conclude tha t any distribution except the 
normal was acceptable and gives a 12D of about 4.0. In a case 
like Figure 3 we would have to  discard the normal and the 
shifted exponential (both  give kill at zero dose) as well as the 
simple exponential which fits the data badly. There is little to 
choose between the Weibull and lognormal, so we might 
choose the lognormal with a 12D of 7.8 if we wanted to be 
ultra-safe.

Often there is a great deal of scatter in the empirical data of 
the graph. This will make the conclusions much less certain 
than in the noise-free cases of Figures 2 and 3. The best hope 
of overcoming this difficulty is to  design the inoculated pack 
carefully. Two main statistical facts affect the design:

(a) The accuracy improves as the num ber of partial-spoilage 
data points increases.

(b) The accuracy improves as the dose-range of the data

points becomes wider, even if the num ber of data points
remains the same.

Taken together these imply that we want to  get as m any data 
points as possible and have them spread over as great a dose 
range as possible. The following test procedure, a translation 
in to  practical term s of these ideas, is an explicit and slightly 
refined version of the m ethod sketched in the preceding paper 
(Ross, 1974) and combines the suggestions made under ex
amples in this paper.

(1) Run a preliminary pack for the purpose of locating 
roughly the partial-spoilage ranges for spore loads of roughly 
103 , 10s and 107 organisms per can. This should involve fairly 
coarse dose increm ents, perhaps 0.5 megarad, and a small 
num ber of cans per dose, say 10. The quantal response of the 
cans would be based entirely on visual inspection for swelling 
after a few weeks of incubation.

(2) Having located the approxim ate partial spoilage 
ranges for spore loads of roughly 103 , 10s and 107 organisms 
per can, now carry out the main pack at the same three spore 
loads, with doses at small enough increm ents so that 3 —5 
partial spoilage data points are obtained for each spore load. 
Typically 40—50 cans per dose could be exposed. Incubate 
these and assay them  for toxin and viable cells in the usual 
fashion. Subject the viable and toxin  data to  the com putations 
exemplified under examples.

The above two-stage procedure should provide enough 
data, spread over a wide enough dose range, so tha t the esti
mate of 12D will be fairly reliable. The to ta l num ber of cans 
exposed in this procedure (about 1000—1300) is about the 
same as in conventional tests now being run. Of course, if 
there is prior knowledge about the partial spoilage ranges, it 
may be possible to  curtail or dispense with the preliminary 
pack.

Many further refinem ents of the procedure are possible. 
For example, in the main pack smaller numbers of cans could 
be exposed at doses near the middle of the partial spoilage 
ranges and larger num bers near the ends, so as to  get roughly 
uniform  variance. In the com putations a weighed least-squares 
analysis could be used, or we could take the least-squares re
sults as a first approxim ation in an iterative scheme based on a 
maximum-likelihood criterion.

The main conclusion of this paper is tha t the above pro
cedure should be tried. The dose increm ents and numbers of 
cans per dose can be varied if more or less accuracy is desired. 
A second conclusion is that, even if the conventional test 
design is retained, the com putational scheme exemplified un
der examples (or some refinem ent of it) provides more reha
ble estimates of 12D than the usual method.
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----------------------------- ABSTRACT -----------------------------
This paper presents results showing that one of the major pathways for 
loss of nitrite in cured meats may be through reaction with nonheme 
protein. Incorporation of the stable isotope 1SN from nitrite is shown 
to occur in both bovine serum albumin and the muscle protein myosin, 
at pH’s below and at those found in cured meat. In bovine serum 
albumin solution at pH 5.5 and at 20°C, 60% loss of added nitrite (200 
ppm) occurred within 1 wk and almost half of the lost nitrite nitrogen 
was recovered as 15N chemically bound to the protein. Analysis of the 
reaction products of nitrite and myosin showed that, under the con
ditions used, 10-20% of the incorporated nitrogen was present as 3- 
nitrotyrosine. Several other products were found in acid hydrolysates 
of protein containing bound nitrite, but these did not appear to quan
titatively account for the remainder of the incorporated nitrite

INTRODUCTION
THE FATE of added nitrite in cured foods is o f great im por
tance, especially in the context of inhibition of Clostridium  
botulinum  outgrow th, cured pigment form ation, flavor charac
teristics, and the production of nitrosamines. Studies of nitrite 
depletion have been carried out by a num ber of investigators 
including Greenwood (1940), Pivnick et al. (1967), Nordin
(1969) and Herring (1973), who have looked at residual nitrite 
levels in either model systems or commercially processed prod
ucts. In two aspects, their studies have had common factors— 
all have found nitrite levels fall with tim e, often rapidly, and 
all have failed to  account for the m ajority o f the nitrite lost.

Various end products have been proposed, apart from re
action w ith the muscle pigment, to  describe the fate of the 
missing nitrite. Mirna and Hofmann (1969) found that nitrite 
and thiol groups disappeared equimolecularly from a minced 
meat system, and suggested tha t nitrosothiol form ation was 
responsible. Olsman and Krol (1972) found that addition of a 
thiol alkylating agent to  a chopped beef mix prior to  nitrite 
addition did not greatly alter the extent of nitrite disappear
ance, showing that thiol com pounds were not primarily re
sponsible for nitrite loss. R ubbered et al. (1974) shewed, by 
reaction of nitrite with the muscle protein myosin, that for
mation of nitrosothiols did not play an im portant part in ni
trite loss, when using conditions simulating those in a cured 
product. Ando et al. (1971) have stated tha t most depletion 
occurs in a water soluble sarcoplasm extract. Fox and Nicholas
(1974) have reported, in their meat systems, that of the com
pounds present in or added to  meat, ascorbate was responsible 
for the greatest lowering of nitrite levels, followed by cysteine, 
histidine and to  a smaller extent, reduced nicotinam ide ade
nine dinucleotide (NADHa). Many other natural constituents 
of meat did not cause any loss of nitrite from  the meat systems. 
Tinbergen (1974) concluded that either an amino acid or low 
molecular weight peptide was responsible for an appreciable 
extent (in one case up to  70%) of the nitrite depletion in the 
model systems studied. None of these investigations has been

1 P re s e n t ad d re ss : Io w a  S ta te  U n iv e rs ity , A m es, Io w a  5 0 0 1 0 .

able to  identify the com pounds causing the major loss of ni
trite  in cured meats.

Sebranek et al. (1973) analyzed samples of meat processed 
with 1 5 N-labelled sodium nitrite and found tha t in samples 
processed at 71°C, 8% of the added nitrite nitrogen (added 
sodium nitrite = 1 5 6  ppm) was bound to  a hot w ater insoluble 
meat residue after 3 days incubation, increasing to  23% of the 
added nitrite after 20 days. The residue must be composed 
predom inantly of protein.

That nitrile reacts w ith protein is substantiated by the 
num ber of uses to which nitrite has been put, modifying vari
ous amino acids in proteins (Philpot and Small, 1938; Means 
and Feeney, 1971). Recently, the possibility of protein re
acting w ith nitrite in the stom ach, at low pH, has been re
ported (Knowles et al., 1974).

It is the purpose o f this paper to  determ ine the im portance 
of protein in the loss of n itrite in cured meat, and to examine 
the protein for 1 5 N incorporated on reaction with 15 N la
belled nitrite. To initially reduce the num ber of variables, the 
model system employed was reduced to  a buffered solution of 
protein and sodium nitrite.

MATERIALS & METHODS
PORCINE MYOSIN was isolated according to the method of Nauss et 
al. (1969) from longissimus dorsi muscle. A stock solution of myosin 
(1% w/v) was stored at 2°C until used. Bovine serum albumin was 
obtained from Sigma Chemical Co., and dissolved in buffer to produce 
solutions of the required concentrations. The buffers used were citrate- 
phosphate throughout (Barka and Anderson, 1963). Sodium nitrite 
labelled with ' 5 N (96.1% enrichment from Prochem, Lincoln Park,
N.I.) in solution at various concentrations was added to the protein 
solutions and aliquots (1 ml) withdrawn after suitable periods for ni
trite and 15 N analysis, and amino acid analysis.

Analysis for 15N involved conversion of sample nitrogen first to 
ammonium sulfate and then to nitrogen gas. The nitrogen isotope ratio 
was measured on a Consolidated Nier isotope ratio mass spectrometer 
(Burris and Wilson, 1957). Conversion of nitrogen to ammonium sulfate 
was achieved either through a combination of the Devarda reduction 
method for nitrite, nitrate and ammonia (Bremner and Keeney, 1965), 
and the Kjeldahl method for organic nitrogen (AOAC, 1970), or 
through the modified Olsen method using acidified KMn04 and 
reduced iron (Bremmer and Shaw, 1958), or through the use of cupric 
selenite (catalyst) and concentrated sulphuric acid alone.

Three methods of protein isolation were used to determine whether 
they would have any effect on the nitrogen isotope recovery. Acetone 
precipitation was achieved by adding 20 volumes of acetone to 1 
volume of protein solution, and after centrifugation, this process was 
repeated two rimes more. Dialysis of 1 ml samples was performed in 
No. 8 Visking tubing against three changes of 4000 ml distilled water in 
36 hr at 2°. Using an Amicon ultrafiltration unit, 1 ml samples diluted 
to 50 ml with distilled water were filtered through Diaflo PM-10 ultra- 
filtration membranes, to 5 ml volume, and the dilution procedure fol
lowed two times more. After the proteins were washed sufficiently to 
remove residual nitrite, they were hydrolyzed under vacuum in 6N HC1 
at 110° for 22 hr, before application to a Phoenix amino acid analyser, 
equipped with a Mark Instrument MR-201 resin columa

Solutions were clarified with Carrez solutions I and II (Adriaanse 
and Robbers, 1969) to remove protein, and nitrite was determined by 
diazotization with sulfanilic acid and coupling with N-l-naphthylethyl-
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enediamine. The resulting Chromophore was measured spectrophoto- 
metrically at 540 nm.

S-nitrosocysteine and glutathione-nitrosothiol were prepared by the 
method of Mima and Hofmann (1969); 3-nitrotyrosine, L-tryptophan,
2,4-dinitrophenol, cysteine, imidazole, l-nitroso-2-naphthol and gluta
thione were obtained from Sigma Chemical Company. 3,4-dihydroxy-

Table 1 —Residual nitrite in incubations3 of bovine serum albu- 
minb with sodium nitrite0

PH
Residual nitrite 

(ppm)

4.0 51
5.0 84
6.0 137

a In cu b a tio n  carried  o u t  in  0 .1 M  p ho sp h a te -c itr ic  acid buffe r at 20° 
fo r 9 6  hr

b  B o v in e  se rum  a lb u m in  1 0 %  w/v 
c N a N 0 2 at 2 0 0  parts per m illio n

Table 2—% Recovery of nitrogen from various compounds used 
to test the Kjeldahl reduction step

Kjeldahl 
method 

CuSe + H2 S04

Modified
Olsen

method

Devarda
reduction

2,4-dinitrophenol 66 73 72
imidazole a 86 98
3-nitro-tyrosine 96 86 98
1-nitroso-2- naphthol 77 84 85
cysteine 87 93 92
S-nitroso cysteine 50 60 60
glutathione 90 70 88
glutathione NO thiol 50 68 63

N o t  pe rfo rm ed

Fig. 1—Residual nitrite levels and incorporated nitrite in incubation 
of bovine serum albumin (10% w/v) and sodium nitrite (200 ppm) 
at pH 5.5 and 20° C, 0 .1M phosphate-citric acid buffer. 36-hr dialy
sis used to isolate protein. Nitrogen content analyzed using CuSe 
and H 2S 0 4 only.

phenylalanine was obtained from Dr. F. Siegel, Kennedy Labs., Uni
versity of Wisconsin-Madison. Chloromycetin (Sigma Chemical Co.), a 
broad spectrum antibiotic (at 10 mg/100 ml solution) and pentachloro- 
phenol, (Pierce Chemical Co.), an antifungal agmt, were added to the 
incubations to prevent growth of bacteria or molds.

RESULTS & DISCUSSION
THE RESULTS of the initial experim ents showed tha t when 
sodium nitrite (200 ppm ) was added to buffer solutions of 
bovine serum album in (10% w/v) at several pH values at 20°C 
over 96 hr, the nitrite could not be quantitatively recovered. 
Table 1 shows the residual nitrite levels from a typical incuba
tion of nitrite w ith the protein. Further experim ents at pH 5.5 
with analysis of the protein for 15 N, showed that as the 
residual nitrite level fell, the quantity  o f n itrite nitrogen 
chemically bound to  the protein increased, as in Figure 1.

As the nitrite fell to  40% of its origina, value after 160 hr 
incubation, 30% of the missing n itrite  ritrogen  was found 
bound to the protein. Plotting the residual nitrite concen
tration on linear, logarithmic or to  the second or 1 /2 power on 
a logarithmic scale did not result in a linear relationship w ith 
time, indicating to us that the nitrite was cc mbining w ith more 
than one reactant.

Of the 120 ppm of nitrite which was lest during 160 hr of 
incubation, only 'V 45 ppm were found to  be bound to  the 
protein. This poor recovery prom pted us ta  examine both  the 
m ethods of protein separation and the efficiency of conversion 
of the Kjeldahl step.

Labile nitroso or nitro com pounds could conceivably de
compose during the 36 hr dialysis period, w ith release of the 
1SN label. Consequently, bovine serum albumin solutions 
which had been incubated w ith labelled n itrite  were filtered 
through Diaflo PM-10 ultrafilters, and 1SN measurements 
made on the retained protein. Samples of protein were also 
isolated by precipitation and centrifugation after addition of 
acetone. The results we obtained showed no difference be
tween 15 N enrichm ent of protein isolated by dialysis, ultra
filtration or acetone precipitation. Acetone precipitation was 
used thereafter because it was the fastest o f the three methods.

Modifications of the Kjeldahl step v/ere then undertaken to 
see if this was causing the poor recovery of 15 N. Table 2 
shows the recovery of nitrogen from  various com pounds, some 
related to what could possibly be found in the nitrite-bovine 
serum albumin incubations.

The results showed that no one m ethoc gave consistently 
higher recovery for all the com pounds tested. The modified 
Olsen m ethod and the Devarda method, however, generally 
gave higher values for the majority of the com pounds. The 
Devarda reduction m ethod was subsequently used for the 
remainder of the protein to ammonium sulfate conversions.

Subsequent analyses of nitrosated protein gave higher 
recoveries for 1SN incorporation values (80—90%). The la
belled nitrogen still missing is ascribed to  failure of quantita
tive Kjeldahl conversion, since nitrogen in the com pounds 
tested was never com pletely recovered.

The protein was then analysed to see if it was possible to 
identify any amino acids which had reacted with the nitrite. 
At this point it was decided to use porcine myosin, the most 
abundant non-heme protein in meat, comprising approxi
mately 5% of the wet weight of muscle. This was to  enable 
correlation of the results of the amino acid analyses more 
closely to  the situation in cured meats. Besause the myosin 
solution was only 0.5%, nitrite concentrations were increased 
to  1000 ppm. Nitrite was also added to  1 0, 300 ppm for ease 
o f observation of new amino acid peaks.

Figure 2 shows the results o f a typical am ino acid analysis 
of myosin after incubation w ith 10,000 ppm NaNO; and at 
pH 3.0 at 20°C for 24 hr. The do tted  peaks represent com
pounds not found in the amino acid analysis of myosin alone.
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Table 3—1 5N enrichment and 3-nitrotvrosine formation in mixtures of myosin and sodium nitrite3

Nitrite
cone
(ppm) pH

Reaction
time
(hr)

Temp
(°C)

Nitrite incorporation 
M9 NaN02 /mg myosin

Nitrite incorporated 
appears as 

nitrotyrosine
% Tyrosine as 
nitrotyrosine

10,000 3.0 24 20 11.0 10% 10%
10,000 5.0 24 20 9.4 8% 7%
1,000 5.0 24 20 1.5 _b < 2%
1,000 5.0 2 70 2.2 _b < 2%
1,000 5.0 240 20 8.1 20% 14%

3 M y o s in  0 . 5 %  w/v. 0 .1 M  pho sp h a te -c itr ic  acid  buffer. 0.1 M  K C I. P rote in  p recip itated  w ith  acetone, after reaction  time, 
b  C o u ld  n o t  be ca lcu lated  o w in g  to in accu racy  of %  ty ro s in e  as n it ro ty ro s in e  data.

A

J  Lx Aa, l J A u ij \ a L
AB C D ASP SER PRO E GP F VAL ILE G TYR PFC HTre GLU ALA MET LEU

Fig. 2—Amino acid trace o f nitrosated myosin. Dotted peaks (mag
nified) appear on nitrosation. Nitrite cone 10,000 ppm; myosin
0.5% w/v; 0.1M  phosphate-citric acid buffer, pH  3.0; 0.1 Vi KCI. 
Protein precipitated with acetone after 24 hr.

On the basis of retention tim e on the ion-exchange column 
and the chemistry o f the possible nitrite reactions, we have 
identified G as 3,4-dihvdroxyphenylalanine and H as 3-nitro- 
tyrosine. Commercial samples of the above two com pounds 
had identical retention times, when chromatographed singly or 
added as a spike to hydrolyzed protein samples.

3-nitrotyrosine is presumed to  be the final product of ni
trosation of tyrosine; the 3-nitroso derivative of tyrosine is 
formed initially, which is then oxidized by nitrous acid in the 
reaction mixture. An analogous reaction takes place in the 
nitrosation of phenols (Sykes, 1965). 3,4-dihydroxyphenyl- 
alanine is also formed from the nitrosation of tyrosine (Philpot 
and Small, 1938), and was observed bo th  in amino acid analy
sis of hydrolyzed reacted protein, and from  reaction o: nitrite 
with free tyrosine. Peak F, appearing next to  alanine, has the 
same retention tim e on the ion exchange column as the prod
uct we obtained from the reaction of nitrite and free tryp to
phan. Kurosky and Hofm ann (1972) nitrosated N-acetyl 
tryptophan and obtained only one product, with spectro- 
photom etric properties similar to the N-nitrosamine, (Agarwal 
et ah, 1969).

3-nitrotyrosine appeared as a major reaction product of 
nitrite with myosin. Experiments were conducted to  de
term ine what proportion of the protein bound nitrite appeared 
as 3-nitrotyrosine under various reaction conditions (Table 3). 
Total nitrite incorporation increased w ith increasing nitrite 
concentration, increasing incubation time, and decreasing pH. 
Note that nitrite incorporation was similar for 240 hr reaction

at 1,000 ppm as at 10,000 ppm for 24 hr. The nitrotyrosine 
accounted for only 10—20% o f the to ta l protein bound nitrite. 
Heating the reaction m ixture did not cause significant nitro
tyrosine form ation.

The sites of nitrite binding on proteins do not appear to be 
totally accounted for in the new com pounds found in acid 
hydrolysates. The hydrolysis conditions conventionally used 
(6N HCl, 110°C, 22 hr) may be severe enough to  destroy some 
of the reaction products, particularly if nitrite is bound to any 
of the peptide bonds joining the amino acids. A nother possi
bility is the side chains of tryp tophan , an amino acid which 
should be potentially more reactive than tyrosine, and which is 
severely destroyed on acid hydrolysis. D ifferent hydrolysis 
m ethodology will have to be em ployed to answer questions 
about the role of this amino acid in nitrite reactions in meats.

SUMMARY
THE FATE of nitrite in cured foods is of im portance when 
considering the possible harm ful effects o f products of nitrite 
reactions. We have shown tha t bovine serum albumin and 
myosin, the major nonhem e muscle protein, have the ability to 
bind appreciable am ounts of nitrite, w ith resulting modifi
cations of the protein. These include the production of 3- 
nitrotyrosine, 3,4-dihydroxyphenylalanine, and several other 
new com pounds possibly including N -nitrosotryptophan. 
Reaction with proteins should then be considered one of the 
contributors tc the fate o f nitrite in cured foods.
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--------------------------------  ABSTRACT --------------------------------
The stacking sodium dodecylsulfate-acrylamide gel electrophoresis 
method was evaluated for the qualitative detection of various vegetable 
proteins in meat products. An additional study was also conducted to 
determine the influence of milk powder, casein, whey protein and egg 
white proteins on the previously reported electrophoretic procedure for 
the quantitation of meat and soybean protein content. Soybean, cot
tonseed flour, cottonseed protein concentrate and peanut protein con
centrate exhibited their own unique electrophoretic patterns and were 
clearly identified when they are added to meat proteins singularly or in 
various combinations. It was also shown that meat and soybean protein 
can be successfully identified and quantitated in the presence of milk 
powder, casein, whey and egg white by employing the described elec
trophoretic method.

INTRODUCTION

UTILIZATION of vegetable proteins in various meat products 
has increased markedly over the last few years. There is, for 
example, a growing acceptance of ground beef-soy mixtures as 
evidenced by their prevalence in supermarkets. Soy protein is 
also used as an extender in sausages, frozen meat dinners, and 
many other convenience food items. At present, these tex
tured vegetable proteins are derived entirely from  soybeans, 
but it is very possible tha t cottonseed, peanuts, sunflower 
seed, safflower seed, and grains will be used as well in the near 
future. In view of the increasing interest in vegetable proteins 
by the food industry, the development of m ethodology for the 
detection and quantitative assessment o f various vegetable pro
teins in meat products would be most helpful to regulatory 
agencies, consumers and m anufacturers concerned with prod
uct quality.

Qualitative and quantitative identifications of soy protein 
added to  meat products have been extensively investigated by 
several researchers (Bennett, 1948; Gils and Hidskes, 1973; 
Hofman and Penny, 1971; Parsons and Lawrie, 1972; Lee et 
al., 1975). No such research effort, however, has been reported 
for the detection and quantitative assessment o f other vegeta
ble proteins. Furtherm ore, many meat products may contain 
not only vegetable proteins but also other traditional nonm eat 
extenders such as nonfat milk powder, casein, whey protein 
and egg white protein. The presence of various nonm eat ex
tenders would make it com plicated to  identify a specific 
vegetable protein.

The present paper describes the application of the stacking 
SDS-acrylamide gel electrophoresis for (1) qualitative identi
fication of soybean, cottonseed and peanut proteins ir. various 
mixtures of beef-vegetable protein, and (2) detection of meat 
and soy protein in meat products containing nonfat milk 
powder, casein, whey protein and egg white protein.

EXPERIMENTAL

Preparation of samples
Fresh ground beef, textured soy protein, cottonseed flour, cotton

seed protein concentrate, and peanut protein concentrate were ob
tained. A 5-g sample of each product was homogenized in 10 volumes 
of acetone. The homogenates were centrifuged at 18,000 X G for 15

min, the supernatants were discarded and residues were reblended in 10 
volumes of acetone. The acetone treatment was repeated two additional 
times or until ah the lipid was removed. The final pellets were dried at 
60°C, ground and stored in a desiccator at room temperature. Nonfat 
milk powder, casein, whey protein and egg white protein were used 
directly without further lipid extraction.

A series of mixtures of dried meat powder and vegetable protein 
powder were prepared on a w/w basis: meat-soy protein (3:1), meat 
cottonseed protein (3:1), meat-peanut protein (3:1), meat-soy-cotton
seed protein (3:1:1), meat-soy-peanut protein (3:1:1), meat-cotton
seed-peanut protein (3:1:1), and meat-soy-cottonseed-peanut protein 
(3:1:1:1). Cottonseed protein used in the mixture could be either from 
cottonseed flour or from cottonseed protein concentrate, because both 
products showed exactly the same electrophoretic pattern. Another 
series of mixtures of dried meat powder, soy protein and animal origin 
nonmeat extenders were prepared on a w/w basis: meat-soy-nonfat milk 
powder (3:1:1), meat-soy-casein (3:1:1), meat-soy-whey protein 
(3:1:1), meat-soy-egg white (3:1:1) and meat-soy-casein-egg white 
(3:1:1:1).

Approximately 200 mg samples of each single protein preparation 
and the described mixture proteins were suspended in 15 ml of extrac
tion solution containing 0.0625M Tris-HCl (pH 6.8), 3% SDS, and 1% 
0-mercaptoethanoL The suspensions were heated in a boiling water bath 
for 15 min and centrifuged at 20,000 x G for 15 min at room tempera
ture. The supernatants were saved and the residues were resuspended in 
the extraction solution and extracted two more times. After final cen
trifugation, the supernatants were combined and the total volume was 
made up to 50 ml by adding extraction solution. The final protein 
concentration was approximately 4 mg/mL

Stacking gel electrophoresis
The electrophoretic technique employed in this study was a slight 

modification of the method described by Laemmli (1970). The whole 
gel consisted of two portions; stacking gel (upper gel) and separating gel 
(lower gel). For a typical run of 12 gels, separating gels of 10% acryla
mide were prepared by mixing 18 ml of acrylamide stock solution 
(22.2g acrylamide + 0.6g methylene bisacrylamide in a final volume of 
100 ml), 10 ml of 1.5M Tris-HCl buffer containing 0.4% SDS (pH 8.8), 
1 ml of ammonium persulfate (10 mg dissolved in 1 ml of water), 11 ml 
of water and 0.03 ml TEMED (N,N,N',N'-tetramethylethylenediamine). 
Ten cm gels were prepared in 15 cm glass tubes with an inside diameter 
of 6 mm. After complete polymerization of the separating gels, the 
stacking gels of 1 cm in length were formed on the top of the separating 
gels. The stacking gels (3% acrylamide) were prepared by mixing 0.66 
ml acrylamide stock solution, 1.25 ml of 0.5M Tris-HCl buffer contain
ing 0.4% SDS (pH 6.8), 0.1 ml of ammonium persulfate (10 mg per ml), 
3 ml of water and 0.01 ml TEMED. After complete polymerization of 
the gels, 50—ICO Mg of the prepared samples were applied on top of the 
gel with 10 pi of bromphenol blue (0.05%) and 10 m1 of 8M urea The 
gel columns were then immersed in a bath buffer (pH 8.3) containing
0.025M Tris, 0.192M glycine and 0.1% SDS. Electrophoresis was car
ried out with a current of 1 mA per gel until the bromphenol blue 
marker completely migrated into the top of the separating gel (about
1.5 hr). The current was then changed to 2 mA per gel until the marker 
dye reached the bottom of the gel (about 4 hr). After electrophoresis, 
the gels were removed from the tubes, and stained overnight in test 
tubes at room temperature with 0.4% coomassie brilliant blue in 50% 
methanol and 9.2% acetic acid. The gels were rinsed and destained in a 
solution containing 50% methanol and 9.2% acetic acid for 8 hr. The 
gels were then transferred to a diffusion destainer (Hoefer Scientific 
Instrument, Inc., Calif.) filled with destaining solution of 7.5% acetic 
acid and 5% methanol. After complete destaining, photographs of the 
gels were taken.

V o l u m e  4 1  ( 1 9 7 6 ) - J O U R N A L  O F  F O O D  S C I E N C E - 5 8 9
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RESULTS & DISCUSSION
Qualitative detection of vegetable proteins 
in meat-vegetable protein blends

Typical stacking SDS-acrylamide electrophoretic patterns 
for the protein extracts of beef, soy, glandless cottonseed 
flour, cottonseed protein concentrate, and peanut protein con
centrate are shown in Figure 1. Protein extracts of ground beef 
showed 12 major bands and 4 —5 minor weak bands. Soybean 
protein exhibited five major distinct bands, two of them  were 
very strong and the remaining three were moderately strong. 
Protein extracts o f cottonseed flour and cottonseed prctein 
concentrate exhibited exactly the same electrophoretic pat
terns consisting of two strong bands, three m oderately intense 
bands and two weak bands. On the other hand, peanut protein 
exhibited five strong bands and three to  four minor weak 
bands.

The results clearly indicated that each vegetable protein 
studied showed a unique and characteristic electrophoretic 
pattern which can be distinquished easily from  one another.

No difference in the electrophoretic pattern  between glandless 
cottonseed flour and cottonseed protein concentrate suggested 
that the electrophoretic m ethod described could be applied for 
the detection of any form  of cottonseec protein products. It 
was previously reported that the electrophoretic pattern  of 
soybean protein was also consistent regardless of form  or 
source of soy protein (Lee et al., 1975).

Various com binations of meat and vegetable proteins were 
electrophoresed to  determ ine w hether cne vegetable protein 
could be detected in the presence of meat and other vegetable 
proteins, and the results are illustrated in Figures 2 and 3. 
Figure 3 is a schematic diagram of electrophoretic patterns 
shown in Figure 2. The electrophoretogcam  of meat protein 
only (Fig. 2a and 3a) served as the reference for other electro- 
phoretograms. The two meat protein bands, denoted Ml 3.nd 
M2, served as the reference bands in describing the relative 
location of vegetable protein bands.

As seen in Figures 2b and 3b (soy-beef), four o f the five 
soybean protein bands were easily distinguished from the meat 
protein bands and thus its detection in meat products was very

Fig. 1 -SDS-acrylamide stacking gel electrophoretograms o f (a) meat protein; (b) soy protein; (c) cottonseed flour; (dl cottonseed protein concen
trate and (e) peanut protein concentrate.
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a b c d
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e f g
Fig. 2-SDS-acrylamide stacking gel electrophoretograms o f (a) meat protein; lb) meat-soy; (c) meat-cottonseed; Id) meat-peanut; (e) meat-soy-cot
tonseed; (f) meat-soy-peanut;and Ig) meat-cottonseed-peanut.

simple. The qualitative and quantitative identifications of soy
bean protein in meat products were extensively discussed pre
viously (Lee et aL, 1975).

Figures 2c and 3c illustrate the electrophoretogram s ob
tained from beef and cottonseed protein m ixture. The pres
ence of two strong bands on top  of the meat protein band M2 
and 3 minor bands at the bo ttom  of the gel were the character
istic indication of the presence of cottonseed protein in meat 
products.

The electrophoretogram  for the beef and peanut protein 
m ixture is illustrated in Figures 2d and 3d. Three of the five 
major peanut protein bands were separated and easily dis
tinguished from meat protein bands; whereas, two partially 
overlapped by meat proteins. The presence of three strong 
bands immediately below band M2, one interm ediate band 
below band Ml and one strong band at the bo ttom  portion of 
the gel was a good index for the detection of peanut protein 
added to  meat.

Figures 2e and 3e show the electrophoretogram s of a three- 
way mixture of beef, soy, and cottonseed protein. Although 
some of the protein bands were further overlapped, three soy 
protein bands, denoted S, were still clearly separated and dis
tinguished from both  cottonseed and meat protein bands. The 
presence of two strong bands above band M2 was the best 
manifestation of the presence of cottonseed protein in the 
mixture.

The electrophoretogram  obtained from a three way mixture 
of beef, soy, and peanut protein (Fig. 2f and 3f) revealed that 
four soy protein bands and four peanut protein bands were 
clearly distinquished from  the rest of the protein bands, thus 
enabling the detection of respective vegetable protein in the 
mixture.

Similarly, the three-way m ixture of beef, cottonseed and 
peanut proteins (Fig. 2g and 3g) again showed that one vegeta

ble protein could be easily detected in the presence of other 
vegetable proteins contained in meat products.

Figure 4 presents the electrophoretogram  of a four-way 
m ixture of beef, soy, cottonseed and peanut protein. Two 
soybean protein bands, one cottonseed protein band and three 
peanut protein bands were not overlapped by either meat pro
tein bands or reciprocal vegetable protein bands. This distinct 
separation of characteristic bands unique for each vegetable 
protein proved that the electrophoretic m ethod described

M: Meat Protein C: Cottonseed Protein T: Tracking Dye
S: Soybear Protein P: Peanut Protein

Fig. 3—Schematic diagram of electrophoretic patterns o f (a) meat pro
tein; lb) meat-soy; Ic) meat-cottonseed; Id) meat-peanut; (e) meat-soy- 
cottonseed; If) meat-soy-peanut; and (g) meat-cottonseed-peanut.
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would be successfully utilized for the detection of various 
vegetable proteins added to meat products singularly or in 
com bination w ith other vegetable proteins. It should be 
pointed out, however, that further research is needed to 
establish the lower limits o f detection of these vegetable pro
teins.

Qualitative and quantitative identification of meat 
and soybean proteins in the presence of 
nonm eat extenders

A quantitative m ethod to  determ ine soybean protein con
tent in the simple system of soy-beef blends was reported 
previously (Lee et al., 1975). Since many meat products con
tain animal origin nonm eat extenders such as nonfat milk pow
der, casein and egg albumin, an additional study was con
ducted to  determ ine the influence of these protein sources on

the published electrophoretic procedure (Lee et al., 1975) for 
the quantitation of soy and meat protein.

Typical electrophoretic patterns of nonfat milk powder, 
casein, whey protein and egg white protein are shown in 
Figure 5. Casein (either pure casein or Na caseinate) showed 
three major distinct bands and two weak bands. The weak 
band near the dye front of the gel was due to  a contam ination 
of whey protein. Whey protein exhibited one single band at 
the bottom  of the gel. Nonfat milk powder which is simply a 
m ixture of casein and whey proteins exhibited the character
istic three strong casein bands and one m oderate whey protein 
band. Egg white protein showed one strong band and four 
weak bands. Though no attem pt was made to  identify  the 
individual protein com ponent, the strong band of egg white is 
believed to  be ovalbumin (M.W. ¿5 ,000) which is the most 
abundant of the egg white proteins.

Figure 6 illustrates the electrophoretic patterns of three- 
way mixtures o f beef + soy + one of the respective nonm eat 
extenders (a, b, c and d) and a four-way m ixture of beef + soy 
+ casein + egg white (e). The index band for meat protein 
(actin band, MA) was not overlapped by any nonm eat ex
tender protein bands. One of the egg white proteins, oval
bumin, was very close to the actin band (M.W. 47,000) but did 
not overlap it. It is also clearly seen that three of five soybean 
protein bands were not overlapped by any of nonm eat extend
ers tested. Particularly the selected index band of soybean 
protein (SI) was clearly separated from all nonm eat extender

b c
+

d
Fig. 4—Electrophoretogram of meat-soy- Fig. 5-SDS-ac.ylamide stacking gel electrophoretograms o f (a) nonfat m.lk powder; (bl casein;
cottonseed-peanut protein mixture. The (cl whey protein; and (d) egg white protein,
legends are same as in Figure 3.
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Fig. 6-SDS-acrylamide stacking gel eiectrophoretograms o f (at meat-soy-nonfat milk powder; (b) meat-soy-casein; (c) meat-soy-whey protein; (d) 
meat-soy-egg white; and (e) meat-soy-casein-egg white. MA-act:n band o f meat protein; S-soybean protein, Sl-index band o f soy protein; C-casein; 
W-whey protein; E-egg white protein.

bands; and thus, its optical density measurem ent was not inter
fered.

It is concluded from the foregoing results that it should be 
possible to  quantitate bo th  meat and soy protein :n the 
presence of milk powder, casein, whey and egg white by the 
published m ethod of Lee et al. (1975). Furtherm ore, at least 
one band of each of milk and egg proteins, was distinctly 
separated from the rest o f the protein bands, thus making 
quantitative determ ination of these nonm eat extenders possi
ble using the same m ethod (Lee et al., 1975).
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-----------------------------------------  A B S T R A C T  ------------------------------------------

The possibility of utilizing hydrocarbon measurement to follow lipid 
oxidation in freeze-dried foods was explored. In freeze-dried meats, 
TBA reactive substances (a common indicator of lipid oxidation) and 
hydrocarbons were analyzed during storage of control and phosphate 
treated meats. TBA numbers were initially much higher in control than 
in phosphate-treated meats, but decreased steadily during storage, pre
sumably from reactions with other food components. Malonaldehyde 
added directly to meat also decreased. Unexpectedly, methane was the 
major hydrocarbon from both the control and the phosphate treated 
meats with significant amounts of ethane and propane and traces of 
butane and pentane. Further evidence is needed on the origin of 
methane and any relationship between its production and the overall 
quality of freezo-dried meats.

IN T R O D U C T IO N

THE IMPAIRMENT of quality of foods from heat applied 
during dehydration can be eliminated by freeze-drying tech
niques. However, lipids in freeze-dried meats are highly sus
ceptible to  oxidation because the porous nature of the prod
ucts affords easy access to oxygen, and low moisture content 
o f the products facilitates the rapid oxidation (Labuza et al.,
1970). It was reported that the surface area of freeze-dried fish 
was 160—180 times larger than that of fish dried by a fan 
heater (Ohata et al., 1967). Since the purpose of freeze drying 
is to preserve the products w ithout refrigeration, prevention of 
lipid oxidation is very im portant.

Methods of measuring the degree of oxidation of lipids are 
necessary in order to follow and control the rancidity of the 
freeze-dried meats during storage. There are several m ethods to 
follow lipid oxidation in moist meats and meat products. For 
freeze-dried meats, not many reliable m ethods are available 
presently. Chipault and Hawkins (1971) reported that the 
m ethods com monly used for the evaluation of rancidity of 
meats were not operative for freeze-dried meats for one reason 
or another. They concluded that the oxygen absorption 
measurem ent was the only m ethod that could be used to fol
low the rancidity of the freeze-dried meats. Earlier reports by 
Martinez and Labuza (1968), Tuomy and Fitzm aurice (1971) 
and Heidelbaugh and Karel (1970) already indicated its suit
ability for the study of lipid oxidation in the freeze-dried 
foods despite the fact that protein oxidation also absorbs 
oxygen.

These facts may indicate that it would be of great value to 
find another method for the evaluation of lipid oxidation in 
freeze-dried meats.

Among the final products of lipid oxidation, hydrocarbons 
would be expected theoretically. Experim entally, hydrocarbon 
form ation from  lipid oxidation has been dem onstrated by 
many workers. C ]— C5 saturated hydrocarbons were separated 
but pentane made up more than 90% o f the hydrocarbon frac
tion from autoxidized methyl linoleate (Horvat et al., 1964). 
Evans et al. (1967) also found that pentane was predom inant 
in the hydrocarbons from therm al decom position of linoleic

'P r e s e n t  a d d re ss : F o o d  R ese a rch , S c h o o l o f  A g ric u ltu re , N o r th  
C aro lin a  A & T S ta te  U n iv e rs ity , G re e n sb o ro , NC 2 7 4 1 1

acid. Pentane production from linoleic acid oxidation cata
lyzed by soybean lipogenase was also reported (Johns et al.,
1973).

Hydrocarbons have also been separated from  rancid foods: 
from autoxidized potato granules (Buttery, 1961) and soybean 
oil (Evans et al., 1961; Selke et al., 1970), short chain hydro
carbons were isolated. Scholz and Ptak (1966) reported that 
pentane concentration increased rapidly in rancid cottonseed 
oil and o ther vegetable oils w ith storage. Evans et al. (1469) 
and Jarvi et al. (1971) reported that the flavor scores were 
correlated w ith the am ount o f pentane released in vegetables 
oils. Warner et al. (1974) found significant linear correlations 
between the am ount o f pentane and the num ber o f rancid 
descriptions obtained from potato chips and vegetable oil by 
an 18-member taste panel. From these reports it was assumed 
that hydrocarbon measurement might be a feasible m ethod to  
evaluate the degree of lipid oxidation in freeze-dried meats

Tripolyphosphate has been dem onstrated to be a good 
antioxidant. Lehmann and Watts (1951) reported the anti
oxidant effect of tripolyphosphate in aqueous fat systems, and 
it has been used repeatedly to  protect cooked meat and fish 
(Tim and Watts, 1958; Tarladgis et al., 1959; Zisper and Watts, 
1961; Ramsey and Watts, 1963; Rao et al., 1975).

Malonaldehyde is one of the decom position products of 
oxidized polyunsaturated fatty  acids (Dahle et al., 1962). The 
TBA test for malonaldehyde has been used successfully for 
determining oxidation of lipids in numerous studies on meats 
and other food products. However, Pa:ton (1974) has indi
cated that the test appears to  be measuring malonaldehyde and 
other substances capable of yielding a closely related derivative 
of malonaldehyde during the test procedure. The literature 
contains much evidence of secondary reactions of malonaide- 
hyde with other food constituents (Kwon et al., 1965; 
Chipault and Hawkins, 1965; Crawford et al., 1966; Green and 
Watts, 1966). In spite of the established disappearance of 
malonaldehyde, TBA values have in some cases distinguished 
between protected and control samples o f freeze-dried meats 
(Kanam ori et al., 1967; Kopecky, 1968).

The purpose of this study was to investigate the possibility 
o f utilizing the hydrocarbon measurem ent and TBA test to 
follow lipid oxidation in freeze-dried meats.

E X P E R IM E N T A L

Preparation of meats and freeze-drying
Eye round beef was purchased from the loc il market. The meat was 

trimmed of excess fat, ground twice in Ward’s electric chopper, Model 
Vgs-5169A, and then mixed by hand to obtain a homogeneous product. 
For the treated meats, granular sodium tripolyphosphate was dissolved 
in distilled water and added in concentration of 0.5% of the meat 
before cooking. After addition of sodium tripolyphosphate, the meat 
was packed into 307 X 113 C-enamel cans, sealed immediately with a 
hand seamer and processed in boiling water until the internal tempera
ture reached 70°C, then cooled in running tap water. 30-g portion? of 
cooked meat were weighed and put in an American Model L-3 Labo
ratory Freeze Drying Unit. The temperature of the heating plate was 
37.7°C at gauge. The minimum vacuum was 200 mu Hg. It took about 
20 hr for drying to a final weight of 9g.

For the malonaldehyde added samples, 6 X 10"3M malonaldehyde
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solution was added in a concentration of 10% of the meat after cook
ing; this was to give the treated meat a TBA number approximately
43.2. The same proportion of distilled water was added to the control 
meat. A 6 x 10'3M malonaldehyde solution was prepared by the acid 
hydrolysis of purifide malonaldehyde bis-(diethylacetal) (1,1,3,3-tetra- 
ethoxypropane) obtained from Kay-Fries Chemicals. New York (Kwon 
and Watts, 1963). No attempt was made to purify the prepared malon
aldehyde solution. It is conceivable that the solution contains other 
impurities resulting from the release of ethoxy or ethyl groups.
Sample storage and analysis

9-g portions of dried meat were put into 125 ml Erlenmeyer flasks 
sealed with serum rubber caps at room temperature. Samples (4 ml) of 
head space gas were taken at intervals by a gas-tight syringe and intro
duced to the gas chromatograph for hydrocarbon analysis.

The TBA number of the meat was measured by the distillation 
methods of Tarladgis et al. (1960). Each determination was made in 
duplicate.

3-g of freeze-dried meat were further dried at 105°C for 4 nr for 
moisture determination. The moisture content of final products were 
4.5% for controls and 4.6% for phosphate treated meats.

Head space gases were analyzed with the 609 F&M Gas Chromato
graph with hydrogen ñame ionization detector. Aluminum columns, 6 
ft long and % in. diam were packed with about 28g of activated alumina 
as reported by List et aL (1965). Flow rate of helium, hydrogen and 
oxygen were 62.5 ml/min, 48 ml/min and 325 ml/min, respectively. 
The temperature of the injector port and the detector port was 200°C. 
Column temperature was programmed from 75 —300°C, at a pro
gramming rate of 30°C per minute. The activated alumina, F-l, 60/80 
mesh, was obtained from the Coast Engineering Laboratory. The 
column was conditioned by heating at 300° C for several hours, allowing 
the carrier gas to flow whenever the column response was dull. The 
amount of hydrocarbon in the head space was calculated by comparing 
the sample’s peak height x retention time with that of the standard. 
Duplicate determinations were made and the average was reported. 
Preparation o f  aqueous solution

Substrate compounds used in this study were dissolved in 0.05M 
phosphate buffer at pH 5.7 at a concentration of 0.01M. The buffering 
agents were dipotassium monohydrogen phosphate and potassium di
hydrogen phosphate.

EDTA-ferrous complex was prepared by dissolving 1.2 x 10'3 mole 
of ethylenediaminetetraacetic acid dipotassium salt and 1.2 x 10‘3 
mole of ferrous sulfate in 100 ml distilled water separately. Equal parts 
of the two solutions were mixed before using to give 6 x 10"3M EDTA- 
ferrous complex [Fe(ll)-EDTA].
Preparation o f  fatty acid em ulsion

The fatty acids, obtained from Hormel Institute, were emulsified 
according to Surrey (1964). Two ml of Tween 20 and 50 ml of 0.1M 
phosphate buffer (pH 5.7) were stirred and 0.001 mole of fatty acids 
was added drop by drop to form a homogeneous emulsion. Potassium 
hydroxide (IN) was added until the solution became clear. pH was 
adjusted to 5.7 by 6N hydrochloric acid and the solution made up to 
100 ml with phosphate buffer. The concentration of the stock solution 
was 1 x 10"2M.
Experimental procedures for aqueous system s

A 10-ml aliquot of 0.01M substrate solution was introduced into a 
125 ml Erlenmeyer flask and 8 pi of 30% hydrogen peroxide was added 
to the solution followed by 3 ml of Fe(ll>EDTA. The flask was sealed 
immediately with a serum rubber cap and placed in a water bath at 
30°C and shook. A 2-ml sample of head space gas was taken by a 
gas-tight syringe after incubation for 10 min, and injected into the gas 
chromatograph under the conditions described in the freeze-dried 
sample analysis. The final concentration of substrate and Fe(ll)-EDTA 
were 7.7 X 10‘3M and 1.38 x 10'3M, respectively. Flasks of 140 ml 
volume were carefully selected for uniformity of sampling.

Data were expressed based on results of duplicate tests throughout 
this study.

RESULTS & DISCUSSION
The TBA numbers in freeze-dried beef

The effect o f added tripolyphosphate on TBA num bers of 
precooked freeze-dried beef was measured from 1 day to  5 
months of storage (Table 1). Meat samples treated with 0.5% 
tripolyphosphate gave significantly lower TBA numbers than

controls for the entire 5-m onth storage period. The TBA 
num bers of the control samples steadily decreased but those of 
the test samples increased during storage at room  tem perature. 
The increased TBA numbers o f phosphate-treated meats sug
gested that phosphate protection may be limited to  the cook
ing period, not extending to the storage of the dehydrated 
meat. It was already shown by other workers (Tim and Watts, 
1958; Chipault and Hawkins, 1965) that the cooking process 
accelerated lipid oxidation and phosphate prevented this. The 
measured TBA num ber of meats im m ediately after cooking 
and again after freeze drying support the above assumption 
(Table 2). No increase in TBA num ber took place upon freeze 
drying the cooked meat.

In reference to  the decreasing TBA num bers o f control 
samples (Table 1), malonaldehyde produced from lipid oxida
tion may undergo secondary reactions. Such losses of malon
aldehyde were dem onstrated more clearly by adding malon
aldehyde to  the meats before freeze drying (Table 3). The 
initial TBA numbers, 4.3 for control and 35.1 for malonalde- 
hyde-added meats, decreased to  2.4 and 25.7, respectively 
after 70 days storage.

The loss of added malonaldehyde may be due to  polymeri
zation of malonaldehyde (Kwon and Watts, 1964) and/or re
actions w ith o ther food constituents as docum ented in the 
In troduction. It also could not rule out the possibility of re-

Table 1—The TBA numbers in precooked freeze-dried meat

Days of storage 
at room temp

TBA numbers mg/1000g

Control
0.5% phosphate 

treated

1 4.8 0.43
28 3.6 0.55
44 3.1 0.77

154 2.9 0.94

Table 2—The TBA number of 
cooking and freeze-drying

meats after cooking and after

TBA numbers mg/1000g

0.5% phosphate
Control treated

After cooking 7.1 2.8
After cooking.

Freeze-drying 6.4 2.8

Table 3—Loss of malonaldehyde during storage at room temperature

TBA numbers mg/1000g

Days of storage Malonaldehyde
at room temp Control added

Before freeze drying 7.4 42.1
After freeze dry ng 4.3 35.1

2 5.1 39.0
17 3.0 33.5
70 2.4 25.7
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Table 4—Hydrocarbon production from freeze-dried meat during storage

Days of storage 
at room temp

Column response 
to 1 /il of methane3 

(cm X sec)

Methane (/iI) Ethane (/¿I) Propane (pi)

Control
0.5%

Phosphate treated Control
0.5%

Phosphate treated Control
0.5%

Phosphate treated

1 0 0 0 0 0 0
28 2840 0.66 0.46 0.40 0.21 0.29 0.15
44 2650 0.73 0.62 0.44 0.34 0.33 0.17

154 4520 1.19 0.70 0.51 0.51 0.19 0.19
266 6230 0.64 0.44 0.11 0.11 0.13 0.13
388 6560 0.84 0.83 0.40 0.40 0.31 0.31

a O n e  p i o f each gas is equ iva len t to 4 .0  X  10 "8 mole.

actions between malonaldehyde and the im purities o f the 
prepared solution. Whatever the mechanism of its loss, some of 
the malonaldehyde and other TBA reactive substances bound 
in freeze-dried meats apparently is not easily released from its 
complex by the acid and heat treatm ent used in the distillation 
m ethod for the TBA test.

The mechanism of the tripolyphosphate protection is not 
clear. Liu (1970) dem onstrated a significant lipid oxidation 
catalyzed by nonhem e iron in cooked meat. Therefore, it is 
quite reasonable to  assume that the phosphate protects lipids 
by sequestering iron complexes.
Hydrocarbon analysis

Hydrocarbons in the head space gas were analyzed on the 
same samples used for the TBA numbers reported in Table 1. 
M ethane was the major hydrocarbon from  bo th  control and 
phosphate-treated meats, w ith significant am ounts o f ethane 
and propane (Table 4). Traces of butane and pentane were also 
present. The chromatograms obtained from this experim ental 
system were direct and simple for interpreting and identifying 
the com ponent peaks. However, w ith different chrom ato
graphic columns and a specially designed apparatus for the 
isolation of volatile flavor com pounds, more com plicated chro
matograms were obtained (Hirai et al., 1973). They reported 
that a to ta l of 54 com pounds were identified from the vola
tiles of boiled beef and very recently, Peterson et al. (1975) 
from the same laboratory found a to ta l of 102 com pounds in 
canned stew. In another report, Persson and Sydow (1973) 
identified 95 different com pounds from the volatiles of canned 
beef.

The activated alumina column used in this study proved to 
be a useful and effective tool for hydrocarbon analysis because 
the column had adsorbed irreversibly all polar oxygen- 
containing compounds, allowing nonpolar com pounds such as

Table 5—Hydrocarbon production from various substrates3

pi in 10 min

Methane Ethane Ethylene Butane Pentane

Ethanal 1.7 1.8
Propanal
Hexanal

8.8b 3.0b 2.5b
27.0b

Linoleic acid 
Linolenic acid 1.4

1,9b

a Su b stra te  7.7 X  1CL3 M : F e ( 1 1 ) - E D T A  1.38  X  1 0 '3 M : H 2 0 2 6 .0 4  
X  1 0 "3 M. T o ta l vo lu m e  of m ix tu re , 13  m l. p i p ro d u c t io n  fro m  13 
m l reaction  m ixture , 

b  Average  of tw o  runs.

hydrocarbons to  pass. This fact has already been reported by 
List et al. (1965). They indicated that the gas-solid chromatog
raphy with the activated alumina colum n offered a quanti
tative and direct method for hydrocarbon analysis in lipid 
oxidation systems.

Since column responses were different between columns 
and from  day to day even w ith the same colum n (Table 4), the 
data were corrected according to changes in response of the 
column to known am ounts of methane. The changes in the 
column responses might be due to the changes in the gas flow 
rate and/or differences in the degree of colum n deterioration. 
The repeated overnight column condition by heating at 300°C 
appeared to be causing the rapid column deterioration. Harris 
and Habgood (1960) indicated that loss of w ater by conden
sation of two surface hydroxyl groups was responsible for the 
alumina column deterioration and the process was only par
tially reversible. For understanding the longitudinal pattern of 
hydrocarbon production during storage, further studies are 
necessary.

Pentane rather than methane was the hydrocarbon ex
pected from  the freeze-dried meat based on the following 
facts. From  the oxidation of linoleic acid, pentane was pre
dom inant (Table 5) and the major polyunsaturated fa tty  acid 
in meats is linoleic acid. Lipids average about 4.6% of lean beef 
and about 0.36% of the to ta l lipid is linoleic acid (Hornstein et 
al., 1961). Chipault and Hawkins (1965) reported tha t 1.14% 
of the meat was linoleic acid in freeze-dried meat (3.3% mois
ture level). It was also based on the w ork reported  by others as 
indicated in the introduction.

Methane source and possible relation to  lipid oxidation are 
not clear. The fact that methane is obtained from  ethanal 
(Table 5) suggests that ethanal may be at least one precursor 
of methane in freeze-dried meats. According to Gaddis et al.
(1961), 5.9% and 1.2% of the carbonyls obtained from  lino- 
leate and linolenate oxidation, respectively, were ethanal. In 
general, carbonyls are superior to the respective parent fatty  
acids in production of hydrocarbons. P iopanal is superior to 
linolenic acid in producing ethane and hexanal is far superior 
to  linoleic acid in pentane production.

In addition to fatty  acids as possible sources of ethanal in 
meats, alanine can give ethanal by a “ Strecker degradation,”
i.e., an oxidative decarboxylation and deam ination of alpha 
amino acids by carbonyls [-CO-(CH=CH)n-CO-] to produce 
aldehydes having one carbon less than the original amino acid. 
Wasserman and Spinelli (1970) and Macy et al. (1970) re
ported tha t one of the major free amino acids in beef was 
alanine. E thanol arising from alanine by such a reaction may 
degrade to m ethane in the presence of a free radical generating 
reaction, such as the oxidation of polyunsaturated fatty  acids. 
Thus it is possible tha t m ethane production could be indicative 
both of amino acids and lipid degradation in dried meats. 
F urther evidence is needed on the origin of m ethane from the
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meats and conditions affecting its production as well as any 
relationship between m ethane production and the overall 
quality of freeze-dried meats.

The data on hydrocarbon production (Table 5) indicate 
that its production is very distinctive between the linoleic acid 
family (CH3CH2CH2 CH2CH2CH=) and linolenic acid family 
(CH3CH2CH=). The configurations of the m ethyl end (m ethyl 
carbon to the carbon which holds the first double bond) in 
fatty  acids determ ine the major hydrocarbon produced.
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A N D  D U R IN G  F R O Z E N  S T O R A G E

-----------------------------------------  A B S T R A C T  ------------------------------------------

Chicken pieces were cooked in fresh corn oil and in com oil previously 
heated up to 42 hr. Both raw and cooked chicken pieces were also 
frozen and stored for periods up to 6 months prior to analyses. Phos
pholipids were separated from muscle and skin, and identified primarily 
as phosphatidylethanolamine, phosphatidylserine, phosphatidylcholine, 
sphingomyelin and lysophosphatidylcholine. Total phosphorus content 
of phospholipids decreased during cooking in fresh corn oil by chemical 
reactions and/or by rendering fats from muscle. Phosphatidylcholine 
decreased the most. Use of reheated corn oil accentuated the changes in 
phospholipids. During frozen storage, phosphorus content of muscle 
decreased by an amount similar to that which occurred during cooking. 
Chicken skin contained less total phosphorus than muscle, and in
creased slightly during the cooking process.

IN T R O D U C T IO N

CHICKEN LIPIDS consist of neutral and phospholipids. The 
ratio between them  is approxim ately 79 to  21 in muscle lipids, 
and 98 to  2 in skin lipids (Katz et al., 1966). Although phos
pholipids comprise a relatively small portion of to tal chicken 
lipids, Lee and Dawson (1973) showed that the phospholipids 
were more im portant in lipid deterioration based on the higher 
losses of fatty  acids during cooking and during frozen storage 
than in the large portion of neutral lipids.

Further studies on the effect o f cooking and frozen storage 
on phospholipids were made, including a classification of phos
pholipids from  chicken lipids, and the quantitative changes in 
phospholipids during cooking and frozen storage.

P R O C E D U R E

Chicken processing and preparation
Chicken broilers, 7 wk of age, were obtained from a commercial 

farm and processed in the University poultry laboratory. After chilling 
3 hr the birds were cut into portions identified as breasts, thighs, drum
sticks and wings, packaged in Cryovac® bags and stored at -18°C. At 
appropriate time, chicken pieces were thawed at 3°C, breaded and 
cooked in fresh corn oil (Miesel brand, pure corn oil) or in corn oil 
previously heated to 200°C for 24 or 42 hr (Lee and Dawson, 1973). 
Some cooked and raw samples were stored up to 6 months at -18°C. 
Details of cooking procedures and preparation procedures were re
ported by Lee and Dawson (1973).
Isolation of phospholipids

Lipids from muscle tissue and skin tissue were extracted with chlo- 
roform-methanol-water 8:4:3 (v/v/v) according to method of Folch 
(Folch et al., 1957). Phospholipids were separated from neutral lipids 
by the procedures of Lee and Dawson, (1973).
Classification of phospholipids

Each sample, dissolved in chloroform containing 5-25 pg of phos
pholipids, was applied on a thin-layer chromatography plate along with 
standard materials obtained from Applied Science Laboratories, Inc. 
Each plate was developed in a chamber saturated with the solvent con
taining chloroform, methanol, acetic acid and water with the ratio of 
25:25:4:2 by volume. After the development of the plate, the solvent 
was allowed to evaporate and the spots were made visible in iodine 
vapor.

1 P re se n t a d d re ss : G lid d e n -D u rk e e , D w ig h t P. J o y c e  R ese a rch  C en
te r , D iv ision  o f SCM , S tro n g sv ille , O h io  4 4 1 3 6 .

The Rf value of each spot was obtained by dividing the distance 
moved by the solvent front into the distance moved by the compound 
(measured to the center of the spot). Both values were measured from 
the origin. Identification of each spot was made by comparing the R{ 
value to a standard.
Phosphorus content of chicken fats

Samples were dissolved in chloroform and applied on TLC plate 
containing approximately 200 pg phospholipids.

The plates were developed in a chamber saturated with a combina
tion of chloroform, methanol, acetic acid and water with the ratio of 
25:15:4:2 by volume. This solvent was allowed to rise to within 0.5 cm 
of the top of the adsorbent. Average running tine  was 1.5 hr.

After the plates were dried, they were exposed to iodine vapor, and 
each row of spots was immediately outlined. Each row of spots was 
scraped directly into a 30 ml Kjeldahl digestion flask. An adjacent area 
of blank silica gel corresponding in size and position to the areas con
taining phospholipid were also scraped into d gestion flasks, in which
0.9 ml of perchloric acid and glass beads were added.

After complete digestion and cooling, 5 ml distilled water, 1 ml of 
2.5% ammonia molybdate, 1 ml of 10% ascorbic acid, and 2 ml distilled 
water were added and the mixture was boiled fer 5 min. Optical density 
of each solution at 820 mg was measured using a Bausch & Lomb 
Spectronic 20, and phosphorus content was determined from a previ
ously established and plotted standard curve.

R E S U L T S  & D IS C U S S IO N

Muscle phospholipids
The classes of chicken phospholipids were separated by 

TLC using a polar solvent system (Fig. 1), and identified by 
use of standards. They were phosphatidylethanolam ine, phos
phatidylserine, phosphatidylcholine, sphingomyelin, lysophos
phatidylcholine and some minor phospholipids (Table 1).

Phosphatidylcholine, phosphatidylethanolam ine and sphin
gomyelin were the predom inant com ponents of phospholipids 
from  uncooked muscle fat and am ounted to  85.2% of phos
pholipids. The high proportions of phosphatidylcholine and 
phosphatidylethanolam ine is characterist.c o f chicken muscle 
fat (Table 2). These results are in agreement w ith those re
ported by Davidkova and Khan (1967) except for the slightly 
lower phosphatidyl serine and slightly higher sphingomyelin.

The to ta l phosphorus content o f phospholipids declined 
from 10.71 to  6.81 mg/g fat, or approxim ately 4 mg (Table 2) 
of phosphorus was lost during cooking in fresh corn oil. In 
other words, about 100 mg of phospholip ds (4 mg X 25) were 
lost per 1 g of fat. The loss o f phospholipids may be due to  both  
the chemical deterioration and physical rendering o f fats from  
muscle during cooking. The chemical deterioration of phos
pholipids may be characterized as autoxidation, hydrolytic de
composition, lipid “ browning” reactions, and lipid-protein co
polym erization reactions.

Each com ponent of phospholipid decl.ned during cooking, 
and phosphatidylcholine declined greatest in quantity , fol
lowed by sphingomyelin, lysophosphatidylcholine, phospha
tidylserine and phosphatidylethanolam ine (Table 2).

Greater to ta l loss of phospholipids was found in the chick
en cooked in corn oil previously heated for 42 hr than in fresh 
corn oil. The losses o f phosphatidylethanolam ine, sphingomye
lin and phosphatidylcholine indicated th a t phosphatidyleth-

5 9 8 —J O  U R N A  L O F  F O O D  S C I E N C E - V o l u m e  4 1  ( 1 9 7 6 )
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anolamine and sphingomyelin are more sensitive to  cooking in 
reused corn oil than in fresh corn oil. Since lysophosphatidyl- 
choline is the hydrolytic product of phosphatidylcholine (Han- 
ahan et al., 1954), its increase and the decrease in phospha
tidylcholine strongly implied that hydrolysis occurred in mus
cle phospholipids during cooking in reused corn oil. More 
serious fat deterioration occurred when chicken was cooked in 
corn oil previously heated for 42 hr, than in fresh corn oil or 
that heated for 24 hr.

Fresh uncooked chicken muscle fats contained 9.71 mg of 
phosphorus per gram of fat. This decreased to  7.05 mg after 3 
months storage, and to 6.30 mg after 6 m onths storage (Table
2). The mechanism of phospholipid deterioration during fro
zen storage is not clear. It is likely that several complicated 
reactions may be involved. They include oxidation, lipid 
“ browning” reactions, lipid-protein co-polym erization reac
tions and lipolysis or enzym atic degradation. Changes in quan
tities o f each com ponent from  muscle phospholipids, showed 
decreases of phosphatidylethanolam ine, phosphatidylserine, 
phosphatidylcholine, sphingomyelin, lysophosphatidylcholine 
and minor phospholipids, but increases in the com ponent 
which may include nonlipid phosphorus, peroxides and hy
droxy com pounds during the first three months, indicating 
oxidative deterioration. Phosphatidylcholine and lysophospha
tidylcholine contined to  decrease, whereas phosphatidyleth
anolamine and sphingomyelin did not decrease after 3 months 
of storage.

Lysophosphatidylcholine decreased during storage. This dis
agrees with the w ork of Davidkova and Khan (1967) who 
reported an increase. The samples studied by Davidkova were 
vacuum packed and oxidative degradation of the phospholip
ids in the samples was slow, with most deterioration due to 
lipolysis. However, the samples in this study were stored in 
polyethylene bags w ithout vacuum sealing, and thus oxidative 
deterioration of phospholipids coupled with lipolysis were pre
sumed to occur.

The to ta l phosphorus in muscle fat from  the birds cooked 
in fresh corn oil was 6.81 mg per gram, and decreased to 5.91 
and 4.48 mg after 3 and 6 m onths storage respectively (Table
2). The changes in phospholipids during storage showed a loss 
of phosphatidylethanolam ine during the first three m onths, 
and losses of phosphatidylethanolam ine, phosphatidylcholine, 
sphingomyelin, and lysophosphatidylcholine during the second 
3 months. Since phosphatidylethanolam ine has been related to 
lipid browning deteriorations, its decrease may have been a 
consequence of involvement in the dark color in chicken 
found after storage. Thus it appears that the mechanisms for 
destruction of phospholipids in cooked chicken muscle during 
frozen storage are somewhat different from  those of uncooked 
chicken.

A greater decrease in to ta l phosphorus from  the chicken 
cooked in reused corn oil than in fresh corn oil during storage, 
is shown in Table 2. Phosphatidylethanolam ine, phosphatid
ylcholine, lysophosphatidylcholine decreased continuously 
through storage. This may indicate oxidative deterioration.

Skin phospholipids
The predom inant com ponents of phospholipids from  un

cooked skin fats were phosphatidylcholine, sphingomyelin and 
phosphatidylethanolam ine. Skin fats had a relatively high pro
portion of phosphatidylcholine and a relatively higher propor
tion of sphingomyelin and a relatively lesser proportion of 
phosphatidylethanolam ine found in muscle fats (Table 3).

Fig. 1—Photograph o f a thin-layer chromatogram showing sep
aration o f the classes o f phospholipids: l —Non lip id phosphorus;
2 - L  ysophosphatidylcholine; 3-Sphingomyelin; 4-Phosphatid- 
y I choline; 5-Phosphatidylserine; 6—Phosphatidylethanolamine;
7—Neutral lipids and minor phospholipids.

Table 1 —Identified classes of phospholipid

No. of 
spot

Rf of muscle 
phospholipid

Rf of skin 
phospholipid

Rf of standard 
materials Classes of phospholipid

7 0.98 0.98 Neutral lipids & minor phospholipids
6 0.49 0.49 0.50 Phosphatidylethanolamine
5 0.47 0.47 0.46 Phosphatidylserine
4 0.26 0.26 0.26 Phosphatidylcholine
3 0.15 0.15 0.15 Sphingomyelin
2 0.08 0.08 0.07 Lysophosphatidylcholine
1 0 0 Everything below lysolecithin (nonlipid phosphorus, peroxides, 

hydroxy compounds)
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Table 2—Changes in phospholipid content of chicken muscle lipids during cooking and frozen storage

Storage time (mo.)

0 3 6

Oil treatment Raw A B C Raw A B C Raw A B C

Classes of phospholipids Phosphorus content (mg p/g fat)

Minor phospholipids 0.49 0.48 0.84 0.62 0.06 0.04 0.44 0.47 0.11 0.16 trace trace
Phosphatidylethanolamine 2.68 2.51 2.27 1.85 2.08 1.69 1.54 1.31 2.08 1.37 1.17 1.17
Phosphatidylserine 0.36 trace trace trace trace - - - - - - -
Phosphatidylcholine 4.99 3.22 3.22 3.09 3.73 3.56 2.63 2.50 3.45 2.68 2.34 2.14
Sphingomyelin 1.46 0.36 0.12 trace 0.38 0.38 0.19 0.19 0.38 0.23 0.21 0.05
Lysophosphatidylcholine 0.73 0.24 0.36 0.74 0.36 0.24 0.18 0.22 0.16 0.02 trace trace
Everything below lysolecithin trace trace trace trace 0.44 trace 0.23 0.27 0.12 0.02 0.C2 trace

(nonlipidphosphorus, peroxides, 
hydroxy compounds)

Total 10.71 6.81 6.81 6.30 7.05 5.91 5.21 4.96 6.30 4.48 3.74 3.36

a A — Fresh  co rn  o il; B — C o rn  oil p re v iou sly  heated fo r  2 4  hr; C — C o rn  oil p re v io u s ly  heated fo r  4 2  hr.

Table 3—Changes in phospholipid content of chicken skin lipids during cooking and frozen storage

Storage time (mo.)

0 3 6

Oil treatment3 Raw A B C Raw A B C Raw A B c

Classes of phospholipids Phosphorus content (mg p/g fat)

Minor phospholipids - 0.01 0.02 0.02 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01
Phosphatidylethanolamine 0.09 0.12 0.13 0.13 0.09 0.13 0.10 0.09 0.07 0.13 0.10 0.10
Phosphatidylserine trace trace - - - - - — — - - —
Phosphatidylcholine 0.24 0.37 0.37 0.32 0.23 0.29 0.23 0.26 0.12 0.22 0.20 0.20
Sphingomyelin 0.14 0.10 0.11 0.10 0.10 0.09 0.06 0.07 0.06 0.07 0.06 0.07
Lysophosphatidylcholine 0.01 0.13 0.10 0.08 0.03 0.11 0.05 0.10 0.03 0.05 0.04 0X3
Everything below lysolecithin 0.02 - 0.01 0.05 0.02 0.02 0.04 0.03 trace 0.02 0.02 0.C3

(nonlipid phosphorus, peroxides, 
hydroxy compounds)

Total 0.50 0.73 0.74 0.70 0.48 0.65 0.49 0.58 0.29 0.50 0.43 0.44

a A — Fre sh  co rn  o il;  B  — C o rn  oil p re v iou sly  heated fo r  2 4  hr; C — C o rn  oil p re v io u sly  heated fo r  4 2  hr.

In contrast to  the effect in muscle phospholipids, the to tal 
phosphorus of skin phospholipids increased from  0.50 to  0.73 
mg/g fat after cooking in fresh corn oil (Table 3). Except for 
sphingomyelin, increases of other com ponents were found. 
The apparent increase of phospholipid in skin lipids is pre
sumed to  be due to  the loss of rendered fat, primarily neutral 
lipids.

Total phospholipid content of skin lipids decreased slightly 
in the chicken cooked in the corn oil previously heated for 42 
hr (Table 3). Thus chemical reactions which occur in chicken 
cooked in fresh corn oil may vary w ith different tissues and oil 
treatm ents.

Fresh uncooked chicken skin fats contained 0.50 mg lipid 
phosphorus per gram. A fter 3 and 6 m onths storage, lipid 
phosphorus decreased to 0.48 and 0.29 mg respectively. The 
loss o f phospholipids was due mainly to  a loss of phosphatidyl
choline and sphingomyelin, coupled w ith a minor loss of phos- 
phatidylethanolam ine. Since lysophosphatidylcholine is a 
hydrolytic product of phosphatidylcholine, it increased slight
ly and phosphatidylcholine decreased. This suggests that some 
degree of Upolysis occurred in skin phospholipids during stor
age (Table 3). The hydrolytic enzymes could be affected by 
many factors, such as the build up of substrates, oxidative 
reactions resulting in enzyme inhibition, and concentration of 
solutes during freezing and frozen storage. These factors may

affect the mode of attack  or the orientation  of substrates, 
which in turn, affect the selectivity and rate o f hydrolysis 
(Braddock and Dugan, 1972).

Chemical changes and physical rendering of lipids from  
chicken muscle and skin occurred during cooking and during 
frozen storage. The use of reheated cooking oil accentuated 
these changes, thus chicken cooked in reused corn oil was less 
stable during storage than that cooked in fresh corn oil.
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S C A N N IN G  E L E C T R O N  M IC R O S C O P Y  O F  A G E D  F R E E  

A N D  R E S T R A IN E D  B O V IN E  M U S C L E

------------------------------------------ A B S T R A C T  --- ----------------------------------------
Scanning electron microscopy was used to investigate changes in the 
membranous structures and in the myofibrils of free and restrained 
bovine muscle on aging. The various components of the sarcolemma 
were identified and the extensive ultrastructural changes in this com
plex membranous structure during postmortem aging are described. 
Possible contributions of the structural components of the sarcolemma, 
particularly the collagen fibrils and the amorphous layers, to tenderness 
are discussed. Progressive disruptions in the Z line and breaks at the Z-I 
junction occurred in both free and restrained myofibrils during aging.

IN T R O D U C T IO N

THE SCANNING ELECTRON MICROSCOPE (SEM) has only 
been used by a few investigators to  study the u ltrastructure of 
aged muscle (Schaller and Powrie, 1971; Stanley and Geis- 
singer, 1972; Eino and Stanley, 1973; Stanley, 1974). Some of 
these studies concentrated on the surface topography of mus
cle at the fiber level (Stanley and Geissinger, 1972; Eino and 
Stanley, 1973) while others described the u ltrastructure of 
myofibrils (Schaller and Powrie, 1971; Stanley, 1974). How
ever, none of these studies presented a detailed description of 
the membranous complex surrounding the muscle fiber in at- 
death muscle or the u ltrastructural changes in this complex on 
aging even though it is notably responsible for some of the 
mechanical properties of the muscle fibers (Franzini-Arm- 
strong, 1973). Furtherm ore, a comparison of the surface ultra- 
structural changes in free and restrained muscles on aging has 
not been reported. Therefore, we felt that it would be valuable 
to  present a description of the surface ultrastructural changes 
in the fiber membranous structures and in the myofibrils from 
free and restrained muscles on aging and to discuss the possible 
relationships between structural changes and tenderness.

M A T E R IA L S  & M E T H O D S

DETAILS of the muscle treatments, the storage temperature and the 
storage times are given in Varriano-Marston et al. (1975a). A modifica
tion of the procedure by Schaller and Powrie (1971) was used to pre
pare bovine Longissimus dorsi samples for SEM. Samples approximately 
1 cm3 were cryofractured in liquid nitrogen and 3 mm fragments were 
transferred to a solution of 2% glutaraldehyde, 0. IM sodium cacodylate 
buffer (pH 7.0) held at 3°C. The fragments were stored in this solution 
for 1 hr at 3°C, rinsed 3 times with 0.25M sucrose and placed in 1% 
0 s0 4, 0.125M sucrose overnight at 3°C. Specimens were dehydrated in 
a graded acetone series (25-100%), critical point dried with acetone- 
C02, mounted on aluminum stubs, and coated with carbon and gold in 
a vacuum evaporator. Scanning electron micrographs were taken on the 
Cambridge Stereoscan Mark III operated at 20 KV.

R E S U L T S

At-death muscle
Scanning electron micrographs o f at-death muscle samples 

are shown in Figure 1. Severe contraction of the muscle fibers

1 P re s e n t a d d re ss : D ep t, o f C h em ica l E n g in ee rin g  & M ate ria ls  Sci
en ce , U n iv e rs ity  o f  M in n eso ta , M in n eap o lis , M N 5 5 4 5 5

has resulted in the disruption of the m em branous complex 
surrounding the muscle fiber (Fig. la  and lb ). The nomencla
ture designating the com ponents of this complex varies among 
authors. Franzini-Armstrong (1973) defines the multilayered 
complex as a sarcolemma, a term  originally em ployed by light 
microscopists. She designates three com ponents of the sarco
lemma: the collagen fibrils, the basem ent membrane (amor
phous layer) and the plasma membrane. In an earlier work, 
Mauro and Adams (1961) included an outer membrane as a 
fourth com ponent o f the sarcolemma. O ther physiologists re
serve the term  “ sarcolemma” for the plasma membrane only, 
and the term inology relating to  the other membranous com
ponents surrounding the fiber is not well-defined (Bloom and 
Fawcett, 1975; Rhodin, 1974). This w ork will follow the three 
com ponent designation of Franzini-Armstrong (1973).

Two com ponents of the sarcolemma can be identified in 
the scanning electron micrographs shown in Figure 1. The 
endomysium has been pulled away from the muscle fibers in 
Figure la  so that the individual muscle fibers are more clearly 
identified. The collagen fibrils described by Franzini-Arm- 
strong (1973) are indicated in Figure la. A more careful ex
am ination of the muscle fibers showed the outer surface of the 
intact sarcolemma (Fig. lb  and lc ) and some rem nants of 
what might be the am orphous layer (Fig. lb ). Removal of 
these sarcolemma com ponents from  the fiber reveals the myo
fibrillar surfaces shown in the micrographs of aged muscle in 
Figures 3a through 4e.

Postm ortem  changes in the sarcolemma
In general, the patterns of structural changes in the sarco

lemma on aging were similar for bo th  free and restrained mus
cles, so only a few micrographs are presented in Figure 2 to 
illustrate the progressive degradation of this membranous com
plex during the postm ortem  storage of muscles at 2°C. The 
outer surface of the sarcolemma that was puckered and dis
ordered in the at-death samples (Fig. la )  appears to  be more 
organized and in a “ relaxed” state after 24 hr postm ortem  
(Fig. 2a). The underlying am orphous layer has undergone 
some structural disintegration so tha t the individual myofibrils 
are beginning to  become distinguishable. After 4 days of post
mortem storage, the com ponents of the sarcolemma are severe
ly degraded (Fig. 2b), and by 12 days postm ortem  (Fig. 2c) 
the remaining membranous structures have agglomerated into 
small masses on the surface of the myofibrils.
Postm ortem  changes in myofibrils

Micrographs of myofibrils from free and restrained muscles 
stored for various times at 2°C are presented in Figures 3 and 
4, respectively. The most distinguishing structural characteris
tic in these micrographs is the transverse ridges delineating the 
sarcomeres. The in terpretation of these transverse ridges seen 
at the level of the Z line in striated muscle remains in doubt. 
Sybers and Ashraf (1973) interpret these ridges in heart mus
cle as transverse tubules rather than protrusions of the Z line 
material. They based their conclusions on observations on 
transmission electron micrographs showing tha t the region of 
the Z line appeared to  be slightly indented as compared to  the

V o l u m e  4 1 ( 1 9 7 6 ) - J O U R N A L  O F  F O O D  S C I E N C E - 6 0 1
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(a ) IO/i I---- 1 (b) lO/u. I---- 1 (c) I f t  l----- 1
Fig. 1 -At-death longissimus dorsi: (a! the contracted muscle reveals the muscle fibers, MF, the endomysium, E, and the collagen fibers, CF; (b) 
another area o f the same sample as in (a), A, indicates the amorphous layer, O Indicates outer surface o f the sarcolemma; (cl higher magnification 
o f the outer surface o f the sarcolemma.

A band of the sarcomere. However, stereo pairs of aged muscle 
taken w ith the high voltage transmission electron microscope 
indicate that the reverse is true, i.e., the Z lines are positioned 
higher than the A bands (Varriano-M arston et al., 1975b). 
Since the 3-dimensional structure of muscle obtained with 
stereo pairs reveals more structural and spatial details than are 
observed in conventional electron micrographs, in the discus
sion presented below we assume that the transverse ridges are 
the Z line structures.

The 24 hr postm ortem  myofibrils shown in Figure 3a re
semble the u ltrastructure of cold-shortened muscle described 
by investigators using the transmission electron microscope 
(Strom er and Goll, 1967; Henderson et al., 1970). The myo
fibrils are severely contracted as is evident from the contrac
tion bands at the Z line suggesting that the A band filaments 
were pushed against or through the Z line (Hoyle et al., 1965). 
However, the low resolving power of the SEM does not allow 
us to  observe the myofilaments, so these structural changes in 
the banding patterns cannot be identified.

The free and restrained myofibrils stored for 2 days post

mortem (Fig. 3b and 4a) are morphologically similar. Neither 
sample has the super-contracted appearance of the 24 hr myo
fibrils (Fig. 3a) but breaks and clumping at the Z line have 
begun to appear. The 2-day restrained myofibrils (Fig. 4a) 
exhibit the waves of rigor described by several investigators 
(Paul et al., 1944; Ram sbottom  and Strandine, 1949; Lowe, 
1948; Voyle, 1969). Voyle (1969) postulates tha t these waves 
of rigor are caused by the passive contraction of a group of 
fibers in response to  the constraining influence of actively 
shortened fibers.

Additional disturbances in the m yofibrillar structure occur 
with increased storage tim e at 2°C, but again, no differences 
between free and restrained muscles were observed. The loss of 
Z line material first noted after 2 days (Fig. 3b and 4a) is 
continuous during postm ortem  storage, reaching a maximum 
at 9 days postm ortem  (Fig. 3e and 4d) wirh no further changes 
at 12 days (Fig. 3f and 4e). Myofibrillar breakages are ap
parent in many of the postm ortem  samples and becom e pro
gressively more frequent as storage tim e .ncreases. The break
age pattern  shown in the 4-day free (Fig. 3c) and the 6-day

Fig. 2-Progressive degradation o f the sarcolemma during postmortem (PM) aging: IaI 24 hr PM; O, outer surface o f the sarcolemma; A, amorphous 
layer; (b) 4 days PM; (cl 12 days PM.
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2 / i  I— I

I f i  I— I

2 /r  I------1

2  f i  I— 1

2 / i  I— I

Fig. 3-Postmortem (PM) unrestrained longissimus dorsi: IaI 24 hr PM; TR, transverse ridges; (b) 2 days PM; (cl 4 days PM; (d) 6 days PM; (e) 9 days 
PM; If) 12 days PM.

re s tra in e d  (F ig . 4 c )  m u sc les  w as f re q u e n t ly  o b se rv ed  a t  a ll 
p o s tm o r te m  s to rag e  t im e s  e x c e p t  fo r  24  h r  (F ig . 3a). T h ese  
b reak s a re  a re su lt o f  th e  c ry o fra c tu re  p ro c e d u re  and  o c c u r  a t 
th e  w eak est p o in ts  in th e  s tru c tu re ,  p re su m a b ly  th e  Z-I ju n c 
tio n s .

D IS C U S S IO N

T H E  V IO L E N T  C O N T R A C T IO N  a n d  a c c o m p a n y in g  d is ru p 
tio n  o f  th e  s tru c tu re  in th e  a t-d e a th  m u sc le  sam p les m ay  b e  a 
re su lt o f  th e  p re -rig o r ex c is io n  o f  th e  m uscle  f ro m  th e  carcass. 
M uscles cu t fro m  th e  carcass  im m e d ia te ly  a f te r  d e a th  have 
b een  fo u n d  to  s h o r te n  up  to  2 0 —25%  o f  th e ir  o rig in a l len g th  
(H errin g  e t al., 1 9 6 4 ) a n d  to  d e v e lo p  irreg u la r  c o n tr a c t io n  
b an d s (C assens e t a l., 1 9 6 3 a ). In  a d d it io n , th a w -c o n tra c tu re  
in it ia te d  b y  th e  sam p le  p re p a ra tio n  p ro c e d u re  m ay  a lso  have 
c o n tr ib u te d  to  th e  severe  c o n tr a c t io n  o f  th e  m uscle  fibers . 
Several in v es tig a to rs , u sing  lig h t a n d  tra n sm iss io n  e le c tro n  
m ic ro sco p es , have d e sc rib e d  th e  m acro - a n d  m ic ro -s tru c tu re  o f  
p re -rig o r m u sc le  u n d e rg o in g  th a w -c o n tra c tu re  (M arsh  a n d  
T h o m p so n , 1 9 5 8 ; C assens e t  al., 1 9 6 3 a , b ; H errin g  e t al., 1 9 6 4 ; 
L u y e t e t a l., 1 9 6 5 ; L u y e t, 1966 , 196 8 ), b u t  th e  su rfa ce  u ltra - 
s tu rc tu re  o f  th aw -rig o r m u sc le  has n o t  b e en  p rev io u s ly  d e 
scrib ed . H ow ever, th e  m u sc le  f ib e r s tru c tu re  sh o w n  in F ig u re  
l b  c losely  p a ralle ls th e  lig h t m ic ro sc o p ic  o b se rv a tio n s  o f  L u y e t 
e t  al. (1 9 6 5 )  on  m u sc le  f ib e r  b u n d le s  su b je c te d  to  th a w -c o n 
tra c tu re .

C o n sid e rab le  ev id en ce  in d ic a te s  th a t  m ea t te n d e rn e s s  is

m ark e d ly  in f lu e n c e d  b y  ch an g es in th e  m y o f ib r il la r  c o n tra c 
tio n  s ta te  p re -rig o r (N e w b o ld  an d  H arris , 1 9 7 2 ). H ow ever, re
sea rch e rs  have  g en era lly  n e g le c te d  to  c o n s id e r  th e  po ss ib le  ro le  
o f  th e  sa rco le m m a  in  d e te rm in in g  th e  te n d e rn e s s  o f  m uscle . 
S tu d ie s  o n  th e  m ec h an ic a l p ro p e rt ie s  o f  th is  c o m p le x  m em 
b ra n e  s t ru c tu re  in d ic a te  th a t  i t  has  a h ig h  ten s ile  s tre n g th  
(C asella , 1 9 5 1 ; M auro  an d  S te n -K n u d se n , 1 9 5 2 ; S tre e t and  
R am sey , 1 9 6 5 ; F ie lds, 1 9 7 0 ) and  th a t  th e  p r in c ip a l r ig id ity  o f  
th e  sa rco le m m a  is p ro b a b ly  d u e  to  th e  co llag en  f ib ril lay e r 
(F ie ld s , 197 0 ). T h e  a m o u n t o f  co llag en  in m u sc le  d o e s  n o t 
s ig n ific a n tly  ch an g e  d u rin g  p o s tm o r te m  ag ing  (G o ll e t  al.,
197 0 ). H ow ever, ch an g es in  th e  m o le c u la r  s t ru c tu re  o f  colla
gen fib rils  d u rin g  ag ing  as w ell as e n z y m a tic  d e g ra d a tio n  o f  th e  
m u co p o ly sa cc h a rid e - lik e  su b s ta n c e s  o f  th e  a m o rp h o u s  lay e r in 
w h ich  th e  co llagen  is e m b e d d e d  (D u tso n , 1 9 7 4 ) u n d o u b te d ly  
c o n tr ib u te  to  th e  s t ru c tu ra l  ch an g es in  th e  sa rco le m m a  d u rin g  
p o s tm o r te m  sto rag e . T h e re fo re , i t  b e co m es  a p p a re n t  th a t  te n 
d e rn ess  o r  to u g h n e s s  in m u sc le  is a f fe c te d  b y  th e  c o m b in e d  
sa rco le m m a  c o m p o n e n ts  ra th e r  th a n  ju s t  th e  co llag en  fib rils .

D is ru p tio n s  in  th e  sa rco le m m a  o n  ag ing  m ay  a lso  in f lu e n c e  
te n d e rn e s s  b y  a f fe c tin g  th e  flow  o f  io n s  and  o th e r  su b s ta n c e s  
in to  th e  cells. O n ce  th e  sa rco le m m a  is d is ru p te d , th e  fre e  d iffu 
sion  o f  e x tra c e llu la r  ions, i.e ., N a, Cl, Ca, in to  th e  sa rco p la sm  
ch an g es th e  n a tu ra l  io n ic  e n v iro n m e n t su r ro u n d in g  th e  m y o 
fib rils. T h ese  e x tra c e llu la r  io n s  in  c o m b in a tio n  w ith  th e  in tra 
c e llu la r K, Mg and  Ca m ay  a lte r  th e  m y o f ib r il la r  s tru c tu re  
th ro u g h  sh if ts  in ion  b in d in g  a n d  ch an g es in  w a te r-h o ld in g
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Fig. 4—Postmortem (PM) restrained longissimus 
dorsi; (a) 2 days PM showing microscopic and 
macroscopic waves o f rigor; (b) 4 days PM; (c) 
6 days PM; (d) 9 days PM; (e) 12 days PM. 2 / i  I— I

c a p a c ity  a n d  su c h  ch an g es co u ld  u l t im a te ly  a ffe c t te n d e rn e s s  
(H a m m , 1960).

D e g ra d a tio n  o f  th e  Z lines o f  th e  m y o fib r ils  w as obse rv ed  
a lth o u g h  in  n o t  as m u c h  d e ta il  as o b se rv ed  b y  tra n sm iss io n  
e le c tro n  m ic ro sc o p y . H ow ever, i t  w as n o t  p o ss ib le  to  d is tin 
gu ish  d iffe re n c e s  in d e g ra d a tio n  p a tte rn s  b e tw e e n  free  an d  re
s tra in e d  m uscles. D iffe re n c es  in  s ta te s  o f  c o n tr a c t io n  w ere  
obse rv ed . L o ck e r (1 9 6 0 ) , fo r  ex am p le , has re la te d  c o n tra c t io n  
s ta te  t o  ten d e rn ess . O n  th e  o th e r  h a n d , G o th a rd  e t al. (1 9 6 6 )  
have  in d ic a te d  th a t  c o n tra c t io n  p lay ed  a lesser ro le  in  te n d e r 
ness. F u r th e rm o re ,  th e  c o n tr ib u t io n  o f  th e  s tru c tu ra l  c o m p o 
n e n ts  o f  th e  sa rco le m m a , p a r tic u la r ly  th e  co llag en  f ib r il and  
a m o rp h o u s  lay ers , to  te n d e rn e s s  c a n n o t b e  ig n o red . S ince  th e  
sa rco le m m a  c o n tro ls  th e  io n ic  m ilieu  su rro u n d in g  th e  m y o 
fib rils , th e  n e c e ss ity  o f  X -ray  m ic ro an a ly s is  to  d e te rm in e  th e  
e ffe c t io n ic  c o n c e n tra t io n  a n d  m o v e m e n ts  have on  th e  m y o 
fib r illa r  s t ru c tu re  is f u r th e r  em p h asized .
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COMPOSITION AND PROPERTIES OF AN ANIMAL PROTEIN ISOLATE 
PREPARED FROM BONE RESIDUE

-----------------------------------------  A B S T R A C T  -----------------------------------------
A protein isolate was prepared from the bone residue of mechanically 
deboned chicken necks and backs. Typically, the isolate contained 
60-65% protein, 23-25% lipid, 5—10% ash and 4-6% moisture. Solu
bility and emulsifying capacity of the isolate were enhanced at elevated 
pH and ionic strength and in the presence of polyphosphates. The latter 
were effective in improving emulsifying capacity when used in combina
tion with NaCl but not when used alone.

IN T R O D U C T IO N

NEW  S O U R C E S  o f  fo o d  p ro te in  a re  n e ed e d  to  b o ls te r  th e  
w o rld ’s su p p ly . T h ese  new  so u rc es  w ill n o  d o u b t  in c lu d e  p ro 
te in  c o n c e n tra te s  a n d  iso la te s  p re p a re d  fro m  b o th  p la n t and  
an im al m ate ria ls  (L ev in , 1 9 5 9 , 1 9 7 0 ; Parkes a n d  M ay, 1 9 6 8 ; 
L aw h o n  a n d  C a te r, 1 9 7 1 ; S a tte rlee  e t a l., 1 9 7 3 ; T y b o r  e t ah, 
1 9 7 3 ; T o le d o , 1 9 7 3 ; Y o u n g , 1 9 7 5 ). O n e  p o te n tia l ly  im p o r ta n t  
so u rce  o f  p ro te in , b o n e  re s id u e  fro m  m ea t d e b o n in g  p ro cesses, 
is lo st f ro m  h u m a n  fo o d  ch an n e ls . T h is  p a p e r  d e sc rib e s  th e  
p re p a ra tio n , c o m p o s itio n  a n d  so m e o f  th e  p ro p e rt ie s  o f  a p ro 
te in  iso la te  p re p a re d  fro m  th e  b o n e  re s id u e  fro m  a p o u ltry  
d e b o n in g  m ach ine.

M E T H O D S  & M A T E R IA L S

Bone residue
The bone residue (BR) used in this study was recovered from a 

commercially operated Mark IV Princeworld deboner. The meat source 
was broiler necks and backs. The BR contained 40% solids of which 
43% was protein, 32% fat and 25% ash (AOAC, 1970). The BR was 
stored at -30°C and was tempered for 24 hr at 0-2°C before use.
Preparation of protein isolate

The animal protein isolate (API) was prepared as shown in Figure 1. 
One part by weight BR was mixed with three parts by volume of 0.1M 
Na maleate, pH 7.0 containing sufficient NaCl to make the ionic 
strength of the solvent 0.5. No attempt was made to account for the 
contribution of BR minerals to ionic strength. The pH remained close 
to 7.0 after the BR was mixed with the buffer. The solvent was chilled 
to 2°C before use. The mixture was blended for 1 min in a 5000 ml 
Waring Blendor at maximum speed and then was allowed to set without 
mixing for 2 hr at 2°C. The mixture was filtered through two layers of 
cheesecloth to remove large particles and floating fat. The filtrate was 
diluted to ionic strength 0.2 and allowed to set for 2 more hours at 
2°C. The supernatant was decanted. The precipitate was washed twice 
with cold water and then freeze dried. Plate temperature was 20°C. 
Final product temperature was 10°C. For purposes of this paper the 
dried product will be referred to as API.
Composition of the API

Proximate composition of the API was evaluated by AOAC (1970) 
methods. Protein was taken as Kjeldahl N x 6.25. Lipid was evaluated 
by extraction, ash by combustion and moisture by vacuum drying. 
Percent solids was obtained by dividing dry weight by total weight. 
Protein solubility

Protein solubility was evaluated in a manner similar to that de
scribed by Tybor et aL (1973). One-half gram API was dispersed in 50 
ml solvent and shaken mechanically for 2 hr. The supernatant was 
centrifuged to sediment the insoluble material and the soluble protein

determined by the procedure of Lowry et aL T951). Soluble protein 
was expressed as a percentage of the total protein in the sample.
Emulsifying capacity

The emulsifying capacity (EC) was evaluate! in a manner similar to 
that of Swift et al. (1961). Briefly, the isolate was dispersed in 50 ml 
solvent for 1 min with an Omni-Mixer which was cooled in an ice bath. 
Corn oil was added at a rate of 15 ml/min untJ the emulsion “broke” 
as evidenced by a sudden decrease in viscosity. The EC was expressed as 
ml oil emulsified per total mg protein in the sample.
Experimental conditions

Four experimental conditions were evaluated: protein concen
tration, solvent pH, solvent ionic strength and the preser.ee of poly
phosphates.

Protein concentration. Duplicate protein suspensions were prepared 
to contain 1.6, 2.4, 3.2, 4.0 or 4.8 mg total protein per ml The EC of 
these solutions were then determined.

Solvent pH. The effects of solvent pH on solubility and EC of the 
API were evaluated as follows: Buffers cf O.OiM concentration were 
adjusted to pH 4.0, 5.0 (biphthalate), 6.0, 7.0, 8.0 (phosphate mono
basic), 9.0 (borate), or 10.0 (carbonate-borate) and 0.5M NaCl. The 
protein solubility and EC of the API in these solvents were determined 
in duplicate.

Solvent ionic strength. The API was dispersed in water and desalted 
with an Amicon model 404 ultra-filter. The desalted dispersion was 
adjusted to 0.05M phosphate, pH 8.0. Duplicate aliquots were then 
adjusted to ionic strength 0.1, 0.2, 0.3, 0.4 or 0.5 with NaCl. Solubility 
and EC were evaluated in duplicate.

Polyphosphates. Solubility and EC of the API were evaluated in 
duplicate in the presence of 0.0, 0.2, 0.4 or 0.6% sodium pyrophos
phate or sodium tripolyphosphate with and without 0.6M NaCl.

Bone Residue Buffer pH 7.0; fj.=0.S 
1 Part 3 Parts

j Precipitate (Discard)
Supernatant

Filter|
Filtrate

IDilute to U = 0.2
I---------Precipitate
1

Supernatant Discard) j

1i Wash Supernatant Discard)Centrifuge
1Precipitate
1Wash Supernatant (Discard)Centrifuge
1Precipitate(Dry)

Fig. 1—Preparation o f protein isolate from bone residue.
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Fig. 2—Emulsifying capacity as a function o f 
protein concentration.

Fig. 3—OH emulsified /ml solution as a function 
o f protein concentration.

Fig. 4—Protein solubility as a function o f sol
vent pH.

R E S U L T S  & D IS C U S S IO N

C o m p o sitio n  o f  th e  A PI
A ty p ic a l  p re p a ra tio n  o f  th e  A PI c o n ta in e d  4 .8%  m o is tu re , 

62 .9%  p ro te in , 2 4 .1 %  lip id  a n d  8 .8%  ash , b u t  c o m p o s itio n  
te n d e d  to  v a ry  fro m  lo t to  lo t. T h is  v a r ia tio n  w as a t t r ib u te d  to  
d iffe re n ce s  in  e ff ic ie n c y  o f  fa t  rem o v a l. W e are  try in g  to  fin d  
p ro c e d u re s  to  m in im ize  th e  v a r ia tio n  a n d  q u a n t i ty  o f  fa t  in  th e  
API.

Y ie ld  o f  iso la te  a lso  v a ried  so m e w h a t. T y p ic a l y ie ld s  w ere
2 —3 g /1 0 0 g  o f  B R . We a re  try in g  to  im p ro v e  th e  to ta l  y ie ld  b y  
reco v e rin g  o th e r  iso la te s  f ro m  th e  u n e x tr a c te d  re sid u e .

P ro te in  c o n c e n tra t io n
As th e  p ro te in  c o n c e n tr a t io n  in c re a sed , th e  EC d ecreased  

slig h tly  (F ig . 2). H ow ever, th e  to ta l  a m o u n t o f  o il em u lsified  
pe r m l su sp en s io n  in c re a sed  w ith  p ro te in  c o n c e n tr a t io n  (Fig.
3). T h ese  o b se rv a tio n s  a re  c o n s is te n t w ith  th o se  o f  S w ift e t al.
(1 9 6 1 )  a n d  Ivey  e t  al. (1 9 7 0 )  w h o  fo u n d  th a t  as p ro te in  c o n 
c e n tra t io n  in c re a sed , EC  d ecreased . S affle  (1 9 6 8 )  a t t r ib u te d  
th is  d ecrease  t o  “ o v e rlo a d in g ” o f  th e  sy s te m , i.e ., p a r t  o f  th e  
e m u ls io n  re m a in e d  o n  th e  side  o f  th e  ja r  a n d  th e re  w as ¡in co m 
p le te  m ix in g  as th e  e n d  p o in t  w as a p p ro a c h e d . M ore re c e n tly , 
Ivey e t  al. (1 9 7 0 )  su g g ested  th a t  in c reas in g  th e  p ro te in  c o n c e n 
t r a t io n  cau sed  th ic k e r  em u ls ify in g  ag en t (p ro te in )  lay e rs  to  
fo rm  o n  th e  fa t  d ro p le ts  th u s  u sin g  m o re  c o n tin u o u s  p h a se  p e r 
d ro p . As a re su lt, th e y  in d ic a te d  th a t  th e  EC is in v erse ly  re la t
ed  to  p ro te in  c o n c e n tra t io n . E v en  th o u g h  th is  re la tio n s h ip  is 
inverse  it is n o n lin e a r  (S affle , 196 8 ). T h u s , th e  to ta l  a m o u n t o f  
o il e m u lsified  pe r m l so lu t io n  sh o u ld  in c re ase  w ith  p ro te in  
c o n c e n tra tio n . F o r  th is  re a so n , a c o n s ta n t  d isp e rs io n  o f  1% 
API was used  fo r  all la te r  EC tes ts . C a lc u la tio n  o f  th e  EC w as

based  o n  th e  to ta l  a m o u n t o f  p ro te in  a c tu a lly  p re se n t in th e  
sam ple .

S o lv en t pH
S o lu b ili ty  o f  th e  p ro te in  w as o n ly  s lig h tly  b e lo w  pH  7 .5  

b u t  in c re a sed  w ith  p H  a b o v e  7 .5  (F ig . 4 ) ;  pH  h ad  a sim ilar 
e ffe c t on  th e  EC (F ig . 5). T h e  EC w as re la tiv e ly  low  a t  low  pH  
b u t im p ro v e d  as pH  in creased . T h is  re la tio n s h ip  i llu s tra te s  h o w  
a so lu b le  p ro te in  is a m o re  e ffe c tiv e  e m u ls if ie r  th a n  a n  in so lu 
b le  o ne . A p p a re n tly  w h e n  p ro te in  so lu b ili ty  a n d /o r  e m u ls ify 
ing  c a p a c ity  a re  im p o r ta n t  q u a litie s , th e  A PI m ig h t b e  m o st 
e ffe c tiv e ly  used  in  p ro d u c ts  w ith  p H  v a lu es g re a te r  th a n  7.5. 

S o lv en t io n ic  s tre n g th
A s th e  io n ic  s tre n g th  o f  th e  so lv en t in c reased  a b o v e  0 .2 , th e  

s o lu b ili ty  o f  th e  p ro te in  in c re a sed  s ig n if ic a n tly  a t  p = 0 .05  
(F ig . 6). T h is  so lu b ili ty  p a t te rn  w as e x p e c te d  since  th e  p ro te in  
was e x tra c te d  fro m  th e  b o n e  re s id u e  w ith  a h ig h  io n ic  s tre n g th  
so lv en t a n d  p re c ip ita te d  a t io n ic  s t r e n g th  0 .2 .

T h e  EC also  in c reased  w ith  io n ic  s t r e n g th  (F ig . 7). T hese  
o b se rv a tio n s  suggest th a t  th e  A PI m ig h t m o st e ffe c tiv e ly  be 
u tiliz e d  in  p ro d u c ts  w ith  h ig h  p H  a n d  io n ic  s tre n g th . 

P o ly p h o sp h a te s
T h e  e f fe c ts  o f  so d iu m  p y ro p h o s p h a te  an d  so d iu m  tr ip o ly 

p h o sp h a te  o n  so lu b ili ty  o f  A P I w ith  a n d  w ith o u t  0 .6M  N aC l 
a re  sh o w n  in  F ig u re  8. In c re a s in g  th e  c o n c e n tra t io n  o f  e ith e r  
p o ly p h o sp h a te  in c reased  th e  so lu b ili ty  an d  a d d in g  0 .6M  N aC l 
d id  n o t  a p p e a r  to  o ffe r  a n y  a d d e d  b e n e f it.  T h e  EC (F ig . 9 ) did 
n o t  fo llo w  th is  sam e  p a tte rn ,  h o w ev er. E v en  th o u g h  n e ith e r  
p o ly p h o sp h a te  w h en  u sed  a lo n e  im p ro v e d  th e  EC, th e  im 
p ro v e m e n t w as m ark e d  in  th e  p re sen c e  o f  N aC l. T h is  im p ro v e 
m en t m ay  have b e e n  d u e  to  th e  g en era l e f fe c ts  o f  io n ic

Fig. 5—Emulsifying capacity as a function o f 
solvent pH.

Fig. 6—Protein solubility as a function o f sol- Fig. 7—Emulsifying capacity as a function of 
vent ionic strength. solvent ionic strength.
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Fig. 8— Effect o f sodium  pyrophosphate and sodium  tripolyphos
phate on solubility o f  A P I  with and without 0.6M  N a d .

strength and pH or to a specific effect of polyphosphates on 
meat proteins (Hamm, 1971; Young, 1974). Further work will 
be necessary to evaluate these possibilities.

These experiments suggest that a protein isolate prepared 
from bone residue might have some use as a food ingredient. 
Elevated pH and ionic strength and the presence of polyphos
phates improved the solubility and emulsification character
istics of the isolate. However, more data are necessary on such 
functional characteristics as gelling, foaming and heat stability.
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OBJECTIVE EVALUATION OF TEXTURE OF MINCED BLACK ROCKFISH 
(Sebastes spp.) DURING FROZEN STORAGE

-----------------------------------------  A B S T R A C T  ------------------------------------------
Objective measurements (shear values and drip loss) were made to  char
acterize changes in texture o f frozen binder-modified blocks o f minced 
black rockfish as a part o f a continuing study. Effect o f variation in 
water content on sensory texture scores o f washed-modified blocks was 
also determined. Objective measurements correlated with sensory evalu
ation of texture o f  fillets and minced products. Varying moisture con
tent of the washed-modified product up to 4.5% above normal moisture 
content did no t significantly affect texture, bu t lowering it to 1.6% 
below significantly reduced texture scores. Washing minced flesh before 
freezing into blocks resulted in higher shear values and cooked drip. 
Addition of a binder containing NaCl and sodium tripolyphosphate 
resulted in improved texture and lower shear values and cooked drip.

IN T R O D U C T IO N

IN A CONTINUING study of the variables affecting the quali
ty of frozen minced blocks of black rockfish ( S e b a s t e s  spp.). 
Miyauchi et al. (1975) reported that binder-modified blocks 
made with washed minced muscle were significantly better in 
color and flavor than those made with unwashed minced 
muscle during 12-month storage at — 18°C. The results of ob
jective measurements to characterize changes in texture of 
these blocks are reported here. Objective measurements in
cluded shear values and drip loss of the cooked flesh. The 
effect of variation in water content on the sensory texture 
scores of washed-modified blocks was also determined.

E X P E R IM E N T A L

Sample preparation
In two replicate experiments done in November and March, black 

rockfish commercially iced for 5 days in the round were usee to pre
pare minced fish muscle as described by Miyauchi et al. (19'75). The 
belt tension on the  meat-bone separator (Bibun Model 15 with a drum 
perforated with 7-mm diameter holes) was set at light pressure.

Unmodified minced muscle (MM) blocks. Quantities (500g) o f MM 
were packed into waxed frozen-food cartons (1-1/8 in. x 8-1/2 in. X 3 
in.) and frozen in metal forms under pressure in a vertical plate freezer 
(about 2 hr at -4 0 °C ) into small blocks. The blocks were sealed in
2-mil polyethylene pouches and stored at -1 8 °C  on shelves with 3/4 in. 
clearance between packages. All o f the blocks listed below were pre
pared, frozen and stored similarly.

Modified MM blocks. One hundred parts of MM were mixed with a 
fish-binder homogenate, which consisted of 2.5 parts fish muscle, 1 part 
NaCl, 0.15 parts sodium tripolyphosphate, 1 part sugar, 0.3 part m ono
sodium glutamate, 1 part corn oil and 5 parts water.

Unmodified-washed blocks. The MM was washed (ratio o f 5 parts by 
weight o f water to  1 part by weight of MM), and the resultant fish- 
water slurry was dewatered by gravity draining.

Modified-washed MM blocks. The washed MM with the addition of 
fish binder was used.

Blocks of varying moisture content MM blocks of varying moisture 
content were prepared by dewatering the washed minced muscle in a 
Bock centrifuge (Model 15RC) for intervals varying from 2 -3 0  min: 
2-rnin centrifuged muscle (84.0% moisture), 10-min centrifuged muscle 
(81.9% moisture) and 30-min centrifuged muscle (77.9% moisture). 
Unwashed MM was used as the control sample (79.5% moisture).

Fillets. Some rockfish from  each o f the various lots received at the 
laboratory were cut into skinless fillets. The two fillets front each 
individual fish were washed, drained, packed in to  1-lb frozen-food 
cartons, and plate frozen. The cartons were inserted into 2-mil poly
ethylene pouches, sealed and stored at -1 8 °C .

Reference samples. At each examination, modified-unwashed 
minced rockfish blocks were prepared from  commercially caught, iced 
rockfish for use as a reference sample.
Sensory evaluation

The various minced rockfish blocks were evaluated at intervals dur
ing 12 m onths o f storage at -1 8 °C . They were cut into 5/8 in. x  1-1/8 
in. X 3 in. sticks, battered and breaded, and deep-fat fried for 5 min at 
177°C. The cooked sticks were presented as coded samples to a panel 
o f 6 to 12 experienced judges and rated on a 5-point scale in compari
son to the identified, freshly prepared reference sample, which was 
assigned the  score o f  5. The 5-point rating scale was: 5 -v e ry  good;
4 -g o o d ; 3 -fa ir ; 2 -b o rderline; 1 -p o o r. The differences in the mean 
texture scores among the various samples were analyzed by analysis o f 
variance (Snedecor and Cochran, 1956).
Shear texture and percent cooked drip determination

Shear texture and percentage cooked drip were determ ined on 5/8 
in. slices of the various blocks cooked from the frozen state. Slices were 
steamed in covered aluminum containers for 20 min, cooled to room 
temperature, and tire drip was poured off and weighed. The cooked 
drip loss was expressed as a percentage of the starting frozen weight.

Shear texture was determined on the shear texture  instrum ent of 
Dassow et al. (1962). Samples (15g) o f  cooled muscle were inserted in 
the jaws of the texture instrum ent, compressed, and sheared. The maxi
mum hydraulic pressure recorded in the instrum ent gauge represented 
the sample shear texture. Ten to 12 determ inations were made on each 
of two minced block samples at each 4-m onth exam ination period. Six 
determinations were made on each o f 10—30 fillet block samples at 
various time intervals.
Moisture content determination

The moisture content was determ ined according to  the m ethod of 
Miyauchi et al. (1975).

R E S U L T S  & D IS C U S S IO N

C o m p a riso n  o f  sh ear te x tu r e  o f  f i l le t s  a n d  MM b lo c k s

Variation in shear texture for black rockfish blocks made 
from fillets, unmodified MM, and binder-modified MM during 
storage at -1 8 °C  up to 180 days is shown in Figure 1. The 
coefficient of variation of the plotted points ranged from 
about 4—17%. The higher coefficients of variation were related 
to either variance between individual fillets or the occasional 
presence of a bone in some of the MM samples. The shear 
texture values of fillets from individual fish varied widely at 
the initial examination but within 5 — 6 months reached values 
of over 40. Our sensory panel generally rated the samples 
unacceptably tough when shear values were greater than 
30-35. Blocks made from the MM without binder were ini
tially slightly lower in toughness than those made from indi
vidual fish fillets but had shear values over 30 within 4 
months. However, blocks made from MM modified with 
binder were initially more tender than the most tender fillets 
and remained tender and in the acceptable range during frozen
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Fig. 1 — Variation of shear texture in black rockfish blocks made 

from fillets, unmodified m inced muscle, and binder-modified 
minced muscle, stored at — 18°C. (o  represents 60— 180 de
terminations; □ and  ■  represent 2 0 -2 4  determinations.)

storage (Fig. 1). Thus, to extend the useful frozen storage life 
of firm-textured species such as the black rockfish, the 
modified-block concept appears useful.

A word of caution about the use of binder may be ap
propriate. The salt-sodium tripolyphosphate used in the binder 
partially solubilizes the surface of the MM during mixing. 
Overmixing will affect the muscle particles to a greater extent 
than desirable and results in an overly elastic, rubbery texture. 
For softer-textured species whose muscle particles break up 
more readily during mixing, both a lower concentration of the 
salt-sodium tripolyphosphate and a shorter mixing time may 
be necessary to avoid developing a rubbery texture.
Comparison of shear texture of various MM blocks

Variation in shear texture in washed and unwashed modi
fied and unmodified MM blocks stored at — 18°C for 12

months is shown in Figure 2. The coefficients of variation of 
the plotted points ranged from about 4—16%. The unwashed- 
unmodified MM block after 4 months of frozen storage had 
shear values greater than 30 and sensory scores of good-to-fair. 
By 8 months the sensory texture scores declined to fair-to- 
borderline. The unwashed-modified block had the lowest shear 
values. The product was more tender and succulent and 
cooked drip loss was minimal. Texture was rated good after 8 
and 12 months of frozen storage. The MM that was washed to 
remove the oxidation-prone sarcoplasm.c fraction had the 
highest shear values, had very high cookec drip losses, and was 
quite tough. However, the washed-modified blocks had sub
stantially reduced shear values (Fig. 2) and was more tender. 
Its texture was rated good after 8 and 12 months of frozen 
storage. Although washed and unwashed MM differed signifi
cantly in sensory texture, they became equally tender when 
modified with a binder.

Comparison of cooked drip in blocks
The cooked drip losses were substantially greater in the 

washed-unmodified block than in the unwashed-unmodified 
blocks (Fig. 3). Washing removes most of the sarcoplasmic 
protein fraction and more than replaces it with water. As a 
consequence, the moisture content of the washed muscle is 
usually some 3—4% higher than that of the unwashed muscle. 
On heating, this excess water is readily _ost unless stabilized 
with the additives in the fish binder. Thus, the cooked drip 
losses of the modified blocks were substantially lower than 
that of the unmodified blocks made from either the unwashed 
or washed MM. The cooked drip values d:d not change signifi
cantly with storage time (Fig. 3). The coefficients of variation 
of the plotted points ranged from 2—20%.

Effect of variation in moisture content on texture
Varying the moisture content of washed-modified minced 

blocks from 4.5% above to 1.6% below that of unwashed- 
modified blocks did not seriously affect sensory texture during 
the 12-month storage period at — 18°C (Fig. 4). The mean 
texture scores for any moisture level decreased but slightly 
during storage. The difference between the unwashed-modified

Fig. 2— Variation o f  shear texture in washed 
and unwashed, modified and unmodified black 
rockfish blocks stored at — 18FC. (Each point 
represents 20— 24 determinations.)

Fig. 3 — Cooked drip in washed and unwashed, 
modified and unmodified black rockfish blocks 
stored at — 18° C

Fig. 4— Effect o f variation in moisture content 

on texture scores o f modified black rockfish 
blocks during 12 m onth ; storage at — 18° C.
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control (79.5%) and the washed-modified blocks with mois
ture contents above control (81.9% and 84%) was not statis
tically significant, but the difference between the scores of the 
control blocks and those of lowest moisture content (77.9%) 
was significant at the 1% level.

C O N C L U S IO N

Objective measurements of shear values and cook drip corre
lated with sensory evaluations of texture of fillets and minced 
black rockfish products. Varying the moisture content of the 
washed-modified product up to 4.5% above the normal 
moisture content of the fish did not signficantly affect texture 
but lowering it to 1.6% below significantly reduced texture 
scores. Washing the minced flesh before freezing into blocks 
resulted in higher shear values and cooked drip. Addition of a

binder containing NaCl and sodium tripolyphosphate to 
washed and unwashed minced flesh resulted in improved tex
ture and lower shear values and cooked drip.
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PROCESSING APPROACHES FOR LIMITED FREEZE DRYING

-----------------------------------------  A B S T R A C T ---------------------------------------—

Methods are presented whereby “ lim ited” freeze drying can be carried 
out to leave behind a predeterm ined and uniform  moisture content 
(e.g., in the range 8 -14% ), so as to make the product suitable for 
compression. Experiments w ith mist-rewetting o f fully freeze-dried 
products show a relatively uneven moisture content and, for beef, a 
tendency for browning. Desorption equilibrium data are presented for 
beef and turkey, including moisture contents and tem peratures of 
interest for limited freeze drying. Two approaches for implementing 
limited freeze drying commercially were tested and evaluated. One in
volves m odification and control of operating conditions of ordinary 
freeze dryers, while the o ther involves use of a hydrating salt as a 
humidity-regulating water-uptake medium in a circulating-gas ap
paratus. Both methods give a quite satisfactory product in small-scale 
tests. The hydrating-salt process should provide a simpler and more 
self-regulating situation for quality control of final m oisture content, as 
well as giving more rapid drying rates.

IN T R O D U C T IO N

COMPRESSED freeze-dried foods are attractive from the 
standpoint of minimizing storage and transportation space. 
Volumetric reductions ranging from factors of 3 —16 have been 
achieved with various meats, fruits and vegetables (Rahman et 
al., 1970a, b). Other likely advantages are less friability of the 
product and less severe packaging requirements because of the 
reduction in internal surface area and accessibility resulting 
from compression. Compressed foods generally require hot, 
rather than ambient-temperature water, for effective rehydra
tion; however, for most applications hot water would be used 
anyhow. The quality of properly reconstituted compressed 
foods has usually been found to be equivalent or nearly equiv
alent to that of noncompressed freeze-dried foods (Rahman et 
al., 1970b, 1971; MacKenzie and Luyet, 1969, 1972).

Fully freeze-dried foods tend to fall apart upon com
pression. The most effective approach that has been found for 
giving foods the plasticity required for compression has been 
to achieve a certain predetermined, uniform moisture content 
after freeze drying and before compression. The optimal water 
content for compression has been found to be different for 
different foods (MacKenzie and Luyet, 1969, 1972); for beef 
the range 11 ± 3% moisture has been specified (Brockmann,
1973). There may also be other situations where it is desirable 
to produce a freeze-dried product having an appreciable, uni
formly distributed moisture content; for example, for any 
foods which may have improved storage stability and/or ap
pearance at higher moisture contents than would be achieved 
by conventional freeze drying. In most cases it is likely to be

necessary for a compressed product to be further dried for 
storage stability.

The goals of the present work were to evaluate and test 
approaches whereby freeze drying can be accomplished eco
nomically to leave a uniform and predetermined moisture con
tent in the product, typically selected to be somewhere in the 
range 8—14%. The necessary underlying desorption equilibri
um data were also measured. Emphasis was given to methods 
which allow the desired moisture content to be reached at the 
end of the freeze-drying process itself (“limited” freeze dry
ing), rather than those which require rewetting after full dry
ing.

S P R A Y  R E W E T T IN G

MOST DEVELOPMENTAL WORK to date for compressed, 
freeze-dried foods has utilized full freeze drying in standard 
equipment, followed by rewetting to attain the desired mois
ture content for compression. The most common and con
venient approach for small-scale tests has been to spray the 
food particles with a fine mist of water droplets until the 
desired average moisture content is achieved.
Procedure

In order to obtain quantitative data on :he extent to which 
a uniform moisture content and good product quality can be 
obtained by spray rewetting, a series of experiments was 
carried out wherein 1.5-cm cubes of commercial freeze-dried 
cooked beef steaks were sprayed with disrilled water using a 
fine mist from a spray bottle. This was done by placing 10 
cubes in a container made of aluminum foil and then spraying 
them with a short burst of mist, shaking the pieces to expose 
new surface area and then spraying again, etc. This procedure 
was continued until an average moisture content of 12.8%, 
determined by weight increase, was achieved. Pieces were then 
analyzed individually for moisture content by weighing, drying 
in a vacuum oven at 60°C and less than 1 torr for 24 hr, and 
reweighing. Slices were also taken along a core cut through 
cubes in one direction and were analyzed for moisture content 
so as to determine local variations within a piece.
Results

Typical results are shown in Table 1, where it may be seen 
that the average moisture contents for individual pieces ranged 
from 5.1 — 17.5%. Also, the moisture profiles for individual 
pieces show a nonhomogeneous distribution of moisture, 
which was still detectible as long as 3 hr after spraying. 
Another difficulty, relating to product quality, was the ap
pearance of browning on the surfaces of the cubes about 2 hr 
after spraying. This phenomenon was apparently related to
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localized very high moisture contents following the impact of 
the droplets from the spray and was not noted in experiments 
where the same average moisture content was achieved by 
limited freeze drying. A more extensive description of these 
spray rewetting studies is given by Cam (1974).

Nonuniform rewetting and browning tendencies are both 
undesirable product-quality aspects of spray rewetting.

P R O C E S S  A L T E R N A T IV E S

ANOTHER POSSIBILITY for rewetting after full freeze dry
ing is vapor-phase transfer of water, using either steam or 
humid air or water vapor in an otherwise evacuated chamber 
(Rahman et al., 1970a; MacKenzie and Luyet, 1969; P.lwsorth 
and Hoge, 1973). This procedure involves slow rates, or can 
lead to the same problems of uneven rehydration and brown
ing if the water-vapor partial pressure is made high enough to 
give more rapid rewetting.

From the standpoint of minimizing processing steps, it is 
preferable to carry out freeze drying to leave the desired uni
form content at the end of drying, if possible, thereby avoid
ing the rewetting step altogether. The goal of leaving a uni
form, substantial moisture content after freeze drying is 
complicated considerably, however, by the fact that freeze 
drying involves the inward retreat of an ice core, which is 
surrounded by a relatively dry layer (King, 1970). Therefore 
stopping ordinary freeze drying with an average residual mois
ture content of 8-14%  will lead to a product with a small, but 
very wet and unstable core, with the outer regions being too 
dry to behave satisfactorily upon compression.

Various approaches can be conceived for attempting to 
carry out limited freeze drying to uniform residual moisture 
contents in the 8—14% range. For example, sufficiently rapid 
sublimation of the water in the form of ice crystals should 
leave behind bound water, defined as that portion of the mois
ture that exerts an equilibrium partial pressure less than that 
of ice. Subsequent equilibration of that bound water might 
then bring the product to the desired final moisture content. 
For meats, removal of bound water from fibers has been found 
to occur with time constants on the order of 30 ir in (Mar- 
garitis and King, 1971a, b); hence it does not appear to be 
possible to remove the ice sufficiently faster than the bound 
water to allow a substantial, uniform residual bound moisture 
content to be left at the end of freeze drying.

An alternative method is to carry out freeze drying in an 
environment such that the relative humidity at the surface and 
within the product does not fall below some predetermined 
value, which is high enough to ensure that the moisture con
tent in any region will not drop below the prescribed value 
during drying. This approach offers the potential of reliable 
and close control of the product moisture content. Such a 
process was originally carried out by MacKenzie and Luyet
(1969) who named the process “limited freeze drying.” They 
found that extremely long drying times (25 -100  hr) were 
required for 1-cm cubes of beef and for various vegetable 
products.

Accomplishing limited freeze drying through control of the 
environmental relative humidity does require that the tempera
ture difference and water vapor-partial pressure difference 
driving forces for heat and mass transfer be less than in or
dinary commercial freeze dryers, which necessitates longer 
drying times. However, the drying times can be reduced con
siderably below those encountered by MacKenzie and Luyet if 
proper steps are taken in the design of the process. In the 
experiments of MacKenzie and Luyet (1969) control of the 
environmental relative humidity was accomplished by keeping 
the specimen to be dried in an evacuated chamber in com
munication with a vial of ice. The temperatures of the vial of 
ice and the chamber walls were controlled so that the ratio of 
vapor pressures of water at the two temperatures corresponded

to the desired relative humidity. There was a large radiant heat 
transfer resistance between the chamber walls and the surface 
of the specimen. Consequently the rate of heat transfer from 
the surroundings to the specimen was very low. It should be 
possible to accelerate the rate of freeze drying (1) if the heat 
transfer coefficient from the heat source to the surface of the 
product is increased; (2) if the temperature of the heat source 
is raised during the early part of drying so that the tempera
ture of the product surface rises toward the point where the 
surface itself experiences the prescribed relative humidity; (3) 
if the temperature of the heating surface is increased while still 
keeping the temperature of the frozen core of the specimen 
below the upper limiting value; or (4) if control of environ
mental relative humidity is accomplished in some other way.

In the present work two methods were investigated for 
carrying out limited freeze drying through control of environ
mental relative humidity. The first involved modifying and 
controlling the operation of an ordinary, cabinet-and-tray 
freeze dryer, which in turn, required that the platen tempera
ture and partial pressure of water vapor in the cabinet be 
closely controlled during drying. The second method involved 
using salt-hydrate reactions to accomplish control of the en
vironmental relative humidity.

D E S O R P T IO N  E Q U IL IB R IU M  D A T A

BOTH PROCESSING APPROACHES investigated require a 
knowledge of equilibrium moisture content of freeze-dried 
food as a function of relative humidity and temperature. Pre
vious equilibrium data for meats are sparse and in poor agree
ment in the range of moisture contents and temperatures of 
interest; hence experimental, measurements were carried out. 
Since measurements of water-sorption equilibria for foods fre
quently show a hysteresis between absorption and desorption 
data (Labuza 1968; King et al.. 1968), it was felt important to 
obtain desorption equilibrium data.

P ro ced u re

1-cm cubes of beef and turkey were used for the experi
ments. The beef was from sirloin tip roasts, purchased locally

Table 1—Typical results of experiments on spray rewetting of
1.5-cm beef cubes

Avg moisture contents of individual pieces

Piece no. Wt %  moisture

(dry basis)

1 9.3
2 5.1

3 17.5
4 1 2 . 2

5 13.3

Typical moisture profiles within a core through a piece

Wt %  m oisture (dry basis)
Location 8 /La Piece 1b Piece 4 C

Surface 0.07 18 15
0 . 2 1 8 14

0.36 8 13
Center 0.50 11 1 0

0.64 6 1 0

0.79 6 1 2

Surface 0.93 8 13

a C/L = average distance from  one face -r edge length of cube
b 15 min after spraying 
c 2 hr after spraying
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Fig. 1— Desorption isotherms for limited freeze-dried beef.

Fig. 2 — Desorption isotherms for limited freeze-dried turkey.

TEMPERATURE , ” C

Fig. 3—Desorption-equilibrium relative humidity vs temperature at 
7.5 wt % moisture content for freeze-dried beef.

and cooked at 175°C in an oven for 2 V i—3 hr, until the centers 
were above 77°C. Turkey from a commercial roast product 
was purchased locally and cooked at 218°C in an oven for 1.5 
hr, until the center temperature rose above 79°C. Since de
sorption experiments were to be carried out, the pieces were 
initially processed by limited freeze drying at a relative humid
ity of approximately 22%, using the layered-bed, circulatir.g- 
gas, salt-hydrate process described below. The pieces were then 
equilibrated in a desiccator at 50% RH and 5°C for 2 wk. At 
the end of this time the moisture contents averaged 12.7% and 
18.3%, dry basis, for beef and turkey, respectively.

Individual groups of cubes were then equilibrated in 
thermostated desiccators for 2 wk, using mixtures of solid salt 
and saturated salt solution (CaCl2 , KC: H30 2 and LiCl in 
descending order of humidity) to maintiin selected relative 
humidities. So as to give desorption conditions, experiments 
with a group of pieces in a particular desiccator were carried 
out first at 1°C, then at 8.5°C, and finally at 25°C, all held 
within ±0.5°C. Moisture contents were determined by com
parison of weights with a final dry weight, obtained after dry
ing at 60°C and less than 1 torr for 24 hr in a vacuum oven. A 
more detailed experimental procedure is given by Carn (1974).

Results

Results of these experiments are reported in Figures 1 and
2. Each point in these figures represents the average of meas
urements for 10 different cubes. The average deviation of in
dividual results from the points shown is 0.35% moisture for 
beef, and 0.25% moisture for turkey.

Interpolated results from the present work are compared in 
Figure 3 with interpolations from results for desorption-equi
librium measurements for cooked beef reported by Nemitz
(1963), MacKenzie and Luyet (1969) and Heldman et al.
(1972). Also included is a result obtained during the present 
study using a similar technique but with an equilibration time 
of 1 wk (Jones, 1975). Similar comparisons are obtained at 5.0 
and 10.0% moisture contents (Cam, 1974). The agreement 
with the data of Nemitz (1963) is close while the data of 
MacKenzie and Luyet (1969) and of Heliman et al. (1972) 
correspond to substantially lower equilibr.um relative humid
ity for a given moisture content.

In measurements of sorption equilibria it is essential to 
allow for very slow rates of equilibration of the bound mois
ture content (King, 1968). In descrpticn experiments, in
sufficient equilibration will result in reported equilibrium 
relative humidities that are lower than the actual values for a 
given moisture content. In the present work the change cf 
moisture content during an equilibration period was moni
tored by weighing at intervals during the period. During the
2-day period prior to the end of the 2-wk equilibration periods 
for the 8.5°C and 25°C data, the average weight of a cube 
changed by about 0.0005g, which was 5% of the change in 
moisture content for pieces in a desiccator when the tempera
ture was changed. Similarly, for the 1°2 data the weight 
change during the second week was 13% of the total weight 
change over the 2-wk period. These results suggest that some 
equilibration could still have been occuring at the end of the 
2-wk period, even though the equilibration time is, for the 
most part, longer than those used in the other studies reported 
in Figure 3. Care must be taken in deriving such a conclusion, 
however, since weight changes late in the equilibration period 
could also be attributable to aging of the meat or attrition of 
the samples during handling.

The form of plotting used in Figure 3 s.iould give a nearly 
straight line if the enthalpy change upon desorption is insensi
tive to temperature. From the present results a desorption 
enthalpy of —23,400 BTU/lb mole can be derived for 7.5% 
moisture, representing an increase of 21% over the latent heat 
of vaporization of pure water.
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FOR FREEZE DRYING in conventional equipment, the gradi
ents of temperature and water-vapor partial pressure in the 
void spaces are such that the surface of a food piece is neces
sarily subjected to a lower relative humidity than is any region 
within the piece; hence the surface will also be the location of 
the lowest local moisture content. Accomplishing limited 
freeze-drying through control of relative humidity, without 
local overdrying, therefore devolves to a problem of control
ling the relative humidity at the piece surface and allowing all 
portions of the product to equilibrate toward that relative 
humidity as the drying process is completed. Controlling the 
relative humidity at the piece surface in conventional freeze
drying implies simultaneous control of the temperature of the 
piece surface and of the water-vapor partial pressure at the 
piece surface, at a combination of values corresponding to the 
desired relative humidity.

It is impossible to monitor surface temperatures for all the 
many pieces in a freeze dryer. Hence a more practical and 
conservative procedure is to control the temperature of the 
heating-platen surface at the same value as the desired final 
piece-surface temperature, taking advantage of the fact that 
the piece-surface temperature will rise from an initial value 
close to the frozen-core temperature to a final value approach
ing the platen temperature. Similarly, the water-vapor partial 
pressure within the drying chamber may be held at the value 
desired for the piece surface, with the knowledge that the 
water-vapor partial pressure at the piece surface will approxi
mate that value and be no lower. Under these conditions, the 
relative humidity at the piece surface will be no lower than the 
prescribed value, and will be at a higher value during the early 
portion of the drying process. This will give a slower drying 
rate, but should still lead to reliable limited freeze drying to a 
predetermined product moisture content.

The water-vapor partial pressure in the drying chamber can 
be sensed with a hygrometer or other means and can be regu
lated either through adjustment of the condenser temperature 
(i.e., vaporization pressure of the refrigerant), or through ad
justment of a large valve in the vapor line leading from the 
chamber to the condenser, if an external condenser is used.
P ro ced u re

In the present work the approach of regulating a throttle 
valve in the vapor line to an external condenser was utilized, 
with the water-vapor partial pressure in the drying chamber 
being sensed through the temperature of a thermocouple 
placed inside a sublimating piece of ice within the chamber. 
Sublimation of the ice is dominated by radiative heat transfer; 
hence the thermocouple reads the frost point of the water 
vapor in the chamber.

Experiments were carried out on two scales of operation 
using both the laboratory freeze dryer described by Bellows 
and King (1973) and a 25 cu ft Buflovak Model 6389 pilot- 
scale freeze dryer. In the laboratory freeze dryer the platen 
temperature was maintained by feedback control of the power 
input to an electrical heater designed to give a uniform platen 
temperature. In the pilot-scale freeze dryer the platen tempera
ture was maintained by circulating a stream of chilled water 
from an external reservoir at a high flow rate, about 2 cu 
ft/min. Details of apparatus and procedure, and discussion and 
interpretation of drying rates are reported elsewhere (Carn and 
King, 1975; Carn, 1974). Product quality results are reported 
here.

Moisture contents were measured gravimetrically, following 
the same procedure as in the desorption equilibrium experi
ments. Comparisons of moisture contents of outer layers with 
the center layer of a piece were made by sectioning pieces 
vertically into three layers of approximately equal size. Shrink
age was measured by computing the volume from linear 
dimensions measured by calipers before and after freeze dry

MODIFICATION OF CONVENTIONAL FREEZE-DRYING ing. The degree of rehydration achievable was measured by 
weighing a sample after immersion in water for 2 0 -3 0  min at 
ambient temperature, and then blotting. This weight was then 
compared to the weight of the same sample before freeze dry
ing. Compressibility was judged qualitatively by observing the 
tendency to compress well or fall apart under a heavy weight. 
Results

Typical resuhs for product quality obtained by freeze dry
ing 1-cm cubes at 2.0 torr chamber water-vapor pressure and 
5°C platen temperature are shown in Table 2, for both the 
laboratory-scale dryer and the pilot-scale dryer. The total 
pressure in the chamber, as measured by a thermocouple 
gauge, was found to be essentially equal to the measured 
water-vapor partial pressure. The drying times are those found 
to be necessary for sufficiently complete limited freeze drying 
(Carn and King, 1975). It can be seen that the product mois
ture contents are somewhat higher than 8.5%, which is in
dicated by Figure 1 to be in equilibrium with 30.6% relative 
humidity, corresponding to the platen temperature and 
chamber pressure employed. This is not surprising in view of 
the long times required for equilibration in the desorption- 
equilibrium measurements. However, except for the one piece 
in the laboratory-scale freeze dryer which had a remaining 
frozen core, the product moisture contents and uniformity fall 
well within the stated range for good product quality. Re-

Table 2—Typical product-quality characteristics for limited 
freeze drying in modified conventional freeze dryers

Chamber pressure: 2.0 torr (constant)
Platen temperature: 5°C (constant)

Ultimate relative humidity (chamber pressure/vapor pressure) 
of water at platen temp: 30.6%

Meat samples: 1-cm cubes of cooked beef

Lab-scale Pilot-scale
dryer dryer

Time in freeze dryer (hr) 13.0 1 2 . 0

Final moisture contents (dry basis)

Avg m oisture content 9 .9% 1 0 .8 %

Piece-to-piece variation 

Num ber of pieces 11 24

Avg abs dev (moisture content) 0 .4 8 % a 0 .99%
Com parison  of m oisture content 

of outer layers w ith that of 
the center of the same piece 

Num ber of pieces measured 3 6

Avg moisture content of outer 

layers (± abs avg dev) 1 0 . 0  ± 0 .8 % 9.6 ± 0 .9%

Avg moisture content of center 
(± abs avg dev) 1 0 . 0  ± 1 .0 % 9.9 ± 1.5%

Shrinkage upon freeze drying

Num ber of pieces 4 6

Loss of vol during freeze drying/ 
frozen vol, ± abs avg dev 0.21 ± 0.03 0 . 1 0  ± 0.06

Rehydration characteristics

Num ber of pieces 4 6

Wt after reconstitution t- wt 
before freeze drying, ± abs 

avg dev 0 . 8 8  ± 0.06 0.90 ± 0.05

Compressibility of product Fair to G ood G ood

a Does not include one piece with a visible frozen core remaining
and an average m oisture content of 17.3%.
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hydration and compression characteristics are also acceptably 
good.

The experiment with the pilot-scale dryer reported in Table 
2 was made with three groups of beef cubes placed in different 
locations on a tray—front, center and back. The rest of the 
dryer was filled with pieces of ice on trays which were partly 
insulated from the platens, so as to give a more realistic vapor 
load for chamber-pressure control. There was no discernible 
trend of final moisture content with respect to position on the 
tray. This is an encouraging result; however, it would still be 
desirable for more extensive tests to be carried out with a 
large-scale freeze dryer so as to determine the extent to which 
the platen temperature can be kept uniform. Variations in 
platen temperature should directly affect the local relative 
humidity, and would thereby cause variations in the final 
moisture contents reached by pieces in different locations. Cal
culations based upon a theoretical model (Cam and King, 
1975; Cam, 1974) indicate that a platen temperature uni
formity of approximately ±2.5°C is required to control the 
product moisture content within a range of ±1% (i.e., from 
10-12%  moisture).

The much lower temperature-difference driving forces avail
able for heat transfer in limited freeze drying serve to make 
the drying times substantially longer than for conventional 
freeze drying. The drying time of 12—13 hr required to 
achieve a uniform product moisture content in the range of 
10% may be compared with a drying time of 4 hr required to 
reach a 2.5% moisture content by ordinary freeze drying at 
40° platen temperature and 0.4 torr chamber pressure (Cam 
and King, 1975).

For the drying conditions reported in Table 2 the surface 
temperatures of the beef cubes were found to be well below 
the platen temperature for most of the run (Carn and King,
1975). Proper programming of the platen temperature and/or 
improvement of the heat transfer from the platens to the piece 
surfaces should enable a shorter drying time, with the relative 
humidity at the piece surfaces still not falling below the pre
scribed value. Work exploring ways of accelerating limited 
freeze drying through modified operation of conventional 
freeze dryers is continuing in our laboratory.

Circulating Gas
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S P  Food 
777~, Desiccant

Fig. 4 — Layered-bed, circulating-gas approach for freeze drying.

U S E  O F  S A L T  H Y D R A T E S

FOR SELF-REGULATING control of the environmental rela
tive humidity during limited freeze drying, an ideal approach 
would be to utilize a water-uptake medium which maintains a 
particular, predetermined relative humidity, independent of 
temperature or of the amount of moisture taken up.

This property is possessed by hydrating salts, for which the 
reaction

A(s) + nH20(v) = A • nH20(s) (1)

corresponds to a fixed equilibrium partial pressure cf water 
vapor at a given temperature, no matter what the extent of 
conversion. The reacting salt, A, may be anhydrous, or may 
itself be a lower hydrate. Furthermore, for most salt hydrate 
formation reactions the trend of the reaction equilibrium con
stant with temperature is such that the equilibrium relative 
humidity maintained during a particular hydrate transition is 
only weakly dependent upon temperature. Thus for

CaCl2 • 4H2 O(s) + 2H2 O ( v ) = CaCl2 • 6H2 O(s) (2)

The equilibrium relative humidity is about 22% for a wide 
range of temperatures around ambient (Hougen et al., 1954). 
From Figures 1 and 2, this would correspond to an equilibri
um moisture content of about 7.5% for either beef or turkey. 
Operationally, since a drying process would not allow full 
equilibration, the residual moisture content of meat would be 
expected to be somewhat higher if it were freeze dried using 
the reaction of Equation 2 for water uptake at the tempera
ture of the meat.

Ways of implementing solid desiccants in freeze drying 
processes have been considered by King and Clark (1968), by 
Clark and King (1971) and by King (1970). For the present 
work the layered-bed, circulating-gas approach was chosen, as 
shown schematically in Figure 4. Air, or a more inert gas, at 
moderate absolute pressure (5 -5 0  mm Hg, abs) circulates 
through alternating layers of food and of desiccant, serving to 
convey moisture from the freeze-dryir.g food layers to the 
desiccant layers and to convey heat from the desiccant layers 
to the food layers. Heat is released by water uptake on the 
desiccant and is required for sublimation of water from the 
freeze-drying food. The process operates batchwise.

Calcium chloride undergoing the transition to the hexa- 
hydrate was chosen as the water-uptake medium in the present 
work. In order to increase the water-uptaxe capacity, experi
mental runs were usually started with the calcium chloride m 
the monohydrate state, rather than the next lov/er, tetra- 
hydrate state. This allows for the use of only about 1.1 lb of 
CaCh • H20  per lb initial frozen meat in a completely closed 
system, if an average hydrate level of CaCl2 • 5.7H20  is 
reached at the conclusion of the freeze-drying process. Starting 
with the monohydrate level can mean that the equilibrium 
relative humidity drops below the desired final value early in a 
run. Another factor which may alter the equilibrium relative 
humidity is the fact that the heat release and consumption 
effects can make the desiccant operate warmer than the sur
faces of the freeze-drying food pieces. This would provide an 
off-setting effect of increasing the equilibrium relative humid
ity at the surfaces of the food pieces early in a run. Both 
effects should diminish toward the end of freeze drying, there
by allowing the predetermined ultimate relative humidity tc 
be reached in a reliable fashion.

P ro ced u re

An apparatus was built for carrying out limited freeze dry
ing by this approach on a pilot scale, and a procedure was 
developed for making calcium-chloride pellets with sufficiently 
accessible interior regions (porosity = 50-65% , based upon
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c a lc iu m  c h lo r id e  in  th e  a n h y d r o u s  fo r m ) . T h e  c a lc iu m  c h lo r id e  
p e lle ts  m ea su red  1 .5 —2 .5  c m  lo n g  a n d  1 cm  in  d ia m e te r , and  
c o u ld  be  r eg e n e ra te d  r e p e a te d ly  b y  v a p o r iz a t io n  o f  w a te r  in  a 
v a c u u m  ch a m b er .

T h e  e x p e r im e n ta l a p p a ra tu s  and p r o c e d u r e , m e a su red  d r y 
in g  ra tes an d  th e ir  in te r p r e ta t io n  in  te r m s o f  fr e e z e -d r y in g  
th e o r y  are all p r e se n te d  e ls e w h e r e  (J o n e s  a n d  K in g , 1 9 7 5 ;  
J o n e s , 1 9 7 5 ) .  Q u a lity  r esu lts  are p r e se n te d  h e r e , and w ere  
m ea su red  in  th e  sa m e  w a y  as r ep o rte d  fo r  ru n s w ith  m o d if ie d  
c o n v e n t io n a l fr e e z e  d ry in g .

R e su lts

P r o d u c t-q u a lity  r esu lts  fr o m  a ty p ic a l  ru n  d r y in g  w ith  cir
c u la tin g  air at 3 0  m m  H g ab s an d  a v e lo c ity  o f  9 0  f t / s e c  a t a 
fo o d - la y e r  lo a d in g  o f  1 .0  l b / f t 2 are sh o w n  in  T a b le  3 . C a lc iu m  
c h lo r id e  w as ch a rg ed  as th e  m o n o h y d r a te ,  in  a lo a d in g  r a tio  o f
1.1 lb / lb  o f  fr o z e n  m e a t. U n d er  th e se  c o n d it io n s  i t  w as fo u n d  
th a t a p p r o x im a te ly  8 .5  hr are req u ired  fo r  re lia b le  lim ite d  
fr e e z e  d ry in g  and a d e q u a te  r es id u a l-m o is tu r e  e q u ilib r a t io n  o f
1-cm  c u b e s  o f  b e e f  and tu r k e y . T h e  average f in a l m o is tu r e  
c o n te n t  a c h iev e d  is 11 .0%  fo r  tu r k e y  a n d  9 .5%  fo r  b e e f ,  w ith  
average d e v ia t io n s  fo r  f iv e  p ie c e s  o f  0 .3%  a n d  0 .8%  m o istu r e  
fo r  tu r k e y  and b e e f  r e sp e c t iv e ly . E ven  th o u g h  th e  f in a l m o is 
ture  c o n te n t s  s t il l  e x c e e d  th e  e q u ilib r iu m  va lu e  o f  a b o u t  7.5%  
fo r  tu r k e y  or b e e f  a t 2 2 % r e la tiv e  h u m id ity ,  th e  m o is tu r e  
d is tr ib u tio n  is v ery  u n ifo r m . M o istu re  d is tr ib u tio n s  w ith in  a 
p ie c e  a lso  fa ll w e ll w ith in  th e  d esired  ra n g e , an d  sh r in k a g e , 
r e h y d r a tio n  an d  c o m p r e s s ib ility  c h a r a c te r is t ic s  are all g o o d .

Table 3—Typical product-quality characteristics for limited 
freeze drying using hydrating calcium chloride

Circulating gas: Air 
Pressure: 30 mm Hg abs 
Gas velocity: 90 ft/sec 

Food loading: 1.0 lb/ft2 
Drying time: 8.5 hr 

Piece sizes: 1-cm cubes

Turkey Beef

Final moisture contents (dry basis)

Piece-to-piece variation 11.2% 11.3%
11.2% 9.1%
11.8% 8.2%
10.7% 9.4%
10.1% 9.3%

Comparison of moisture content of 
outer layers with that of the 
center of the same piece:

Piece No. 1 — Outer layers 9.8% 8.7%
Center core 10.4% 10.6%

Piece No. 2 — Outer layers 10.4% 10.2%
Center core 11.6% 14.4%

Shrinkage upon freeze drying

(Loss of vol during freeze drying/ 
frozen vol)
Piece A 0.19 0.13
Piece B 0.14 0.23

Rehydration characteristics

(Wt after reconstitution H- wt 
before freeze drying)
Piece A 1.06 0.90
Piece B 1.12 0.93

Compressibility of product Good Good

F r o m  th e se  a n d  o th e r  r esu lts , as w e ll  as fr o m  ta s te  te s ts  (J o n e s ,
1 9 7 5 ) ,  p r o d u c t  q u a lity  fr o m  th e se  e x p e r im e n ts  is  f e l t  t o  be  
e x c e lle n t .

In  v a r io u s  ru n s c o n v e r s io n s  o f  c a lc iu m  c h lo r id e  to  average  
h y d r a te  le v e ls  as h ig h  as 5 .9  h a v e  b e e n  a c h ie v e d  w ith o u t  d if 
f ic u lty .  E ven  th o u g h  th e  n e x t  d e g ree  o f  h y d r a tio n  b e y o n d  th e  
h e x a h y d r a te  is  sa tu ra te d  s o lu t io n ,  th e  d e s ic c a n t  h as p r o v e n  to  
have s u f f ic ie n t  in te r n a l a c c e s s ib il ity  so  th a t  n o  e v id e n c e  o f  
sa tu r a te d -s o lu t io n  fo r m a t io n  h a s b e e n  fo u n d  at th e  su r fa c e  o f  
d e s ic c a n t  p ie c e s  or  e ls e w h e r e .

D IS C U S S IO N

T h e  sa m e  e q u ip m e n t  m a y  b e u sed  fo r  fu ll  fr e e z e  d r y in g  as w e ll  
as l im ite d  fr ee ze  d ry in g , i f  a m o le c u la r  s iev e  is  u sed  as th e  
d e s ic c a n t  ra th er  th a n  a h y d r a tin g  sa lt  (K in g  a n d  C lark, 1 9 6 8 ;  
C lark a n d  K in g , 1 9 7 1 ) .  A  g rea ter  lo a d in g  ra tio  o f  m o le c u la r  
siev e  t o  fo o d  th a n  o f  h y d r a tin g  sa lt to  f o o d  is r eq u ire d , b u t  th e  
fr e e z e -d r y in g  t im e  can  be  c o n s id e r a b ly  sh o r te r , lea d in g  to  o f f 
s e t t in g  e f fe c t s  o n  th e  a m o u n t o f  c h a m b e r  v o lu m e  req u ired  to  
p r o c e s s  a g iv en  a m o u n t  o f  f o o d  p er  u n it  t im e . F r e e z e  d r y in g  o f  
b e e f  an d  tu r k e y  c u b e s  u n d e r  g a s -v e lo c ity  an d  lo a d in g  c o n d i
t io n s  sim ilar  to  th o s e  d e sc r ib ed  in  T a b le  3 w a s  fo u n d  t o  re
q u ire  a b o u t  3 .5  hr.

A d v a n ta g e s  o f  th e  la y e r e d -b e d , c ir cu la tin g -g a s  a p p r o a c h  in 
c lu d e  e lim in a t io n  o f  th e  e la b o r a te  sy s te m  o f  h e a t in g  p la te n s  
req u ired  fo r  c o n v e n t io n a l fr e e z e  d r y in g , a n d  r e d u c t io n  o f  th e  
r e fr ig e r a tio n  r e q u ir e m e n ts  fo r  th e  d r y in g  p r o c e s s  i t s e lf ,  p r o b a 
b ly  b y  a fa c to r  o f  5 — 10  c o m p a r e d  to  c o n v e n t io n a l  fr e e z e  d ry 
in g . E n erg y  e x p e n s e s  can  th e r e fo r e  b e  c o n s id e r a b ly  le s s , e v en  
a llo w in g  fo r  th e  n e e d  o f  r eg e n e ra tin g  th e  d e s ic c a n t . W ith  a sa lt  
h y d r a te - to - fo o d  r a tio  o f  th e  o rd er  o f  1 .0  or  1 .5 :1 ,  th e  c h a m b er  
v o lu m e  sh o u ld  a lso  b e  c o m p a r a b le  to  th a t  fo r  c o n v e n t io n a l  
fr e e z e  d ry in g , b e c a u se  o f  th e  e lim in a t io n  o f  p la te n s . R a te s  o f  
fr e e z e  d ry in g  sh o u ld  a lso  be  fa s te r  th a n  fo r  lim ite d  fr e e z e  d ry 
in g  carried  o u t  in  c o n v e n t io n a l  fr e e z e  d ry ers , b a sed  u p o n  re
su lts  so  far  w ith  b o th  a p p r o a c h e s . I m p le m e n ta t io n  o f  th e  p ro c 
e ss d o e s  req u ire  c a p ita l in v e s tm e n t  fo r  n e w  e q u ip m e n t , and  
req u ire s  th a t so m e  fa c il ity  b e  p r o v id e d  fo r  r e g e n e r a tio n  o f  th e  
sa lt h y d r a te .

C O N C L U S IO N

L IM IT E D  F R E E Z E  D R Y IN G  o f fe r s  a d v a n ta g es  o f  greater  
p r o d u c t  m o is tu r e  u n ifo r m ity  a n d  fe w e r  p r o c e s s in g  s te p s  over  
c o n v e n t io n a l  fr e e z e  d ry in g , f o l lo w e d  b y  p artia l r e h y d r a tio n , as 
a m e th o d  fo r  p rep a r in g  fr e e z e -d r ie d  f o o d s  fo r  su b s e q u e n t  c o m 
p r e ss io n  or  fo r  o th e r  a p p lic a t io n s  w h er e  an  in te r m e d ia te  m o is 
tu re  c o n te n t  is d esired . E q u ilib r iu m  so r p t io n  is o th e r m s  at vari
o u s  te m p e r a tu r e s  p r o v id e  th e  w h e r e w ith a l o f  ju d g in g  th e  e n 
v ir o n m e n ta l r e la tiv e  h u m id ity  du rin g  fr e e z e  d ry in g  req u ired  to  
rea ch  a p a rticu la r  f in a l m o is tu r e  c o n te n t ,  a lth o u g h  p r o d u c t  
m o istu r e  c o n te n ts  fr o m  lim ite d  fr e e z e  d ry in g  w ill  n e c essa r ily  
e x c e e d  th e  e q u ilib r iu m  v a lu e  fo r  th e  r e la tiv e  h u m id ity  u sed .

V e r y  g o o d  m o is tu r e  d is tr ib u tio n  an d  p r o d u c t  q u a lity  h a v e  
b e e n  a c h iev e d  b y  l im ite d  fr e e z e  d r y in g , b o th  w ith  m o d if ie d  
c o n v e n t io n a l  fr e e z e  d ryers and w ith  a n o v e l p r o c e s s  u s in g  a 
h y d r a tin g  sa lt fo r  w a te r  u p ta k e . T h e  use  o f  m o d if ie d  c o n 
v e n t io n a l fr e e z e  d ryers m in im iz e s  e q u ip m e n t  e x p e n se  fo r  
p r o c e sso r s  w ith  e x is t in g  fr e e z e  d ry ers , a t th e  e x p e n se  o f  re
d u c e d  d ry in g  ra te . T h e  h y d r a tin g  sa lt p r o c ess  o f fe r s  less e n e rg y  
e x p e n se  fo r  fr e e z e  d r y in g , c lo se r  an d  sim p ler  c o n tr o l o f  th e  
p r o d u c t  m o is tu r e  c o n te n t ,  an d  th e  p r o b a b ility  o f  m ore  rapid  
d r y in g  an d  m o re  u n ifo r m  m o is tu r e  c o n te n t  fr o m  p ie c e  to  
p ie c e .
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COTTAGE CHEESE FROM ULTRAFILTERED SKIM MILK

-----------------------------------------  A B S T R A C T  ------------------------------------------
Ultrafiltration of skim milk was conducted at 4.4, 21.0 and 49.0°C to 
provide retentâtes for cottage cheese trials. Fractionation at 21.0 and 
49.0°C improved initial perm eation flux rate (PR) by 50 and 300%, 
respectively, over that observed at 4.4°C. Rates o f decline o f PR de
creased with increasing tem perature. R etentate ratios o f undenatured 
whey protein nitrogen:casein nitrogen (CN) and proteose-peptone :CN 
were unchanged during u ltrafiltration whereas nonprotein nitrogen :CN 
declined at each tem perature. Calcium concentration of permeate was
1-2%  less at 49.0 than  4.4CC because of increased calcium concen
tration of retentate a t higher tem perature. Large curd, creamed cottage 
cheese was prepared successfully from each retentate, cooking tempera
ture and/or time being reduced because of initially firmer curd. Inter
mediate tem perature (21.0°C) processing induced rapid microbial pro
liferation after >  2 hr. The u tility  o f  u ltrafiltration as a preconcen
tration step for continuous cottage cheese production is discussed.

IN T R O D U C T IO N

N U M E R O U S  R E V IE W S  o f  th e  a p p lic a b il ity  o f  m em b ra n e  
p r o c ess in g  t o  c h e e se  w h e y s  h a v e  a p p ea red , b ased  la rg e ly  o n  
su c h  p ilo t  sc a le  s tu d ie s  as th o s e  o f  F en to n -M a y  e t  al. ( 1 9 7 1 )  
and M c D o n o u g h  an d  M a ttin g ly  ( 1 9 7 0 ) .  C o m m e r c ia l sca le  p ro c 
e ssin g  o f  c o t ta g e  c h e e s e  w h e y  is n o w  fe a s ib le  (H o r to n , 1 9 7 3 ) .

L ess w o r k  has b e e n  p u b lish e d  a b o u t  m e m b ra n e  p r o c e ss in g  
o f  sk im  m ilk . F e n to n -M a y  e t  al. ( 1 9 7 2 )  s ta te d  o n  th e  b a sis  o f  
th e ir  w o r k  th a t c o n c e n tr a t io n  o f  sk im  m ilk  b y  rev erse  o sm o s is  
w as p o s s ib le  t o  22%  to ta l  so lid s  (T S )  w h ile  fr a c t io n a t io n  to  
p r o v id e  5 0 —80%  p r o te in  (d r y  w e ig h t  b a s is )  c o u ld  b e  a c h iev e d  
b y  u ltr a filtr a tio n . T h e y  su g g es ted  th a t su ch  sk im  m ilk  re
te n tâ te s  c o u ld  be  u sed  in  c h e e s e  m a k in g . Peri e t  al. ( 1 9 7 3 )  
s tu d ie d  p r o c ess  o p t im iz a t io n  o f  p r o te in  r e c o v e r y  fro m  sk im  
m ilk  b y  u ltr a f iltr a t io n . T h e y  d e te r m in e d  th a t fo r  an e x te n s iv e  
p u r if ic a t io n  (u p  to  90%  p r o te in  in  d ry  m a tte r ) , a tw o -s te p  
p r o c e s s  w a s d esira b le , r e m o v in g  40%  o f  th e  in it ia l sk im  m ilk  
v o lu m e  d ir e c t ly , f o l lo w e d  b y  c o n s ta n t  a d d it io n  o f  w a ter  to  th e  
r e te n ta te  w h ile  f r a c t io n a t in g  t o  th e  req u ired  d eg ree . H igh er  
p e r m e a te  f lu x  ra tes  (P R ) w e re  th e r e b y  m a in ta in e d , w ith  re
d u ce d  p r o c ess in g  t im e s . P o m p e i e t  al. ( 1 9 7 3 )  c o n c lu d e d  th a t  
u ltr a f iltr a t io n  o f  sk im  m ilk  w a s m o r e  e c o n o m ic a l  a t 5 0 ° C  th a n  
at 5 °C , P R  b e in g  fo u r- t o  f iv e fo ld  h igh er . M ost b a c ter ia l  
g r o w th  w a s in h ib ite d  at b o t h  te m p e r a tu r e s . T h e y  o b serv ed  
o n ly  m in o r  ch a n g e s  in  r e je c t io n  p e r fo r m a n c e  o f  th e ir  m e m 
b ran es an d  w ere  n o t  a b le  to  d e te c t  a n y  ch a n g e s  in  p r o te in  
q u a lity .

W ork to  d a te  h a s b e e n  m a in ly  c o n c e r n e d  w ith  ch a ra cter 
iz in g  and o p t im iz in g  th e  p r o c ess . H o w e v er , M a u b o is  and  
M o c q u o t  ( 1 9 7 1 )  u t i l iz e d  u ltr a f iltr a t io n  to  p rep are  a 27%  T S  
sk im  m ilk  r e te n ta te , w h ic h , w h e n  c o m b in e d  w ith  crea m  o f  
a p p ro p ria te  fa t  c o n te n t ,  gave a f lu id  o f  th e  sa m e  c o m p o s it io n  
as a s o f t  c h e e se . A d d it io n  o f  sta r ter  and ren n in , f o l lo w e d  b y  
r ip en in g , gave a c h e e s e  o f  g o o d  o r g a n o le p t ic  q u a lity . C h eese  
y ie ld  w a s im p r o v e d  b y  in c o r p o r a t io n  o f  so lid s  w h ic h  w o u ld  
n o r m a lly  have b e e n  e x p e lle d  in  w h e y .

C otta g e  c h e e se  p r o d u c t io n
P r o d u c tio n  o f  c o tta g e  c h e e s e  curd  in  th e  U .S .A . w a s 3 .6 6  X 

1 0 8 k g  in  1 9 7 2  (U S D A , 1 9 7 3 ) .  T h e  q u a n t ity  o f  c o tta g e  c h e e se

w h e y  r esu lt in g  fr o m  th is  p r o d u c t io n  w a s a p p r o x im a te ly  2 .7 5  
X 1 0 9 kg. T h e  a sso c ia te d  p o l lu t io n  p r o b le m  has b e e n  w e ll  
d o c u m e n te d  (G ro v e s  and G raf, 1 9 6 5 ;  N ie ls e n , 1 9 7 0 ) .

C o tte g e  c h e e se  is g e n e ra lly  m a d e  b y  a b a tc h  p r o c ess  u sin g  
la c t ic  starter  cu ltu r e . A  c o n t in u o u s  m e th o d  (E r n str o m , 1 9 6 7 )  
w a s d e v e lo p e d  b u t  h as n o t  b e e n  a d o p te d  c o m m e r c ia lly . S k im  
m ilk  at 2 —5 °C  w a s a c id if ie d  d ir e c t ly  in -lin e  and p u m p ed  
th r o u g h  a v e r tic a l, tu b u la r  h e a t e x c h a n g e r  w h e r e  c o a g u la t io n  
o c cu rr ed . T h e  sy s te m  p e r fo r m e d  o p t im a lly  w h e n  m ilk  w a s pre
c o n c e n tr a te d  ( t o  le s s  th a n  15%  T S ) b u t  th e r m a l e v a p o r a tio n  
w a s t o o  c o s t ly  to  p e r m it c o m p e t it iv e  o v e ra ll o p e r a t io n .

P u rp o se  o f  th is  s tu d y

U ltr a filtr a t io n  w as in v e s t ig a te d  fo r  p r e -c o n c e n tr a t in g  m ilk  
fo r  c o t ta g e  c h e e se  p r o d u c tio n . R e m o v a l o f  h a lf  th e  in it ia l m ilk  
v o lu m e  as a la c to se -r ic h , a c id -fre e  p e r m e a te  w o u ld  in  tu rn  
r e d u c e  th e  w e ig h t  o f  a c id  w h e y  r esu lt in g  i f  c h e e s e  w ere  m ad e  
fr o m  th e  sk im  m ilk  r e te n ta te . W aste B O D  w o u ld  b e  su b sta n 
t ia lly  red u c ed  and th e  in c re a se d  p r o te in  c o n te n t  o f  th e  m ilk  
w o u ld  in c re a se  p r o d u c t io n  c a p a c ity  o f  a c o t ta g e  c h e e se  o p e r 
a tio n .

P erm ea te  r e m o v e d  d u rin g  u ltr a f iltr a t io n  w a s reserv ed , as 
w ere  th e  a c id  w h e y s  o b ta in e d  fr o m  m a k in g  c o t ta g e  c h e e se s  
fr o m  th e  sk im  m ilk  r e te n ta te s . T h e se  f lu id s  w e r e  b le n d e d  for  
to ta l  so lid s  fo r t i f ic a t io n  o f  b ev era g e  sk im  m ilk , r ep o rte d  sep a 
r a te ly  (M a tth e w s  e t a l.,  1 9 7 6 ) .

M E T H O D S  & M A T E R IA L S

Ultrafiltration (UF)
Raw skim milk was obtained from  the University o f Wisconsin dairy 

plant, pasteurized a t 62.8°C for 30 min and cooled to  the required 
processing tem perature. Milk was held in a jacketed, 750 liter stainless 
steel vat which served as feed well to  the ultrafiltration unit. Processing 
tem peratures utilized were 4.4, 21 and 49°C ± 0.5°C. Milk was recycled 
continuously to the feed well from  the UF unit until the desired degree 
of fractionation was obtained, as determ ined by cumulative weight o f 
permeate removed.

The m embrane unit used throughout was a Havens “ Osm otik” 
(Universal Oil Products, San Diego, CA) w ith five horizontally m ounted 
“ 215” tubular modules (with displacement rods) arranged in series. 
Total m embrane surface area was 8.26m 2 obtained from 18 1.27-cm 
diam tubes, each 2.44m  long, per module. For each run a constant 
applied back pressure o f 7.03 kg cm"2 was maintained. Permeate flux 
rates (liters m '2 day"1, LMD), inlet pressure (kg cm '2), and tem perature 
(°C) were m onitored throughout.

After each ran, water o f the same tem perature as the milk processed 
was used to flush the unit for 15 min. “ Ultraclean” (Abcor, Inc., Cam
bridge, Mass.) was used to clean the membranes. This detergent plus 
proteolytic enzym e formula was passed through the system for 3 0 -4 0  
min at 50°C, followed by a water rinse at 33°C for 15 min. Sanitizing 
was with Antibac “ B” (W yandotte Chem. Corp., W yandotte, Mich.) to 
provide 100 ppm available chlorine for 15 min. Cold water (14°C) was 
used to flush the unit o f  chlorine. Restoration of a water flux of 625 
LMD at 14°C and 7.03 kg cm '2 applied back pressure was routinely 
achieved.
Cottage cheese manufacture

Approxim ately 130 kg o f skim milk retentate at 21°C was cultured 
with 10 ml concentrated lactic starter culture (Marschall Div., Miles 
Labs., Madison, WI) and 0.2 ml single strength re n n e t The curd was cut 
in 0.95 cm cubes when it reached pH values 4 .6 2 -4 .6 8  (approx 16 hr).
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After 5 min, the curd was cooked by raising the tem perature to  50.5°C 
over 1.5 hr. Whey was drained and the curd washed w ith water at 27°C, 
followed by a cold wash at 2°C. Curd was drained for 1 hr and creamed 
to give 4% bu tte rfa t in the  final p ro d u c t After 1 day’s storage at 2°C to 
permit cream adsorption by the curd, evaluation o f flavor and texture 
was conducted by a 25-member panel, using a preference-reference 
ballot with a long-set, large curd cottage cheese made by the University 
dairy plant as reference. Data were analyzed by com putation o f  least 
significant differences among flavor and texture score means (Larmond, 
1970). The complete processing and evaluation sequence is depicted in 
Figure 1. Two preliminary trials were conducted prior to the trials 
reported in this paper. Results presented are representative o f  all trials.
Analyses

Samples of skim milk retentates and permeates were analyzed as 
follows:

T otal nitrogen (N) by a semi-micro Kjeldahl m ethod (Bradstreet,
1965);

T otal solids (TS) by a gravimetric m ethod (AOAC, 1970);
Undenatured whey protein N (UDWPN), nonprotcin N (NPN, solu

ble in  12% trichloracetic acid), proteose-peptone N (PPN), and 
casein N (CN) according to Wyeth (1972);

T otal calcium according to Kamel (1960);
Standard microbial plate count (SPC), coliforins on violet red bile 

agar, and yeasts and molds according to m ethods of the Amer. 
Public Health Assoc. (1967).

Wheys were analyzed for TS, N, calcium, coliforms and yeasts and 
molds by the same methods.

Cottage cheeses were analyzed for TS (pre-creaming) and coliforms.
Solids contents were estimated by crushing curd particles and drying 

approxim ately 0.5g to constant weight at 102°C.

R E S U L T S  &  D IS C U S S IO N  

U ltr a filtr a t io n  o f  sk im  m ilk

P er m ea te  f lu x  ra tes  (P R )  are d e p ic t îd  w ith  r e sp e c t  t o  to ta l  
so lid s  o f  sk im  m ilk  r e te n ta te s  at th r e e  p r o c e ss in g  te m p e r a tu r e s  
in  F ig u re  2. T h is  p a tte r n  has n o w  b e e n  w e ll e s ta b lish e d  
(F e n to n -M a y  et a l.,  1 9 7 2 ;  P o m p e i e t a_., 1 9 7 3 )  and illu s tr a te s  
th e  a d v a n ta g e  o f  h ig h er  te m p e r a tu r e  p r o c e ss in g  w h e r e v e r  p o ss i
b le  w ith in  e q u ip m e n t  and f lu id  s ta b il ity  lim ita t io n s . In itia l  
f lu x  ra tes w e re  im p r o v ed  b y  p r o c e ss in g  at 21 a n d  4 9 ° C  b y  
a p p r o x im a te ly  5 0  and 300% , r e sp e c t iv e ly , o v e r  th a t  a c h ie v e d  
at 4 .4 °C . F lu x  d e c lin e s  w h ile  in c re a sin g  r e te n ta te  so lid s  fr o m  9 
to  12%  w e re  1 6 , 15 and 7 -1 /2 %  at 4 .4 ,  21 an d  4 9 ° C , r e sp e c 
t iv e ly , in d ic a t in g  a fu r th e r  a d v a n ta g e  o f  h igh er  te m p e r a tu r e  
p r o c ess in g  in  th a t less d e c lin e  in  P R  o c cu rr ed  fo r  a n y  d e g r ee  o f  
fr a c t io n a tio n .

P re lim in a ry  e x p e r im e n ts  in  w h ic h  m ilk  v o lu m e  w a s  h a lved  
b y  u ltr a filtr a tio n  y ie ld e d  r e te n ta te s  w h ic h , in  tr ia l c o t ta g e  
c h e e se  p r o d u c t io n , w e re  fo u n d  to  g ive  u n m a n a g e a b ly  iarge  
a m o u n ts  o f  curd  per u n it  v o lu m e . A g ita t io n  w h ile  c o o k in g  w a s  
d if f ic u lt ,  lea d in g  to  lo c a liz e d  o v e r -h e a tin g  w ith  c o m m e n su r a te  
curd  p a r tic le  m a ttin g . F r a c t io n a t io n  to  v o lu m e tr ic  c o n c e n tr a 
t io n  r a t io s  (V C R , or in it ia l m ilk  w e ig h t  d iv id e d  b y  f in a l re
te n ta te  w e ig h t)  o f  <  2  w a s th e r e fo r e  n e c essa ry .

C o tta g e  c h e e s e  p r o d u c tio n

D a ta  c o lle c te d  d u rin g  p r o d u c t io n  o f  e a c h  b a tc h  o f  c o t ta g e  
c h e e se  are su m m a riz ed  in  T a b le  1, tr ia ls  1, 2 and 3 b e in g

Fig. 1 -Processing sequence for production o f cottage cheese from 
retentates prepared by ultrafiltration o f skim milk and for fortifi
cation o f beverage skim milk with a condensed permeate/whey 
blend.

Table 1—Production data from manufactura of cottage cheese from 
skim milk retentates produced by ultrafiltration (UF)

Characteristic 1

Trial

2 3

U F  temperature °C - 4.4 21.0 49.0
Analyses

Sk im  m ilk So  I idsa % 9.06 9.06 9.06 9.06
Nitrogenb % 5.70 5.70 5.70 5.70
Calcium g/liter 1.25 1.25 1.25 1.25
Weight kg 229 229 234 252

Retentate Solids® % - 12.20 12.91 13.12
Nitrogenb % - 7.27 7.62 7.69
Calcium g/iiter - 1.77 1.94 2.05
Weight kg - 1 32 127 136
V C R C 1.0 1.74 1.84 1.36

Culturing
Setting temperature °C 21 21 21 21
Starter volum e ml 20 • 0 10 10
Rennet volum e ml 0.5 0.25 0.25 0.25
pH after setting 4.65 4.62 4.68 4.62
Setting time hr 15 16 20 20

Cook ing

Curd size cm 0.95 0.95 0.95 0.95
Time hr 1.5 1.5 1.5 1.5
Final temperature °c 58.0 50.5 50.5 50.5
Final curd solids % 20.1 21.0 22.2 22.5

Yields
Weight of d ry  curd kg 30.4 30.0 29.5 31.9
Curd wt/m ilk wt % 13.3 13.1 12.6 12.6
Curd wt/wt of retentate % — 22.7 23.2 23.4

Coliform s g' 1 <1 <1 <1 <1
Whey analyses

So lid sa % 6.53 3.09 8.52 8.66
Nitrogenb % 1.94 2.72 2.89 2.96

b
c

Total solids, percent, wet weight basis 
Total nitrogen in dry matter, percent 
Volum etric concentration ratio
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prepared  fr o m  r e te n tâ te s  o b ta in e d  b y  u ltr a f iltr a t io n  o f  sk im  
m ilk  at 4 .4 ,  2 1 .0  and 4 9 .0 ° C ,  r e sp e c t iv e ly . N o  d i f f ic u lty  w a s  
e n c o u n te r e d  in  a n y  case  in  te r m s o f  curd fo r m a t io n  w ith  th e  
e x c e p t io n  o f  s lo w  a c id  p r o d u c t io n  in  tw o  tria ls. T h is  w a s a t
tr ib u te d  to  th e  la c t ic  starter  c u ltu r e  ra th er  th a n  th e  m ilk  as 
earlier tria l runs in d ic a te d  n o  p r o b le m  in  th is  regard. T h e  
c o a g u lu m  w a s c o n s id e r a b ly  firm er  a fter  r ea c h in g  c u tt in g  pH  
( 4 . 6 2 - 4 . 6 8 )  th a n  th a t  o f  a sk im  m ilk  c o n tr o l and , a fter  c u t
ting , w as in it ia l ly  m o r e  d if f ic u lt  to  a g ita te .

T itra ta b le  a c id ity  w a s n o t  u sed  as a m ea su re  o f  ac id  d e v e l
o p m e n t  b e c a u se  o f  th e  h ig h er  in it ia l  p r o te in  c o n te n t  o f  th e  
r e te n tâ te s  (T a b le  1). T h e  a sso c ia te d  in crea sed  b u ffe r in g  ca
p a c ity  o f  th e  m ilk  ra ised  t itr a ta b le  a c id ity  v a lu e s  w h ic h  n e c e s 
s ita te d  u sin g  pH  as a m e a su re  o f  su f f ic ie n t  ac id  p r o d u c tio n .

S n y er e sis  w as e v e n  and a firm , c o o k e d  curd w a s o b ta in e d  
w ith  le ss  h e a t in g  th a n  w a s req u ired  fo r  regu lar  c o t ta g e  c h e e se  
p r o d u c tio n . T h e  U n iv e r s ity  d a iry  p la n t h e a te d  curd  to  5 8 ° C  
b u t it w as fo u n d  w ith  sk im  m ilk  r e te n tâ te s  th a t  th is  d e g r ee  o f  
c o o k in g  p r o d u c e d  a to u g h  curd  o f  u n d e s ira b le  te x tu r e . C o o k 
in g  to  5 0 .5 ° C  p r o d u c e d  a curd , p re-crea m in g , o f  21 — 23%  T S  
so  th a t e v en  less  c o o k in g  w o u ld  b e  req u ired .

H o w ev er , as h e a t in g  th e  curd  to  te m p e r a tu r e s  greater  th a n  
5 2 °C  is n e c e s sa r y  to  d e s tr o y  p s y c h r o tr o p h ic  and starter  b ac
teria , i t  is  d o u b t fu l  w h e th e r  th is  is  an  a d v a n ta g e . F u rth er  w o r k  
is  req u ired  t o  d e te r m in e  o p t im u m  c o o k in g  c o n d it io n s  w h ic h  
w o u ld  g ive  u n ifo r m ly  te x tu r e d  curd  o f  20%  T S  and lo w  b a c
ter ia l c o u n t . S u b se q u e n t  to  th is  w o r k , it w a s p o in te d  o u t  th a t  
c u tt in g  th e  curd  at lo w e r  pH  m ig h t b e  a d v a n ta g e o u s  in  th a t  
se tt le d  curd  p a r tic les  w o u ld  h a v e  le s s  t e n d e n c y  to  m at and  
w o u ld  req u ire  lo n g er  c o o k in g .

Y ie ld s  o f  c o t ta g e  c h e e s e  w e re  c a lc u la te d  as p e r ce n ta g e s  o f  
in it ia l w e ig h ts  o f  sk im  m ilk  u sed  and o f  w e ig h ts  o f  cu ltu r ed  
r e te n tâ te s . C o n tro l y ie ld  w as 13 .3%  o f  in it ia l sk irr  m ilk  
w e ig h t , w h ic h  is a lso  a c h iev e d  b y  th e  U n iv e r s ity  d a iry  p lan t in  
its  c o m m e r c ia l sc a le  o p e r a t io n . S im ila r ly , e x p r e sse d  y ie .d s  for  
tria ls 1, 2 and 3 w ere  1 3 .1 ,  1 2 .6  and 12.6% , r e sp e c t iv e ly .  
C o m m e r c ia lly  p r o d u ce d  c o t ta g e  c h e e se  curd  u su a lly  c o n ta in s  
20%  T S  w h er ea s  curd  T S  v a lu e s  in  th is  ser ie s  w ere  h igh er  
(T a b le  1). W h en  c o rr ec ted  t o  20%  T S , y ie ld  v a lu e s  w ere  
d ir e c t ly  co m p a r a b le . W h en  e x p r e sse d  as p e r c e n ta g e s  o f  w e ig h ts  
o f  c u ltu r ed  r e te n tâ te s , r e sp e c t iv e  y ie ld s  w e r e  2 2 .7 ,  2 3 .2  and

TOTAL SOLIDS OF RETENTATE (W/W. PERCENT.)

Fig. 2—Change in permeation flux rates with retentate solids con
centration during ultrafiltration o f skim milk at three temperatures.

2 3 .4 %  fo r  tr ia ls  1, 2 and 3 (T a b le  1). O n e  o f  th e  m ajor advan 
tages to  p r e -fr a c tio n a tin g  sk im  m ilk  is th is  g r ea tly  im p ro v ed  
y ie ld  o f  curd  per b a tc h . Y ie ld  im p r o v e m e n t per  v a t is  d ic ta te d  
b y  e x te n t  o f  fr a c t io n a t io n  a n d  is l im ite d  e s se n t ia lly  b y  h o w  
m u c h  curd  car. b e  h a n d le d  in th e  v a t w ith o u t  m a tt in g  du rin g  
c o o k in g .

T h e  w h e y  w h ic h  is o b ta in e d  fr o m  su c h  an o p e r a t io n  has 
h ig h er  to ta l  so lid s  th a n  th a t o f  a c o n tr o l o n  a c c o u n t  o f  w h e y  
p r o te in  c o n c e n tr a t io n  d u rin g  u ltr a f iltr a t io n . T o ta l  so lid s  fo r  
w h e y s  fr o m  tria ls 1, 2 an d  3 w e re  8 .0 9 ,  8 .5 2  an d  8 . 6 6%, 
r e s p e c t iv e ly , c o r r e sp o n d in g  to  V C R ’s o f  1 .7 4 ,  1 .8 4  an d  1 .8 6 . 
A n  im p r o v ed  y ie ld  o f  c o t ta g e  c h e e se , e x p r e sse d  as a p e r ce n ta g e  
o f  th e  w e ig h ts  o f  sk im  m ilk  u sed , w o u ld  th e r e fo r e  b e  e x p e c te d  
b e c a u se  o f  th e  r e te n t io n  o f  w h e y  so lid s  in  th e  curd . T h e  sca le  
o f  th e se  e x p e r im e n ts  w a s sm a ll, h o w e v e r , and r a n d o m  errors in  
y ie ld  d e te r m in a t io n s  w o u ld  h a v e  te n d e d  to  m a sk  a n y  m argin al 
im p r o v e m e n ts . O n  a larger sca le , y ie ld  im p r o v e m e n t  w o u ld  be  
d e te c ta b le  to  an  e x t e n t  d ic ta te d  b y  th e  d e g r ee  o f  fr a c t io n 
a tio n . T h e  la tte r  w o u ld  b e  l im ite d , h o w e v e r , b y  th e  in crea sed  
d if f ic u lty  o f  c o o k in g  a th ic k e r  c o a g u lu m .

T h e  B O D  o f  w h e y  w h ic h  r e su lts  fr o m  th e  p r o d u c t io n  o f  
c o tta g e  c h e e s e  fr o m  sk im  m ilk  r e te n ta te  w o u ld  b e  h igh er  th a n  
th a t o f  regu lar a c id  w h e y  (6 .5 %  T S ). T h e  s e c o n d  h a lf  o f  th is  
s tu d y  w ill  r ep o rt th e  use  o f  th is  m o r e  c o n c e n tr a te d  w h e y ,  
c o m b in e d  w ith  th e  s w e e t  (p H  6 .7 2 )  p e r m e a te  r e m o v e d  du rin g  
u ltr a filtr a tio n , as a fo r t i f ic a t io n  m a ter ia l fo r  b ev era g e  sk im  
m ilk .

F lavor p an el e v a lu a tio n

F la v o r  and te x tu r e  sc o r e s  fo r  e a c h  c o t ta g e  c h e e s e  are d e
p ic te d  in  F ig u re  3. N o  s ig n if ic a n t  d if fe r e n c e s  w e r e  fo u n d  
a m o n g  fla v o rs  and th a t  o f  a g o o d  q u a lity  r e fe r e n c e , in d ic a t in g  
th a t n o  u n d e s ira b le  o d o r s  o r  f la v o rs  w e r e  tr a n sm itte d  to  th e  
m ilk  d u rin g  p r o c e ss in g  an d  th a t m ic r o b ia lly - in d u c e d  o ff- f la v o r s  
w ere a b sen t. T h e  p a n el a lso  r a n k ed  sa m p le s  fr o m  tr ia l 1 w h ic h  
had b e e n  sto r ed  at 2 °C  fo r  2  w k . T h e  fla v o r  sc o r e  is in d ic a te d  
in  F ig u re  3 and sh o w s  th a t  p r o d u c t  k e e p in g  q u a lity  w a s ac
c e p ta b le .

T e x tu r e s  o f  so m e  sa m p le s  w e r e  ju d g e d  so m e w h a t  to u g h ,  
e sp e c ia lly  th a t fr o m  T rial 1 w h ic h  a b so rb ed  cream  stro n g ly . 
H o w ev er , th is  w a s n o t  c o n s id e r e d  se r io u s  as t e x tu r e  can  be

REF BATCH I BATCH 7 BATCH 3 BATCH 1
CHECK (UF AT (UFAT (UF AT AFTER 14

4.4°C) 21.0 °C> 49.0 °C) DAYS AT 2°C

Fig. 3—Flavor and texture scores o f cottage cheeses prepared from 
retentâtes obtained by ultrafiltration o f skim milk.
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Casein Nitrogen (CN) I f l U  Non-Protein Nitrogen (NPN)

Undenatured Whey Protein Nitrogen (UDWPN)

Proteose Peotone Nitroaen (PPN)

Posteurized skim Retentóte from UF Re?entote from UF Retentóte from UF

milk of skim m¡lk at of skim milk at ot skim milk at

4.4 °C 21.0 °C 49.0 °C

Fig. 4 —Concentrations o f principle nitrogenous fractions o f unfrac
tionated skim milk and o f retentâtes obtained by ultrafiltration o f  
skim milk.

r ea d ily  im p r o v ed  b y  a d ju stin g  th e  c o t ta g e  c h e e se m a k in g  o p er 
a tio n .

A n a ly se s
R e la t iv e  a m o u n ts  o f  n itr o g e n  fr a c t io n s  in  sk im  m ilk  at 0  

t im e  and in  r e te n ta te s  a fter  p r o c ess in g  at 4 .4 ,  21 and 4 9 ° C  to  
V C R ’s o f  1 .7 4 , 1 .8 4  and 1 .8 6 , r e s p e c t iv e ly , are sh o w n  in  
F igu re 4 . R e su lts  a t 0  t im e  w e re  w ith in  p u b lish e d  ran ges (Jen -

TOTAL SOLIDS OF RETENTATE (W/W. PERCENT.)

Fig. 5—Changes in calcium concentrations o f retentates and per
meates with retentate solids during ultrafiltration o f skim milk at 
three temperatures.

n e ss  an d  P a tto n , 1 9 5 9 ) .  R e te n ta te  a n a ly se s  in d ic a te  th a t  o f  th e  
m ajor N  fr a c t io n s , o n ly  n o n p r o te in  N  (12%  T C A  s o lu b le )  w as  
free  t o  pass th r o u g h  th e  m em b ra n e . R a tio s  o f  u n d e n a tu r e d  
w h e y  p r o te in  N  an d  p r o te o se  p e p to n e  N  t o  c a se in  N  rem a in  
c o m p a r a tiv e ly  u n c h a n g e d  w h er ea s  N P N  d e c lin e d , a s a r a t io  o f  
case in  N , fr o m  0 .0 8 7  at 0  t im e  to  0 .0 4 3  a fter  p r o c e s s in g  at 
4 9 °  C.

P er m ea te  a n a ly se s  in d ic a te d  o n ly  m in o r  c h a n g e s  in  per
m e a te  c o m p o s it io n  du rin g  u ltr a f iltr a t io n . T o ta l  so lid s  in 
creased  s lig h t ly , r e f le c t in g  in c re a se d  T S  c f  r e te n ta te s . N itr o g e n  
c o m p o u n d s  in  p e r m e a te s  w e re  s o lu b le  in  12%  T C A  a t e a ch  
te m p era tu re .

C a lc iu m  d e te r m in a t io n s  in d ic a te d  th a t tr a n sm e m b r a n e  
tra n sp o rt o f  th is  io n  w as l im ite d , as e x p e c te d  b e c a u se  o f  its  
c o llo id a l a ss o c ia t io n  w ith  c a se in  w h ic h  is 100%  r e ta in e d . Per
m e a te  fr o m  th e  4 9 ° C  o p e r a t io n  w a s d e te c ta b ly  lo w e r  in ca l
c iu m  th a n  p e r m e a te  o b ta in e d  d u rin g  U F  a t 4 .4 ° C  ( 0 .3 5  vs 0 .4 1  
g /lite r )  w h ile  r e te n ta te s , at a n y  g iv en  T S , had  h igh er  c a lc iu m  
c o n te n ts  w ith  in c re a sin g  te m p e r a tu r e  (F .g . 5 ) .  C a lc iu m , b e in g  
less  s o lu b le  at h igh er  te m p e r a tu r e  in its  io n ic  fo r m , w o u ld  te n d  
t o  a sso c ia te  m o r e  s tr o n g ly  w ith  c o llo id a l  m ilk  p r o te in . In
creased  c a lc iu m  r e te n t io n  w o u ld  th e r e fo r ;  b e  e x p e c te d .  

B a c te r io lo g ic a l e x a m in a t io n s  o f  r e te n ta te s  a n d  p e r m ea te s

L o w  te m p e r a tu r e  ( 2 —5 ° C ) m em b ra n e  p r o c e ss in g  in h ib its  
m icr o b ia l g r o w th  b u t c a u ses  lo w  f lu x  ra tes. T e m p e r a tu r e s  
greater  th a n  6 0 ° C  a lso  in h ib it  g r o w th  t u t  r e d u c e  m e m b ra n e  
l i f e t im e s  b y  a c c e le r a t in g  c e llu lo se  a c e ta te  h y d r o ly s is  (P o m p e i  
e t a l., 1 9 7 3 ) .  H ea t d é n a tu r a t io n  o f  p ro re in s  m a y  a lso  o c cu r .  
C o m m e rc ia l-sca le  f r a c t io n a t io n  o f  w h e y  at 5 0 —5 5 ° C  h as b e e n  
r e p o r te d  (H o r to n , 1 9 7 3 ) .

M ic r o b io lo g ic a l a n a ly se s  in  th is  s tu d y  in d ic a te d  th a t  p ro c
e ss in g  in  th e  ran ge  2 0 —2 5 ° C  w as u n d e sira b le . F lu x  ra te  im 
p r o v e m e n t o v er  th a t  a c h iev ed  at 4 .4 ° C  w a s n o t  large  (a p p r o x

TOTAL SOLIDS OF RETENTATE (W/W. PERCENT.)

Fig. 6—Changes in microbiological standard plate counts with re
tentate solids concentration during ultrafiltration o f  skim milk at 
three temperatures.
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Table 2—Microbiological analyses of retentâtes and permeates during ultrafiltration of skim milk at three temperatures

Ultrafiltration temperature, °C

Sample
Time

hr

4,4 21.0 49.0

Coliforms3 Y& M b Coliforms Y&M Coliforms Y&M

(ml) (ml) (ml) (ml) (ml) (ml)

Retentate 0 <1 <1 <1 <1 <1 <1
1 6 1 >200 100 22 <1
2 2 1 >200 >200 55 2
3 8 1 >200 >200
4 14 <1

Permeate 1 5 <1 >200 <1 72 <1
2 2 <1 >200 <1 55 <1
3 1 <1 >200 <1

Water rinsesc
Retentate exit <1 <1 <1 <1 <1 <1
Permeate exit <1 <1 <1 <1 <1 <1

3  C o liform s on violet red bile agar
b Yeasts and molds on acidified potato dextrose agar
c R inse samples taken before processing at temperature indicated

50%  h ig h er ) w h er ea s  at 4 9 ° C  P R  w a s 3 00%  h ig h er  and curd  
fo r m in g  p r o p e r tie s  w e r e  n o t  im p a r ied . S tan d ard  p la te  c o u n ts  
fo r  r e te n ta te s  are d e p ic te d  in  F igu re  6 and  have b e e n  c o rr ec ted  
fo r  v o lu m e tr ic  c o n c e n tr a t io n . R e su lts  at 4 .4  and 4 9 ° C  are 
a c c e p ta b le  w h er ea s  2 1 ° C  sa m p le s  sh o w e d  rap id  p r o life r a t io n  
o f  b a c te r ia  an d  a lso  y e a s t s  and m o ld s  (T a b le  2 ) .

S a n itiz in g  th e  u n it  d id  n o t  ap p ear to  b e  t o ta l ly  e f fe c t iv e  
w h e n  m a n u fa c tu re r ’s r e c o m m e n d e d  p r o c e d u r e s  w e r e  fo l lo w e d .  
H igher te m p e r a tu r e  p r o c e ss in g , in  p a rticu la r  at 2 1 ° C , a p p ea red  
to  f lu sh  b a c te r ia  fr o m  th e  p e r m e a te  s id e  o f  th e  m e m b ra n es . 
W ater at th e  sa m e  te m p e r a tu r e  an d  fa ster  f lo w  ra tes  fa ile d  to  
d is lo d g e  o r g a n ism s, SP C ’s, c o lifo r m s , an d  y e a s ts  an d  m o ld s  
b e in g  c o n s is te n t ly  <  1 /m l  in  w a te r  r in se  sa m p le s .

M c D o n o u g h  and H argrove ( 1 9 7 2 )  s tu d ie d  sa n ita t io n  p ro
c ed u res  fo r  an  u ltr a f iltr a t io n  u n it  id e n t ic a l  t o  th a t used  in  th is  
stu d y . T h e y  fo u n d  th a t c h lo r in e  sa n it iz er s  c o u ld  n o t  b e  u sed  
for  lo n g  p e r io d s  (o v e r  sev era l d a y s )  at le v e ls  to  p r o v id e  greater  
th a n  5 0  p p m  a v a ila b le  c h lo r in e  b e c a u se  o f  irrev ersib le  d am ag
in g  e f fe c t s  o n  c e llu lo se  a c e ta te  m e m b ra n es . F o r  c o m p le te  
sa n ita t io n , th e y  r e c o m m e n d e d  th a t m o d u le s  b e  v e r t ic a lly  
m o u n te d  to  p e r m it c o m p le te  f lo o d in g  w ith  an io d in e  sa n it iz in g  
so lu t io n . H o r iz o n ta lly  m o u n te d  sy s te m s  w e r e  fo u n d  d if f ic u lt  
to  sa n it iz e .

T h e  in fe c te d  s ta te  o f  th e  (h o r iz o n ta lly  m o u n te d )  m em b ra n e  
m o d u le s  u sed  in  th is  s tu d y  w a s th e r e fo r e  p r e su m a b ly  p e r p e tu 
a ted  b y  an  in e f fe c t iv e  sa n it iz in g  p ro c ed u r e .

C O N C L U S IO N S

U L T R A F IL T R A T IO N  ca n  be u sed  as a p r e -fr a c t io n a tio n  s te p  
to  in crease  th e  p r o d u c tio n  c a p a c ity  o f  a c o tta g e  c h e e se  o p e r 
a tio n . H igh te m p e r a tu r e  ( 5 0 - 5 5 ° C )  p r o c ess in g  g iv es h ig h  
p e rm ea te  f lu x  r a tes  ( >  4 0 0  L M D ) w h ic h  d e c lin e  b y  < 1 0 %  in  
a ch iev in g  a V C R  o f  1 .8 6 . B a c ter ia l g r o w th  is in h ib ite d  in  th is  
te m p er a tu r e  ran ge  a lth o u g h  p r e c a u tio n s  w o u ld  b e  n e c e s sa r y  to  
a vo id  a c c u m u la t io n  o f  th e r m o p h ilic  sp ec ie s .

It is p r o p o se d  th a t  u ltr a f iltr a t io n  o f  sk im  m ilk , w ith o u t  
reso r tin g  to  h ig h  d eg rees  o f  fr a c t io n a t io n  w h ic h  w o u ld  r e d u c e  
PR  and in crea se  sa n ita r y  p r o b le m s, c o u ld  serve as an e f f ic ie n t ,  
n o n d a m a g in g  m ea n s o f  p r e -tr e a tm e n t for  th e  c o n t in u o u s ,  
d ir ec t a c id if ic a t io n  p r o c ess . C u rd -fo rm in g  p r o p e r tie s  are n o t  
im p a ired .

A s fr a c t io n a tio n  e f fe c t s  an in c r e a se  in  w h e y  so lid s  w h ile  
in c re a sin g  th e  c o n c e n tr a t io n  o f  c a se in , an im p r o v ed  y ie ld  o f

c o tta g e  c h e e s e  so lid s , e x p r e s se d  as a p e r c e n ta g e  o f  w e ig h t  o f  
sk im  m ilk  u sed , w o u ld  b e  e x p e c te d .
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SKIM MILK FORTIFICATION USING BLENDS OF SKIM MILK 
ULTRAFILTRATE AND COTTAGE CHEESE WHEY

-----------------------------------------  A B S T R A C T  -----------------------------------------

Perm eate (pH 6.71) from ultrafiltration of skim milk was blended 1:1 
and 2:1 (w/w) with whey (pH 4.68) resulting from  production of cot
tage cheese from skim milk retentate. Blends were condensed to 50% 
solids and used to increase solids concentration of skim milk by up to 
2%. With increasing solids addition, skim milk pH declined and ash, 
lactose, and protein concentrates (wet weight basis) increased. The ratio 
of undenatured whey protein nitrogen:casein nitrogen increased by 
50% in milk fortified with 2% added solids provided by condensed 2:1 
permeate:whey blend. Bacteriological quality o f fortified sample: was 
satisfactory. Sensory evaluations indicated that skim milk fortification 
limits using 1:1 and 2:1 permeate:whey blends were 0.5 and 1.0% 
added solids, respectively.

IN T R O D U C T IO N

F L U ID  SK IM  M IL K  m a rk eted  c o m m e r c ia lly  is  c o m m o n ly  
fo r t if ie d  w ith  a d d ed  n o n fa t  m ilk  so lid s  (S N F )  to  p r o v id e  a 
m ore  d esira b le  c o n s is te n c y . It h as a lso  b e c o m e  c o m m o n  t c  use  
la c to s e  to  a c h ie v e  th e  sa m e  e f fe c t  or  a c o m b in a t io n  o f  la c to se  
and S N F . E m u ls if ie r s  a n d  sta b ilize r s  h a v e  b e e n  u sed  t o  lc w e r  
th e  w e ig h t o f  a d d e d  so lid s  req u ired  to  a c h ie v e  a g iv en  v is c o s ity  
a lth o u g h  su c h  p r a c tic e  has b e e n  c r it ic iz e d  fro m  a n u tr it io n a l  
s ta n d p o in t  (A n o n .,  1 9 7 2 ) . T y p ic a l a d d it io n  le v e ls  in  sk im  
m ilk s c o m m e r c ia lly  av a ila b le  in  M a d iso n , W is., range f -o m  
0 .5%  la c to s e  t o  1.5%  S N F . O n e  brand is fo r t if ie d  w ith  C.5%  
S N F  p lu s  0 .5%  la c to se .

Q u a n tita t iv e  e s t im a tio n s  o f  se n so r y  d isc r im in a tio n  o f  fa ts  
and S N F  in m ilk  b y  ta s te  p a n els  w ere  o b ta in e d  b y  P a n g to r n  
and D u n k le y  ( 1 9 6 4 a ,  b; 1 9 6 6 ) .  F o r  m ilk s  c o n ta in in g  0 , 2 .0 ,
4 .0  an d  6 .0%  fat at S N F  lev e ls  o f  8 .5  and 10.0% , th e  in itia l  
lev e ls  o f  fa t an d  S N F  did  n o t  s ig n if ic a n tly  a f fe c t  d e te c t io n  o f  
ad d ed  S N F , w ith  0 .5%  a d d it io n  d e te c te d  67%  o f  th e  t im e  b y  a 
tra in ed  p a n el. T h e y  n o te d , h o w e v e r , th a t i f  sk im  m ilk  w ere  
su b je c te d  t o  le ss  h e a tin g  th a n  is req u ired  fo r  leg a l p a steu r i
z a t io n  and v a c u u m  tr e a te d  to  r em o v e  in te r fe r in g  o d o r s , ad d ed  
S N F  w as s lig h t ly  easier  to  d e te c t ,  c o rr ec t  r e sp o n se s  at 0 .5  and  
1.0%  a d d itio n  b e in g  7 3  an d  90% , r e sp e c t iv e ly . A d d e d  S N F  w as 
m o re  rea d ily  d e te c te d  in  sk im  m ilk  th a n  in  2 .0  a n d  3 .5%  fa t  
m ilk s w h ic h  had a lso  b e e n  su b je c te d  t o  le ss  h e a tin g  and 
v a c u u m  tr ea te d . C riteria m o st  u sed  b y  th e  ju d g e s  in  assessin g  
ad d ed  S N F  w e re  sw e e tn e ss , flavor, ta c t i le  r e sp o n se , a fte r ta ste  
and sa ltin ess .

M ore s p e c if ic  in fo r m a t io n  a b o u t  th e  c o n tr ib u t io n  o f  in d i
v id u a l c o m p o n e n ts  o f  sk im  m ilk  to  th e  la tte r ’s ta c t i le  p rop er
t ie s  w a s o b ta in e d  b y  th e  sa m e  a u th o rs  (P a n g b o r n  a n d  D u n k e y ,  
1 9 6 6 ) . T h e y  d e te r m in e d  th a t m ilk  sa lts  ( fr o m  m ilk  u ltra
f iltr a te )  and la c to se , w h e n  a d d ed  t o  sk im  m ilk  and to  m .lk s  
c o n ta in in g  2 .0  an d  3 .5%  fa t, w ere  d e te c te d  at lo w e r  c o n c e n 
tr a tio n s  th a n  ad d ed  n o n d ia ly z a b le  (m o s t ly  p r o te in ) c o m 
p o n e n ts  (N D C ). In sk im  m ilk , a d d ed  m ilk  sa lts  w ere  d e te c te d  
b y  a tra in ed  p a n e l at th e  0 .0 3 %  le v e l w ith  67%  r eg u la r ity  and  
a d d ed  la c to s e  w a s d e te c te d  w ith  th e  sa m e  reg u la r ity  at th e  
0 .3 3 %  leve l. D e te c t io n  se n s it iv ity  w a s lo w e r  in 2 .0  and 3.5%  
fa t m ilk s. A d d e d  N D C  w a s d e te c te d  w ith  67%  reg u la r ity  at ;he  
2.5%  lev e l, in d ic a t in g  th a t o f  th e  p r in c ip le  c o m p o n e n ts  o f  n o n 

fat m ilk  so lid s , p r o te in  w a s th e  lea st e f fe c t iv e  in  d e te c ta b ly  
a lter in g  o r g a n o le p t ic  p r o p e r tie s  o f  sk im  m ilk . A d d e d  sa lts  w ere  
fo u n d  to  in c re a se  th e  sa lt in e ss  im p r e s s io n  an d  t o  a lter  ta c t i le  
p r o p e r tie s . A d d e d  la c to s e  in c re a se d  s w e e tn e s s  and a fte r ta s te .  
T h e  a u th o rs  c o n c lu d e d  th a t p r o te in s  an d  c o llo id a l  sa lts  w ere  
r e la tiv e ly  u n im p o r ta n t  in  c o n tr ib u t in g  t o  th e  p a la ta b ility  o f  
m ilk . S u ch  in fo r m a t io n  h as p r o v id e d  th e  b a sis  fo r  c o m m e r c ia l  
fo r t if ic a t io n  o f  sk im  m ilk  u s in g  la c to s e  or  S N F .

U ltr a filtr a t io n  o f  sk im  m ilk
S evera l s tu d ie s  h a v e  b e e n  p u b lish e d  d e sc r ib in g  m e m b ra n e  

p r o c ess in g  o f  sk im  m ilk  (G lo v e r , 1 9 7 1  F e n to n -M a y  e t  al., 
1 9 7 2 ;  P eri e t  a l., 1 9 7 3 ;  P o m p e i et a l.. 1 9 7 3 ) .  C o m p a r a tiv e ly  
l it t le  has b e e n  r ep o rte d  o n  h o w  to  u t i l iz e  sk im  m ilk  r e te n tâ te s  
and p e r m ea te s  p r o d u ce d  b y  u ltr a f iltr a t io n  a lth o u g h  M a u b o is  
and M o c q u o t  ( 1 9 7 1 )  d escr ib ed  p r o d u c t io n  o f  s o f t  c h e e se s  
fro m  sk im  m ilk  r e te n tâ te s  c o n ta in in g  27%  so lid s .

P u rp ose  o f  th is  s tu d y
P er m ea te  r esu lt in g  fro m  u ltr a f iltr a t io n  o f  sk im  m ilk  or  

w h e y  is d ilu te  «  6% so lid s )  b u t h a s a h ig h  c h e m ic a l o x y g e n  
d em a n d  (d e F il ip p i  an d  G o ld sm ith , 1 9 7 0 ) .  I f  p r o te in s  o n ly  are 
r ec o v er ed , th e  p o l lu t io n  lo a d  o f  th e  w a s te  s trea m  rem a in s h igh . 
P erm ea te  fr o m  u ltr a filtr a tio n  o f  sk im  m ilk  has a h ig h  la c to s e  
c o n c e n tr a t io n  (o v e r  85%  in  d ry  m a tte r )  and is n o t  ac id  (p H  
a p p r o x im a te ly  6 .7 ) .

F r a c t io n a tin g  sk im  m ilk  b y  u ltr a f iltr a t io n  r e d u c e s  th e  
v o lu m e  o f  a c id  w h e y  i f  c o t ta g e  c h e e s e  is p rep a red  fr o m  re
te n ta te . S u ch  w h e y  is m o re  c o n c e n tr a te d  th a n  regu lar  acid  
w h e y  (M a tth e w s  e t ah, 1 9 7 6 ) .

F o r  th is  s tu d y , it w as p r o p o se d  th a t L ie  p e r m ea te  and acid  
w h e y  strea m s r esu lt in g  fro m  th e  u ltr a f iltr a t io n  o f  sk im  m ilk  
and p r o d u c t io n  o f  c o t ta g e  c h e e se  fr o m  r e te n ta te  b e  b le n d ed ,  
c o n d e n s e d  t o  50%  so lid s , an d  u sed  to  fo r t i fy  b ev era g e  sk im  
m ilk  t o  p r o v id e  up  to  2 % a d d ed  so lid s .

M E T H O D S  & M A T E R IA L S

PERMEATE from  the ultrafiltration (UF) of skim milk was collected 
during preparation o f retentâtes for cottage cheese making (Matthews 
et al., 1976) and stored at 2°C. Whey drained from the cottage cheese 
vats was allowed to stand overnight at 2°C to permit insoluble casein 
curd particles to settle. Permeate and whey were blended at different 
ratios to give 300 kg fluid which was condensée to  approxim ately 50% 
total solids (TS) in a falling film, single effect ev rporator (A rthur Harris 
& Co., Chicago, I1L). Recycling was continued until the desired con
centration was achieved, using an operating vac turn o f 40 cm H gan d  a 
calibrated refractom eter (Zeiss No. 133695) to determ ine TS.

Unpasteurized skim milk was obtained from the University o f 
Wisconsin—Madison dairy plant and cooled immediately to 2°C. Frcm  
the TS of the condensed perm cate/acid whey blend, the weights re
quired to fortify skim milk by 0.5, 1.0, 1.5 and 2.0% solids were 
calculated. The cooled skim milk was fortified im m ediately after evapo
ration was completed to  avoid lactose crystallization in the condensed 
fluid and pasteurized at 62.8°C for 30 min. Storcge was a t 2°C.

Sensory evaluation was conducted by a 30-member panel after 1 
and 8 days’ sample storage using a preference-reference ballot. A com
mercial skim milk which had been fortified with 0.5% lactose plus 0.5% 
SNF was used as reference. An unfortified sample was also evaluated.
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Data were analyzed by analysis of variance and com putation c f  least 
significant differences between flavor score means (Larmond, 1970). 
Samples were served at 21°C.

The processing and evaluation sequence, including those steps de
scribed in the first part o f this work (Matthews et al., 1976) are sum
marized in Figure 1.

Analyses of skim milk permeate, cottage cheese whey, whey: 
permeate blends, unfortified and fortified skim milks were conducted 
as follows:

T otal solids by a gravimetric m ethod (AOAC, 1970);
Total nitrogen by a semi-micro Kjeldahl m ethod (Bradstreet, 1965);
Undenatured whey protein nitrogen (UDWPN), proteose-peptone N 

(PPN), and nonprotein N (NPN) soluble in 12% trichloracetic 
acid, according to Wyeth (1972);

T itratable acidity (TA) as percentage lactic acid by titra tion  with 
n/10 NaOH with phenolphthalein indicator, and pH (glass elec
trode, Leeds & Northrup, Philadelphia, PA);

Microbiological analyses [standard plate counts (SPC), coliforms, 
and yeasts and molds] according to m ethods of the American 
Public Health Assoc. (1967);

Total incombustible m atter according to AOAC (1970);
E ther extractable lipid by the Mojonnier m ethod (AOAC, 1970).

R E S U L T S  &  D IS C U S S IO N

C o m p o s it io n s  o f  p e r m e a te , w h e y  a n d  p e r m e a te /w h e y  b le n d s

R e su lts  o f  p e r m e a te  a n a ly se s  are su m m a riz ed  in  T a b le  1 and  
sh o w  th a t th is  flu id  w a s a d ilu te  (4 .5 3 %  so lid s ) ,  s lig h t ly  acid  
(p H  6 .7 1 )  m a ter ia l c o n ta in in g  a p p r o x im a te ly  88% la c to se , d ry  
w e ig h t b asis (D W B ). A sh  c o n te n t  w a s 9 .2 7 % , D W B. A s p r o te in  
c o n te n t  w a s n e g lig ib le  (n itr o g e n o u s  c o m p o u n d s  p resen t w ere  
so lu b le  in  12%  T C A ), b u ffe r in g  c a p a c ity  o f  p e r m e a te  w a s lo w .  
T itra ta b le  a c id ity  w as 0 .0 6 %  (p e r c e n t  la c t ic  a c id ).

W h ey resu ltin g  fr o m  p r o d u c t io n  o f  c o t ta g e  c h e e se  fro m  
sk im  m ilk  r e te n ta te  w a s m o r e  c o n c e n tr a te d  ( 8 . 66% so lid s )  
th a n  n o r m a l c o t ta g e  c h e e s e  w h e y  (6 .5 %  so lid s ) .  T h is  in crea se , 
h o w ev e r , r e su lted  fr o m  c o n c e n tr a t io n  o f  w h e y  p r o te in s  du rin g  
u ltr a f iltr a t io n  o f  sk im  m ilk . T h e  p r o te in  c o n c e n tr a t io n  o f  
w h e y  u sed  in  th is  s tu d y  w as 18 .9%  (D W B , N  p e r c e n t  x  6 .3 8 )  
w h er ea s  regular w h e y  so lid s  c o n ta in  a p p r o x im a te ly  13%  p ro
te in . T h e  n u tr it io n a l q u a lity  o f  w h e y  p r o te in  has b e e n  w e ll  
d o c u m e n te d  (W ingerd  e i  a l., 1 9 7 0 ;  W ingerd , 1 9 7 1 )  so  th a t  
p o te n t ia l  v a lu e  o f  th e  w h e y  so lid s  w a s e n h a n c e d  b y  e f fe c t in g  a 
p artia l fr a c t io n a t io n  d u rin g  u ltr a f iltr a t io n . A sh  c o n te n t  o f  th is  
w h e y  w as h ig h  (1 1 .2 0 % , D W B ). T itra ta b le  a c id ity  w as 0 .69%  
(as la c t ic  ac id ).

P erm ea te  and w h e y  w e re  b le n d e d  in  tw o  sep a ra te  tr ia ls  to  
p r o v id e  tw o  p arts p e r m e a te  to  o n e  part w h e y  ( w /w )  and o n e  
part p e r m ea te  to  o n e  part w h e y . R e su lts  fr o m  a n a ly se s  o f  
th e se  b le n d s are in c lu d e d  in  T a b le  1. E ach  b le n d  had a h ig h  ash  
c o n c e n tr a t io n  (o v e r  10% , D W B ). T h e  h ig h  titr a ta b le  a c id ity  o f  
th e  w h e y  w a s red u c ed  a fte r  b le n d in g  w ith  p e r m ea te . V a lu es  
w e re  0 .37%  and 0 .2 7 %  fo r  th e  1:1 an d  2:1  b le n d s  o f  
p e r m e a te :w h e y , r e sp e c t iv e ly . C o r re sp o n d in g  pH  va lu es w ere
5 .0 0  and 5 .4 8 . T o ta l so lid s  w e r e  6 .0 8  and 5 .9 2 %  fo r  th e  1:1 
and 2 : 1  b le n d s, r e s p e c t iv e ly , s o  th a t so lid s  le v e ls  w ere  s lig h t ly  
less  th a n  th a t o f  n o rm a l c o t ta g e  c h e e se  w h e y .

C o m p o sit io n s  o f  fo r t i f ie d  sk im  m ilk s

R e su lts  fr o m  a n a ly se s  o f  fo r t i f ie d  sk im  m ilk s  are su m 
m arized  in  T a b le  2. A sh  an d  la c to s e  lev e ls , (%, w e t  b a s is )  in 
creased  w ith  in c re a sin g  le v e ls  o f  fo r t if ic a t io n . A c id ity  a lso  in 
crea sed , pH  d e c lin in g  fr o m  6 .7 4  (c o n tr o l ,  u n fo r t i f ie d )  to  6 .4 1  
( 2 % a d d itio n  u s in g  2 : 1  p e r m e a te :w h e y  b le n d ).

N itr o g e n  c o n te n ts  (%, d r y  b a sis) d e c lin e d  w ith  in c re a sin g  
le v e ls  o f  fo r t if ic a t io n . W hen e x p r e sse d  o n  a w e t  w e ig h t  basis , 
“ p r o te in ”  (% to ta l  N  X 6 .3 8 )  d id  n o t  ch a n g e  a p p r e c ia b ly  
b e c a u se  o f  th e  h ig h  lev e ls  o f  n o n -p r o te in  N  so lu b le  in  12%  
T C A  (N P N ), p r o te o s e -p e p to n e  N (P P N ), and u n d e n a tu re d  
w h e y  p r o te in  N  (U D W P N ) p r e se n t in th e  b len d s. T h e  n itr o g e 
n o u s  fr a c t io n s  w ere  th e r e fo r e  d e te r m in e d  se p a r a te ly . T h e  c o n 

c e n tr a t io n  o f  c a se in  d e c lin e d  an d  th a t  o f  U D W P N  in crea sed  
w ith  in c r e a se d  le v e l o f  fo r t if ic a t io n .

T h e  e f fe c t  o f  a 1:1 p e r m e a te :w h e y  b le n d  w a s m o r e  m ark ed , 
w ith  c h a n g e s  in pH , ash , an d  la c to s e  b e in g  m o r e  p r o n o u n c e d  
th a n  th o s e  o b ser v e d  w h e n  u s in g  a 2 : 1  b le n d  fo r  e q u iv a le n t  
le v e ls  o f  fo r t if ic a t io n .

M ic ro b io lo g ica l e x a m in a t io n s  o f  p e r m e a te , w h e y  an d  
fo r t if ie d  sk im  m ilk s

C o lifo r m s an d  y e a s ts  an d  m o ld  c o u n ts  in  p e r m e a te  and  
w h e y  w ere  <  1 per m l. G o o d  q u a lity , fresh  sk im  m ilk  w a s u sed  
and a fter  fo r t if ic a t io n  and p a s te u r iz a t io n  ( 6 2 .8 ° C  fo r  3 0  m in ),  
SPC w as n o  greater  th a n  5 0 0  per m l per sa m p le . N o  c o li fo r m s

Table 1—Analyses of permeate from the ultrafiltration of skim 
milk and of whey resulting from production of cottage cheese from 
skim milk retentate

Characteristic

Sample

Permeate

Permeate/whey blends 

Whey 1:1 2:1

Total solids % 4.53 8.66 6.08 5.92
Total nitrogen3 % 0.55 2.96 1.80 1.38
Asha % 9.27 11.20 10.20 10.30
pH 6.71 4.68 5.00 5.48
Titratable acidity13 0.06 0.69 0.37 0.27
Cone after

evaporation % - - 53 54

3 As percent o f dry matter 
b As percent lactic acid

Table 2—Analyses of skim milks fortified with blends of permeate 
from the ultrafiltration of skim milk and whey resulting from the pro
duction of cottage cheese from skim milk retentate

Blend Added solids, percent (Approx)
(Vol permeate/ ------------------------------------

vol whey) Characteristic 0 1/2 1 1-1/2 2

2:1 Total solids % 9.04 9.71 10.06 10.48 11.08
Solids added % - 0.67 1.02 1.44 2.04
Lactose3 % 4.76 5.36 5.64 5.98 6.50
Asha % 0.72 0.77 0.82 0.89 0.94
Lipid3 % 0.08 0.08 0.09 0.09 0.09
Protein3 % 3.47 3.49 3.51 3.52 3.53
Nitrogen13 % 6.02 5.63 5.47 5.27 5.00

UDWPNC % 0.75 0.75 0.83
PPNd % 0.24 0.20 0.20
NPNe % 0.42 0.49 0.48
CNf % 4.61 4.03 3.49
(UDWPN/CN) 0.16 0.19 0.24

pH 6.74 6.62 6.58 6.49 6.41

1 :1 Total solids % 9.20 9.84 10.17
Solids added % - 0.64 0.97
Proteina % 3.41 3.54 3.55
Nitrogen*5 % 5.92 5.64 5.44
pH 6.75 6.54 6.48

a Percent wet basis 
b Percent dry has s
c Undenatured w ie y  protein nitrogen 
d Proteose peptone nitrogen 
e Nonprotein nitrogen 
f Casein nitrogen
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or y e a s t s  and m o ld s  w ere  d e te c te d  in a n y  sa m p le s  e v a lu a ted  b y  
th e  fla v o r  p a n el. T h ere  sh o u ld  th e r e fo r e  h a v e  b e e n  n o  o ff-  
fla v o rs a ttr ib u ta b le  to  m ic r o b io lo g ic a l  g r o w th  in  th e  sa m p les.

Fig. 1—Processing sequence for production o f cottage cheese from 
retentâtes prepared by ultrafiltration o f skim milk and for fortifi
cation o f beverage skim milk with a condensed permeate/wiey 
blend.

F lavor  p an el e v a lu a t io n  o f  fo r t i f ie d  sk im  m ilk s

F r o m  T a b le  2 , all p e r ce n ta g e  a d d itio n s  o f  a sh  an d  la c to s e  
u sed  in  th is  s tu d y  w o u ld  h a v e  e x c e e d e d  le v e ls  s ta te d  b y  Pang- 
b o rn  an d  D u n k le y  ( 1 9 6 6 )  to  b e  s ig n if ic a n t  in  a lter in g  o r g a n o 
le p t ic  q u a lit ie s  o f  sk im  m ilk . M ost p a n e lis ts  had  n o  d i f f ic u lty  
in  d e te c t in g  c h a n g e s  in  sk im  m ilk s fo r t if ie d  w ith  p e r m e a te /  
w h e y  b len d s. P a n e l e v a lu a t io n  d a ta  o f  sk im  m ilk s  fo r t if ie d  
w ith  a 2 :1  p e r m e a te :w h e y  b len d  t o  c o n ta in  0 .6 7 ,  1 .0 2 , 1 .4 4  
and 2 .0 4 %  a d d ed  so lid s  are p r e se n te d  in  F ig u re  2 . D a ta  fr o m  
e v a lu a tio n  o f  sk im  m ilk s fo r t if ie d  w ith  a 1 : 1  p e r m e a te :w h e y  
b le n d  t o  c o n ta in  0 .6 4  and 0 .9 7 %  ad d ed  so lid s  are p r e se n te d  in  
F igu re  3.

N o  s ig n if ic a n t  d if fe r e n c e s  (P  <  0 .0 1 )  w e re  d e te c t e d  b e 
tw e e n  r e fe r e n c e  and sk im  m ilk s c o n ta in in g  0 .6 7  an d  1.02%  
ad d ed  so lid s . R e fe r e n c e  sc o r e  w as arb i:ra r ily  se t  at 4 .0  and  
w h e n  in c lu d e d  as a c o d e d  sa m p le , th e  r e fe r e n c e  average  sc o r e  
(n  =  3 0 )  w a s 3 .9 3 ,  w e l l  w ith in  th e  1% c o n f id e n c e  le v e l. U n 
fo r t i f ie d  sk im  m ilk  had a lo w e r  sco re  an d  m o s t  p a n e lis ts  d e 
scr ib ed  th is  sa m p le  as “ d i lu te .”

B e y o n d  1% so lid s  a d d itio n , sc o r es  d e c lin e d  and d e v ia t io n s  
fr o m  th e  r e fe r e n c e  sc o r e  w e re  s ig n if ic a n t ly  g rea ter  th a n  th e  1 % 
c o n f id e n c e  in te rv a l. P a n e lis ts’ r e sp o n se s  :o  th e s e  sa m p le s  w e re  
“ sa lty ,”  “ so u r ,”  a n d  “ sw e e t-so u r ,” in d _ ca tin g  th a t th e  h igh  
sa lt, a c id  and la c to s e  c o n c e n tr a t io n s  in  th e  ad d ed  so lid s  w ere  
rea d ily  a p p a ren t a t th e se  lev e ls  o f  f o r t i f i e r tion .

A fte r  8 d a y s  s to r a g e  at 2 °C , sa m p le s  w e r e  c o m p a r ed  t o  a 
fresh  r e fe re n c e . A  d o w n w a r d  d isp la c e m e n t  o f  th e  fla v o r  sc o r e  
curve w a s n o te d  (F ig . 2 ) . T h is  d e te r io r a t io n  w a s n o t  a ttr ib u te d  
to  th e  a d d ed  so lid s , h o w ev e r , as fla v o r  sc o r e  o f  th e  u n fo r t if ie d  
sa m p le  a lso  d e c lin e d .

F r o m  th e se  d a ta , f o r t i f ic a t io n  t o  p r o v id e  u p  t o  1% ad d ed  
so lid s  u s in g  a c o n d e n s e d  2 : 1  b le n d  o f  p e r m ea te  fr o m  ultra
f iltr a t io n  o f  sk im  m ilk  w ith  a c id  w h e y  r e su lt in g  fr o m  p r o d u c 
t io n  o f  c o t ta g e  c h e e s e  fr o m  sk im  m ilk  r e té n ta te  a p p ea rs  
fe a sib le .

B ased  o n  d a ta  p r e se n ted  in F igu re  3 , a 1:1 p e r m e a te :w h e y  
b le n d  c o u ld  n o t  b e  u sed  at le v e ls  t o  p r o v id e  m o re  th a n  0 .7%  
a d d ed  so lid s  w ith o u t  ca u sin g  a s ig n if ic a n  : d ro p  in  fla v o r  sco re . 
P a n e lists  d e sc r ib ed  th e  sa m p le  c o n ta in in g  0 .9 7 %  a d d e d  so lid s  
as “ so u r ”  and “ sa lty -so u r .” T h e  so u r  ch a ra cter  w a s th e r e fo r e  
m ore ap p a ren t at lo w e r  p e r c e n ta g e  a d c i t io n s  th a n  w a s o b 
served  u s in g  2:1 p e r m e a te :w h e y  b len d . T h e  lim it  to  p e r ce n ta g e

5
0/
1 :: ÛL
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Fig. 2—Flavor panel evaluations o f beverage skim milks fortified 
with a condensed 2:1 blend o f permeate from ultrafiltration o f skim 
milk with cottage cheese whey.
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Fig. 3—Flavor panel evaluations o f beverage skim milks fortified 
with a condensed 1:1 blend of permeate from ultrafiltration o f skim 
milk with cottage cheese whey.
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fo r t if ic a t io n  u s in g  th e  1 :1 b le n d  w a s fe lt  t o  b e  0 .5%  c o m p a r ed  
to  1 % w h e n  u s in g  th e  2 : 1  b le n d .

It is  su g g e s te d  th a t fo r t i f ic a t io n  o f  sk im  m ilk  u s in g  th e se  
m a ter ia ls  is  fe a s ib le  as a m ea n s o f  u t iliz in g  w h a t  m a y  o th e r w ise  
h a v e  b e e n  c o n s id e r ed  to  b e  w a s te  strea m s fr o m  u ltr a f iltr a t io n  
and c o t ta g e  c h e e se  p r o d u c tio n .
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PALATABILITY AND VISUAL ACCEPTANCE OF DARK, 
NORMAL AND PALE COLORED PORCINE M. LONGISSIMUS

-----------------------------------------  A B S T R A C T  -----------------------------------------

Pork loins from carcasses weighing 6 8 -7 5  kg were compared for 
quality characteristics. A total of 120 loins, w ith equal numbers o f pale 
and watery, normal and dark colored loins, were evaluated. Pale chops 
had a significantly higher cooking loss than normal or dark colored 
chops. The consumer panel scored the pale chops significantly lower in 
organoleptic acceptability than norm al or dark chops. The trained panel 
gave a similar rating for the organoleptic evaluation. When the con
sumer panel selected pork chops from a retail display case, the normal 
colored chops received the highest rating and the pale, watery chops the 
lowest. The pale chops were the most unstable and developed a 
greenish-gray cast after 2 - 3  days’ storage. The normal colored chops 
had significantly more intramuscular fat and less protein than either 
pale or dark chops.

IN T R O D U C T IO N

C O L O R  C H A R A C T E R IS T IC S  vary c o n s id e r a b ly  b e tw e e n  and  
w ith in  p ork  cu ts . T h e  c o lo r  v a r ia tio n  has s t im u la te d  so m e  
in d u str ia l g ro u p s to  d isc u ss  th e  n e e d  fo r  grad in g  r eta il p ork  
c u ts  to  im p r o v e  u n ifo r m ity  an d  q u a lity  o f  p o rk  in  th e  reta il  
m ark et. H o w ev er , n o  c o n su m e r  e v a lu a t io n  or  a c c e p ta n c e  
s tu d ie s  fo r  pa le , w a te r y  versu s n o r m a l or  d ark  c o lo r e d  p ork  
c h o p s  have b e e n  r ep o rted .

D iv e rg e n t research  r esu lts  h a v e  b e e n  p u b lish e d  o n  th e  
o r g a n o le p t ic  a c c e p ta b il ity  o f  p a le  an d  w a te r y , n o r m a l or dark  
c o lo r e d  p o rk  c h o p s  w h e n  e v a lu a ted  b y  a tra in ed  p a n el o f  6 to  
8 m e m b er s . A c c o r d in g  to  Ju d ge e t  al. ( 1 9 6 0 )  te n d e r n e ss  o f  
b r o ile d  p o rk  c h o p s  in crea sed  as th e  m u sc le  pH  and firm n ess  
d ecrea sed . B e n n e tt  et al. ( 1 9 7 3 )  r ep o rte d  th a t p a le  c h o p s  w ere  
m o re  ten d e r  and less ju ic y  th a n  n o r m a l or dark  c o lo r e d  c h o p s ,  
w h er ea s  S earcy  et al. ( 1 9 6 9 )  fo u n d  n o  s ig n if ic a n t o r g a n o le p tic  
d iffe r e n c e s  a m o n g  th e  th ree  c la sses o f  m u sc le  c o lo r . C o n 
v e r se ly , L ew is et al. ( 1 9 6 2 )  and S ayre  et al. ( 1 9 6 4 )  r ep o rted  
th a t c o o k in g  lo s s  in crea sed  and te n d e r n e ss  d ecrea sed  as pH  and  
w a te r -h o ld in g  c a p a c ity  d ec re a se d . T h o s e  la tte r  tw o  rep o rts  su g
g e sted  th a t dark  c o lo r e d  p o rk  w as m o re  te n d e r  th a n  pale, 
w a te r y  p ork . T h is  p r o je c t  w as d e sig n ed  to  ev a lu a te  th e  a c c e p t
a b ility  o f  p a le , n o r m a l and dark  p ork  c h o p s  b y  b o th  tra in ed  
and c o n su m e r  p an els.

E X P E R IM E N T A L

WOMEN in the Des Moines, Iowa, m etropolitan area were randomly 
selected from the Des Moines directory to participate in the consumer 
preference evaluation. The 150 participants represented a wide variety 
of demographic characteristics, shopping, food preparation and meat 
consumption habits.

F o rty  o f each of the three types of loins were compared: (1) pale 
and watery; (2) norm al colored; and (3) dark colored loins from  pork 
carcasses weighing 68—75 kg. At the Iowa State Meat Laboratory, the 
center portion of each loin was cut into chops 1.25 cm thick and 
packaged for the following evaluations: one chop each of dark, normal

1 M ark e tin g  D e p t.,  In d ia n a  U n iv e rs ity , B lo o m in g to n , IN  4 7 4 0 1
2 M eat S c ien ce  R ese a rch  L ab ., A R S , U SD A , B eltsv ille , M D 2 0 7 0 5

and pale pork was placed in a plastic retail meat tray, covered with a 
stretch wrapped transparent plastic film and placed in a 2 3C cooler for 
3 days. The next day the chops were placed in a retail display case at
8 -9 °C  and evaluated by a consumer panel. Individual panel members 
evaluated the chops during scheduled times from 9:00 AM to 9 :00  PM. 
Participants were asked to visually evaluate a n l  rank the three types of 
chops from  most to least desirable.

The consumer panel made two organoleptic comparisons of the 
loins at a central location in Des Moines. Two chops from each of 120 
loins were pan broiled to 74° C internal tem perature and a 1.25 cm 
square section representing each of the three color comparisons was 
served warm to each of the 150 panelists. They scored the chops for 
overall acceptability on a 9-point hedonic scale. Panelists made the 
second organoleptic comparison in their homes. They compared pale, 
watery chops with either norm al or dark colored chops or normal 
colored w ith dark. Each participant made cnly one of three compari
sons. Chops for these specific comparisons v/eie packaged and given to 
the consumers after the chops had been stored in the  dark for 3 days at 
2°C at the Iowa State University Meat Lab. E ich  panelist was told to 
refrigerate the chops until they were cooked and evaluate the chops 
within 2 days after distribution.

Each panelist was told to cook the chops t y  the m ethod she most 
commonly used to prepare pork chops, then to taste and indicate her 
preference. All chops were identified and evaluated only by code.

At Iowa State University a seven-member trained panel evaluated 
two chops from each of the 120 loins used in the consumer test. The 
chcps had been frozen for about 1 m onth before evaluation. The chops 
were thawed and pan broiled to 74°C internal tem perature, cut into 
1.25 cm squares and served to panelists. They scored the samples for 
flavor, juiciness, tenderness and overall acceptability o:r a 9-point 
hedonic scale. Cooking loss was determined by weight loss.

One chop from each loin was used for analyses. For the M. longis- 
simus, pH, expressible juice and percent light reflectance were de
term ined by the methods reported by Matsushima and Topel (1969). 
The reflectance values were used to classify the loins into the three 
color groups before they were packaged at the meat laboratory. Pro
tein, fat and m oisture were determined on the M. longissimus by AOAC 
(1965) procedures. A least squares analysis of covariance (Harvey,
1960) was used to adjust the data for differences in cooking tim e and 
tem perature. Differences o f  the adjusted m ears for the three muscle 
groups were tested for significance by the fob owing orthogonal con
trasts: (1) normal vs. pale and dark and (2) pale vs. dark.

R E S U L T S  & D IS C U S S IO N

D IF F E R E N C E S  w e re  h ig h ly  s ig n if ic a n t  P <  0 .0 1 )  b e tw e e n  
th e  p a le  and dark c o lo r e d  c h o p s  fo r  p e r c e n t  r e f le c ta n c e ,  pH  
and e x p r e s s ib le  ju ic e  (T a b le  1). W hen  tn e se  c h a r a c te r is t ic s  fo r  
th e  p a le  and dark  c o lo r e d  c h o p s  w ere  averaged , r e f le c ta n c e  and  
pH  did  n o t  d if fe r  fr o m  v a lu e s  fo r  n o rm a l c h o p s . T h is  c o m 
p arison  in d ic a te d  th a t th e  n o rm a l c h o p s  w ere  in te r m e d ia te  
(b e tw e e n  th e  e x tr e m e s )  to  th e  p a le  and dark  c o lo r e d  c h o p s . 
E x p r e ss ib le  ju ic e , h o w e v e r , w a s s ig n if ic a n t ly  m o r e  fr o m  pale  
th a n  fr o m  n o rm a l c h o p s , and w as lea st fr o m  th e  d ark  c h o p s . 
P ale  and dark c o lo r e d  c h o p s  had s ig n if ic a n t ly  (P  <  0 .0 1 )  less  
in tra m u scu la r  fa t an d  m o re  p r o te in  th a n  n o r m a l c h o p s . Per
c e n ts  o f  m o is tu r e , fa t  and p r o te in  w ere  n o t  s ig n if .c a n t ly  d if
fe r e n t  b e tw e e n  p ale  and dark  c h o p s .

T h e  c o n su m e r s’ v isu a l ap p ra isa l o f  p o rk  c h o p s  sh o w e d  th a t  
n o r m a l c h o p s  w e re  p referred  o ver  th e  p a le  or  d ark  c o lo r e d  
c h o p s  (T a b le  2 ) . P a n e lis ts  w n o  s e le c te d  th e  p a le  c h o p s  over  th e
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Table 1 —Least square means and standard errors for characteristics of M. longissimus

Muscle
group

0//o
Reflectance3 pH

Expressible
juice*5 Moisture

Percent

Fat
(wet wt)

Protein 
(wet wt)

Pale, soft muscle 29 .6d * * 5 .44d * * 2 .8 8 d * * 73.41 5.33 21.24
Norm al colored muscle 2 2 . 1 5.80 2.06e* * 73.28 6.92e * * 10.75e * *
Dark, firm  muscle 16.5d * * 6 .2 0 d * * 1.93d * * 73.83 4.66 21.48
Standard error 0.43 0.04 0.06 0.23 0.85 0.16

3 The higher the value, the lighter the meat color, A value o f 22 is considered normal pork color.
13 The higher the value, the greater am ount o f expressible juice. As expressible juice increased, the water-holding capacity decreased. 
c Indicates the comparison of pale and dark vs. normal muscle color groups.

* (P < 0.05)
* * (P < 0.01)

n o r m a l o r  dark c h o p s  m a d e  th e ir  e v a lu a t io n s  d u r in g  th e  first
3 —4  hr o f  th e  12-hr r e ta il d isp la y  p er io d . D u rin g  th o s e  h o u rs  
th e  p a le  c h o p s  w ere  b r ig h te st  in  c o lo r  as c o m p a r ed  w ith  n o r 
m al o r  dark  c h o p s  and m o s t  o f  th e  c o n su m e r s  se le c te d  th e  p a le  
c h o p s  as m o st d e sir a b le . A fte r  5 to  6 hr, h o w e v e r , th e  p a le  
c h o p s  s ta r ted  to  d e v e lo p  a gra y -g reen ish  ca st; b u t th e  n o r m a l  
or dark c h o p s  sh o w e d  r.o m ajor  c o lo r  ch a n g e . A s th e  gray- 
g reen  ca st d e v e lo p e d  o n  th e  p a le  c h o p s , c o n su m e r  p r e fe r e n c e  
d ecrea sed  g rea tly  and m o st  p a n e lis ts  ran k ed  th e  p a le  c h o p s  as 
lea st d esira b le . It w a s c o n c lu d e d  th a t u n d e r  o u r  te s t  c o n d it io n s  
p a le , w a te r y  c h o p s w ere  n o t  as c o lo r  s ta b le  as n o r m a l or  dark  
c h o p s . T h e  c o n su m er s  w e re  v e ry  se n s it iv e  to  a b n o rm a l c o lo r  
ch an ge  in th e  s e le c t io n  o f  p o rk  c h o p s .

B em b ers and S a tte r le e  ( 1 9 7 5 )  r ep o rte d  s ig n if ic a n t ly  greater  
in s ta b ility  o f  th e  m y o g lo b in  fr o m  p ale , w a te r y  m u scle  th a n  
n o rm a l p o rk  m u sc le . M y o g lo b in  fr o m  p a le , w a te r y  m u sc le  had  
a m o re  rapid ra te  o f  a u to x id a t io n ,  g rea ter  h e a t in s ta b ility  o f  
b o th  th e  m e t an d  o x y  fo r m s a n d  a v a r y in g  iso e le c tr ic  p o in t. 
F ly n n  and B r a m b le tt  ( 1 9 7 5 )  a lso  r e p o r te d  th a t P SE  m u sc le  
d e v e lo p e d  r a n c id ity  a t a fa ste r  rate  th a n  n o r m a l o r  dark c o l
o red  p o rk  w h e n  fr o z e n  fo r  9 m o n th s .

E ach  c o n su m e r  w a s a sk ed  to  ta s te  and in d ic a te  p r e fer en ce  
b e tw e e n  tw o  c h o p s  c o o k e d  at h o m e . T h e se  c h o p s  w e re  e ith e r  a 
p a le  and a n o r m a l c h o p , n o r m a l an d  a dark c h o p  or  a p a le  and  
a d ark  c h o p . W hen n o rm a l c h o p s  w ere  co m p a r ed  w ith  p a le  or  
dark  c h o p s , 6 7 .9 %  o f  th e  p a n e l m e m b er s  preferred  n o r m a l  
o v e r  p a le  c h o p s  a n d  6 1 .7 %  ra n k ed  n o r m a l o ver  dark  c h o p s  
(T a b le  3 ). W hen p a le  and d ark  c h o p s  w ere  c o m p a r ed , 6 6 .7 %  o f  
th e  p a n el m e m b er s  s e le c te d  th e  dark  c h o p s . T h e se  r esu lts  c o n 
firm ed  th a t p a le  c h o p s  w e re  ra ted  less  d e s ir a b le  th a n  n o rm a l 
an d  dark c h o p s .

R e su lts  o f  se n so r y  e v a lu a t io n  b y  th e  c o n su m e r  p a n el o f  
c h o p s  prepared  and served  b y  th e  m e th o d s  r ep o rte d  fo r  th e  
tra in ed  p a n e l are sh o w n  in  T a b le  4 . T h e  c o n su m e r s  w ere  ask ed  
to  rank th e  th ree  ty p e s  o f  c h o p s  fo r  o v era ll a c c e p ta n c e  o n  th e  
sa m e  sca le  u sed  b y  th e  tra in ed  p a n el. N o rm a l c o lo r e d  c h o p s  
w ere  sco red  h ig h e st  in  a c c e p ta b il i ty  and th e  p a le  c h o p s ,  
lo w e st .

S e n so r y  e v a lu a t io n s  an d  ra n k in g s b y  th e  tra in ed  p a n el w ere  
sim ilar  to  th o s e  b y  th e  u n tra in e d  c o n su m e r  p a n e l fo r  o v era ll  
a c c e p ta n c e  (T a b le  4 ) . T h e  tra in ed  p a n e l sc o r e d  th e  c h o p s  
s lig h t ly  b u t  n o t  s ig n if ic a n t ly  lo w e r  th a n  th e  c o n su m er  pan el. 
T h e  tra in ed  p a n el, h o w e v e r , r a n k ed  th e  n o rm a l c h o p s  s ig n if i
c a n tly  (P  <  0 .0 1 )  h ig h er  fo r  o v era ll a c c e p ta n c e  and flavor. 
D ark  and n o r m a l c o lo r e d  c h o p s  w ere  s ig n if ic a n t ly  m ore  te n d e r  
th a n  th e  p a le  c h o p s  and had a lo w e r  c o o k in g  lo ss . T h e se  r esu lts  
agree w ith  th o s e  r e p o r te d  b y  S a y re  e t  al. ( 1 9 6 4 )  and K a u ffm a n  
e t  al. ( 1 9 6 4 ) .  H o w ev er , p o s s ib ly  d u e  to  d if fe r e n c e s  in  c o o k in g  
te c h n iq u e ,  D e e th a r d t  and T u m a  ( 1 9 7 1 ) ,  M erkel ( 1 9 7 1 ) and

Table 2—Order of preference by consumer for retail-displayed 
pork chops3

Types of chops and order by visual 
preference

% of participants 
who ranked the chopsBest Middle Worst

Norm al Pale Dark 34.7
Norm al Dark Pale 33.5
Pale Normal Dark 15.9
Pale Dark Norm al 5.9
Dark Norm al Pale 7.6
Dark Pale Norm al 2.4

3 Based on 150 participants

Table 3—Taste preference by consumer panel from pork chops 
cooked at their household

Pale chops

Normal vs Pale Normal vs Dark Pale vs Dark

Percentage
preference

67.9 32.1 61.7 38.3 33.3 66.7

Table 4—Least square means and standard error for M. longissimus 
flavor, tenderness, juiciness, cooking loss and overall acceptability 
scores3

Acceptance

Pork chops
Tender- 

Flavor ness
Juici
ness

Cooking 
loss, %

Trained
panel

Consumer
panel

Pale & soft 5.95 5.37 5.68 18.31 5.57 6.09
Norm al colored 6.03b * 6.12d * * 6.07 15.88d * 6 .04b * * 6 .64b * *
D ark  & firm 5.70 6 .19e* * 5.97 14 .38e* * 5.87 6.46

Standard error 0.08 0.16 0 . 1 1 0.26 0 . 1 0 0 . 1 1

3 N ine-point hedcnic scale
b Indicates the comparison of pale and dark vs. normal muscle color 

group
c Indicates the comparison of pale vs. dark muscle color group 
d Indicates the comparison of normal vs. pale colored chops 

* (P < 0.05)
** (P < 0.01)
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Table 5—Visual preference vs. taste preference of normal and 
pale pork chops by the consumer panel

Visual preference of chops3

Taste
evaluation

% pale, watery chops 
chosen over normal

% normal chops 
chosen over pale, watery

Preference for pale, 
watery chops after 
tasting 57.2 28.3

Preference for normal 
colored chops after 
tasting 42.8 71.7

3 Visual preference was based on rankings of independent samples at 
an independent site where the housewife was asked to choose 
between normal, dark and pale.

Table 6—Visual preference vs. taste preference of normal and
dark colored pork chops by the consumer panel

Visual preference of chops3

Taste % normal chops % dark chops
evaluation chosen over dark chosen over normal

Preference for dark 
chops after tasting 

Preference for normal
42.9 0.00

colored chops after 
tasting 57.1 100.0

a Visual preference was based on rankings of independent samples at 
an independent site where the housewife was asked to choose 
between normal, dark and pale colored chops.

Table 7—Visual preference vs. taste preference of pale, watery 
and dark colored pork chops by the consumer panel

Visual preference of chops3

Taste % pale, watery % dark chosen
evaluation chosen over dark over pale, watery

Preference for pale, 
watery chops after 
tasting 31.8 41.6

Preference for dark 
chops after tasting 68.2 58.3

a Visual preference was based on rankings of independent samples at 
an independent site where the housewife was asked to choose 
between normal, dark and pale colored chops.

B e n n e tt  e t al. ( 1 9 7 3 )  fo u n d  p a le , s o f t  m u sc le  an d  c h o p s  to  be  
m o re  te n d e r  th a n  n o r m a l or  dark c o lo r e d  c h o p s .

T h e  c o n su m e r  p a n el m e m b er s’ v isu a l p r e fe r e n c e s  are c o m 
pared  w ith  th e ir  ta s te  p r e fe r e n c e s  o f  c o o k e d  c h o p s  in  T a b le s  5 , 
6 and  7 . M ost p a n e lis ts  w h o  se le c te d  n o r m a l c h o p s  b y  v isu a l 
e v a lu a tio n  a lso  preferred  n o rm a l c h o p s  b y  ta s te  e v a lu a t io n .  
P a n e lis ts  w h o  v isu a lly  s e le c te d  p a le  over  dark  c h o p s  s h o w e d  an  
o p p o s ite  r e sp o n se  fo r  th e  ta s te  p r e fe r e n c e . T h e  v a r ia tio n  in  
m o st  c o m p a r iso n s  in d ic a te d  th a t c o n su m e r s  d id  n o t  a c c u r a te ly  
a sso c ia te  th e ir  cr iter ia  fo r  v isu a l s e le c t io n  w ith  th e  a c tu a l ta s te  
e v a lu a tio n s  o f  c h o p s . V isu a l s e le c t io n  w a s , th e r e fo r e , n o t  
r e la ted  to  th e ir  ta s te  fo r  p o rk  c h o p s . T h .s  o b se r v a tio n  su p p o r ts  
th e  h y p o th e s is  fo r  s ta t is t ic a l in d e p e n d e n c e  o f  ta s te  fr o m  v isu a l 
p r e fe r e n c e  in  e a ch  tab le .

R e su lts  o f  th is  s tu d y  in d ic a te  th a t c o n su m e r s  d isc r im in a te  
a ga in st p a le  p o rk  c h o p s . P ale c h o p s  h a v e  a h ig h  c o o k in g  lo ss ,  
w h ic h  is im p o r ta n t  to  th e  c o n su m e r , and a lso  h a v e  a sh o rt  
sh e lf  l if e  w h ic h  is im p o r ta n t  to  th e  r e t a le r  and u lt im a te ly  to  
th e  c o n su m e r  an d  p o s s ib ly  to  th e  en tire  p o r k  in d u str y .
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USE OF DIAMIDE IN DETERMINING THE SHELF LIFE 
OF REFRIGERATED CHICKEN

----- ----------------------- ABSTRACT ------------ ----------------
A study was done to determine if a relationship exists between plate 
counts determined on trypticase soy agar containing diamide and the 
shelf life of refrigerated chicken carcasses. Results show that determ in
ing plate counts with TSA containing 0.05% diamide appears useful as a 
means of predicting shelf life of raw chicken and possibly other fresh 
meats stored under refrigeration.

INTRODUCTION
P R E D IC T IN G  th e  s h e l f  l ife  o f  fresh  m e a ts  has b e e n  a t te m p te d  
w ith  v a r io u s  p h y s ic a l, b io lo g ic a l  a n d  c h e m ic a l m e th o d s ,  b u t  
n o n e  has b e e n  e n t ir e ly  sa t is fa c to r y . S p o ila g e  o f  refr ig era ted  
fresh  m ea ts n o r m a lly  r esu lts  fr o m  c o n ta m in a t io n  and su b se 
q u e n t  g r o w th  o f  s p e c ie s  o f  P s e u d o m o n a s  an d  A lc a l ig e n e s  
(A c h r o m o b a c t e r ). W alker an d  A y r es  ( 1 9 5 6 )  fo u n d  sp e c ie s  o f  
th e se  g en era  to  be p r im a rily  r esp o n s ib le  fo r  th e  sp o ila g e  o f  
p o u ltr y  at 4 .4 ° C  in  p o ly e th y le n e  bags, th o u g h  A y r e s  e t  al.
( 1 9 5 0 )  h a d  iso la te d  fr o m  fresh  a n d  d e fr o s te d  c u t-u p  c h ic k e n s  a 
large v a r ie ty  o f  m ic r o o r g a n ism s b e lo n g in g  to  18 d if fe r e n t  
gen era . T h o r n le y  ( 1 9 6 0 )  an d  B arn es a n d  Im p e y  ( 1 9 6 8 )  a lso  
fo u n d  s p e c ie s  o f  P s e u d o m o n a s  p r e d o m in a te  in  r e fr ig era ted  
p o u ltr y  m e a t. B arn es an d  Im p e y  ( 1 9 6 8 )  c o n s id e r e d  th a t  th e  
g e n u s  A c i n e t o b a c t e r  f its  m o r e  a p p r o p r ia te ly  so m e  sp o ila g e  
b a c te r ia  p r e v io u s ly  c la ss if ie d  as A c h r o m o b a c t e r .

D ia m id e  (d ia z e n e d ic a r b o x y lic  a c id  b isd im e th y la m id e )  is  a 
th io l-o x id iz in g  a g en t (K o so w e r  e t a l., 1 9 6 9 ;  W ax e t  a l., 1 9 7 0 )  
w h o se  b a c te r ic id a l e f fe c t s  are n o t  fu l ly  u n d e r s to o d  (R o s e  e t  
al., 1 9 7 1 ) .  R o se  e t al. ( 1 9 7 1 )  fo u n d  s u b s t itu te d  d ia zer .es , in 
c o r p o r a te d  in to  tr y p tic a se  s o y  b r o th , t o  p erm it g r o w th  o f  
s o m e  p se u d o m o n a d s  b u t  t o  in h ib it  severa l b a c te r ia  in c lu d in g  
E s c h e r ic h ia  co li ,  E n t e r o b a c t e r  a e r o g e n e s ,  a n d  sp e c ie s  o f  S h ig e l 
la, P r o t e u s ,  an d  S a lm o n e l la .  V e r b o v sk y  an d  C o llin s  (4 9 7 3 )  
s tu d ie d  th e  in f lu e n c e  o f  d ia m id e  ( th e  o n ly  av a ila b le  s u b s t itu t 
ed  d ia z e n e )  o n  sev era l b a c te r ia  an d  fo u n d  th a t 0 .0 5 %  a d d ed  to  
tr y p tic a se  so y  agar in h ib ite d  so m e  sp e c ie s  o f  P s e u d o m o n a s  an d  
A lc a l ig e n e s  in  a d d itio n  to  tw o  s p e c ie s  o f  L a c t o b a c i l lu s  th r e e  
o f  S t r e p t o c o c c u s ,  E. a e r o g e n e s ,  an d  E. coli .  N e v e r th e le s s , it  d id  
n o t  in h ib it  P s e u d o m o n a s  f l u o r e s c e n s ,  an  o rg a n ism  th a t is  par
t ic u la r ly  im p o r ta n t  in  p o u ltr y  p r o d u c ts  (B o a r d , 1 9 6 6 ;  B arnes  
a n d  Im p e y , 1 8 6 8 ) .

T h is  s tu d y  w as d o n e  t o  d e te r m in e  i f  th e r e  is a r e la t io n sh ip  
b e tw e e n  p la te  c o u n ts  d e te r m in e d  o n  tr y p t ic a s e  s o y  agar c o n 
ta in in g  d ia m id e  and th e  s h e lf  l ife  o f  re fr ig era ted  c h ic k e n  
carcasses.

EXPERIMENTAL
THE TISSUE-SAMPLING PROCEDURE of Avens and Miller (1970) 
was used for sampling the skin of chicken carcasses, purchased from 
local supermarkets and stored a t 4 .4°C in polyethylene bags. Skin sam
ples totaling 10 cm 2 were removed aseptically with a sharp cork-borer 
(diameter, 1.1 cm) from under the wings and near the vent o f a chicken 
carcass on a table under ultraviolet light in the media-pouring room. 
The skin was placed in a dilution blank containing 99 ml sterile physi
ological saline (0.9% NaCl) and glass beads and shaken 50 times prior to 
making additional dilutions. The plating medium was trypticase soy

agar (TSA; BBL) with and w ithout 0.05% diamide (Calbiochemical Co., 
Los Angeles, CA). A solution of diamide (1%) was sterilized by filtra
tion, and appropriate am ounts were added to  the TSA after it was 
sterilized and cooled to 50° C. Plates, subsequent to  the initial experi
m ent, were incubated 3 days at 22° C. Except as stated otherwise, 
procedures were according to S ta n d a r d  M e th o d s  f o r  th e  E x a m in a tio n  o f  
D a iry  P r o d u c ts  (APHA, 1972).

RESULTS & DISCUSSION 
Optimal temperature and time for plate counts

F iv e  se ts  o f  d u p lic a te  p la te s  (p o u r e d  w ith  T S A  c o n ta in in g  
0 .0 5 %  d ia m id e )  w ere  p rep ared  w ith  sk in  fr o m  a c h ic k e n  car
cass th a t had  b e e n  s to r e d  at 4 .4 ° C  u n t il  o f f -o d o r  w a s d e te c te d ;  
o n e  set w a s in c u b a te d  at e a ch  o f  th e  fo l lo w in g  te m p er a tu r e s:  
5, 2 2 , 2 6 ,  3 0  and 3 5 °C . T h e  p la te s  a t e a c h  te m p e r a tu r e  w ere  
o b se r v e d  d a ily  fo r  th e  d e v e lo p m e n t  o f  c o lo n ie s ,  a n d  th e  p la te  
c o u n ts  r e p o r te d  in  F ig u re  1 w ere  d e te r m in e d .

R e su lts  sh o w e d  th a t  th e  o p t im a l te m p e r a tu r e  fo r  in c u b a tin g  
th e  p la te s  w a s 2 2 ° C . A n  in c u b a t io n  t im e  o f  3 d a y s  a t th is  
te m p e r a tu r e  w as s e le c te d  fo r  a d d itio n a l e x p e r im e n ts , th o u g h  
s lig h t ly  h ig h er  c o u n ts  w ere  fo u n d  a fte r  p la te s  had  b e e n  in c u 
b a te d  at th is  te m p er a tu r e  fo r  4  or  5 d a y s . C o lo n ie s  d e v e lo p e d  
at 3 5 ° C , b u t th e  n u m b e rs  w ere  c o m p a r a tiv e ly  sm a ll ( 1 .0  X 
1 0 2 / c m 2 a fter  in c u b a tio n  fo r  4  d a y s )  an d  n o t  p lo t te d  in  
F ig u re  1.

Identification of microflora
A  c h ic k e n  w as s to r e d  at 4 .4 ° C  u n til  o f f -o d o r  w a s d e te c te d ,  

sk in  w as p la te d  at 2 2 ° C  o n  T S A  w ith  0 .0 5 %  d ia m id e , and  
sev era l c o lo n ie s  w ere  iso la te d  and s tu d ie d  m a c ro sc o p ic a O y  and  
m ic r o sc o p ic a lly . T e sts  in c lu d e d  G ram  sta in , sp o r e  sta in , th e  
o x id a se  te s t  o f  K lin g e  ( 1 9 6 0 ) ,  an d  te s t in g  fo r  f lu o r e s c e n t  p ig 
m e n t p r o d u c t io n  o n  F lo  agar (B B L ), th e  m e d iu m  o f  K in g  e t  al.
( 1 9 5 4 ) .

ÜJ

3  io
Q_

°  I 2 3 4 5 6 7 8 9  10 II 16 17 18 0  2 0
INCUBATION TIME (days)

Fig. 1—Influence o f temperature and time on plate count o f skin of 
a chicken carcass that had been stored at 4.4°C until off-odor was 
detected. The plating medium was trypticase soy agar containing 
0.05% diamide
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Fig. 2-Relation o f initial plate count to shelf life o f chicken car- Fig. 3-Relation o f initial plate count to shelf life of chicken car
casses stored at 4.4°C. The plating medium was trypticase soy agar casses stored at 4.4°C. The plating medium was trypticase soy agar,
containing 0.05% diamide.

T h e  c o lo n ie s  th a t d e v e lo p e d  w ere  sim ila r  in  m o r p h o lo g y  
(o f f -w h it e ,  g lo s sy , s l im y , s m o o th  su r fa c es , en tire  b o rd ers , lo w  
c o n v e x  c r o s s -se c t io n s ) ,  an d  th e  p la te s  had  p u trid  o d o r . S ix  
i so la te s  th a t w ere  s tu d ied  in  grea ter  d e ta il  w ere  G ram  n e g a tiv e ,  
u n ip o la r ly  f la g e lla te d , n o n sp o r e fo r m in g , sh o r t ro d s. A ll w ere  
o x id a se  p o s it iv e  and th ree  p r o d u c e d  f lu o r e s c e n t  p ig m e n t. B a c
teria  p resen t o n  th e  c h ic k e n  sk in  a n d  a b le  to  g r o w  in th e  
p r e se n c e  o f  d ia m id e  th u s  w ere  su b s ta n tia te d  as b e in g  sp e c ie s  o f  
P s e u d o m o n a s ,  a n d  o b v io u s ly  sp e c ie s  o f  P s e u d o m o n a s  o th e r  
th a n  f l u o r e s c e n s  fo r m e d  c o lo n ie s  o n  T S A  c o n ta in in g  0 .0 5 %  
d ia m id e , s in c e  o n ly  h a lf  o f  th e  s ix  iso la te s  s tu d ie d  in  d e ta il  
p r o d u c e d  f lu o r e s c e n t  p ig m e n t.

R e la t io n  o f  in it ia l c o u n t  to  s h e lf  life
Sk in  sa m p le s  fr o m  10  d if fe r e n t  c h ic k e n  ca rca sses w ere  

p la te d  o n  T S A  w ith  and w ith o u t  d ia m id e . S u b s e q u e n t ly , th e  
c h ic k e n s  w ere  s to r e d  at 4 .4 ° C  in  th e  o r ig in a l p o ly e th y le n e  bags 
an d  sm e lt  tw ic e  per d a y  to  d e te r m in e  th e  o c c u r r e n c e  o f  sp o il
age. L o g a r ith m s o f  th e  in it ia l  c o u n ts  d e te r m in e d  w ith  and  
w ith o u t  d ia m id e  w ere  p lo t te d  a ga in st o b ser v e d  s h e lf  life .

W ith  (F ig . 2 )  or  w ith o u t  (F ig . 3 )  d ia m id e  in  th e  m e d iu m ,  
lo w  in it ia l  p la te  c o u n ts  w ere  in d ic a t iv e  o f  lo n g e r  sto ra g e  b e fo r e  
sp o ila g e , b u t w ith  d ia m id e  in  th e  m e d iu m  th e r e  w ere  fe w e r  
v a r ia tio n s  in  th e  r e la t io n sh ip  b e tw e e n  in it ia l c o u n t  an d  sto ra g e  
l ife  o f  th e  c h ic k e n s . It w a s ap p a ren t th a t th e  h ig h er  in it ia l  
c o u n ts  o n  T S A  w ith o u t  d ia m id e  w ere  in f lu e n c e d  b y  c o n 
ta m in a n ts  th a t w ere  n o t  la ter  in v o lv e d  in  sp o ila g e  o f  th e  re
fr ig era ted  c h ic k e n  ca rca sses an d  th a t a d d in g  d ia m id e  t o  th e  
m e d iu m  p e r m itte d  se le c t iv e  e n u m e r a tio n  o f  th o s e  m ic r o 
o r g a n ism s, p r im a rily  p s e u d o m o n a d s , th a t w ere  r e la ted  t o  sp o il
age o f  th e  c h ic k e n  c a rca sses at 4 .4 ° C .  D e te r m in in g  p la te

c o u n ts  w ith  T S A  c o n ta in in g  0 .0 5 %  d ia m id e  th u s  a p p ea rs u se 
fu l  as a m e a n s o f  p r e d ic tin g  th e  s h e lf  l if e  o f  raw  c h ic k e n  and  
p o ss ib ly  o th e r  fr esh  m e a ts  th a t are to  b e  s to r e d  u n d e r  refr iger
a t io n .
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THE INFLUENCE OF TWO KINDS OF PROTECTED LIPID 
SUPPLEMENT ON THE FLAVOR OF LAMB

-----------------------------------------  A B S T R A C T  ------------------------------------------
Lambs were fed for 6  wk on diets containing form aldehyde-protected 
sunflower seed-casein or safflower oil-casein. The flavor o f these and 
conventional lamb were compared by laboratory taste panel and 
GLC-olfactory assessment of the flavor volatiles. Both protected lipid 
diets significantly decreased conventional lamb odor and flavor in
tensity and im parted ‘oily’ odor and flavor characteristics a ttributed  to 
the presence of abnormally high levels o f  deca-2,4-dienal in the cooked 
meat. Meat from lambs fed the protected sunflower seed-casein bu t not 
the protected safflower oil-casein possessed a characteristic ‘sweet’ odor 
and flavor, attributed  to  increased am ounts of cis-7 -dodec-6-enolactone 
in the lipid portions.

IN T R O D U C T IO N

F O R D  e t  al. ( 1 9 7 5 )  e x a m in e d  th e  fla v o r  o f  la m b  and y e a r lin g  
sh e e p  m ea ts c o n ta in in g  n e a r ly  2 0 % o f  l in o le ic  ac id  in  th e  fa t ty  
a c id s  o f  su b c u ta n e o u s  fa t  o b ta in e d  b y  su p p le m e n t in g  th e  d ie t  
o f  th e  a n im a ls w ith  a fo r m a ld e h y d e -tr e a te d  su n f lo w e r  seed -  
c a se in  p rep a ra tio n , d e sc r ib ed  b y  S c o t t  e t  al. ( 1 9 7 2 ) .  L a b o 
r a to ry  ta s te  p a n els  fo u n d  th a t th e  c o o k e d  ‘h ig h -lin o le ic ’ sh e e p  
m e a ts  p o s se sse d  a m o r e  ‘s w e e t ’ a n d  ‘o i ly ’ aro m a  and flavor  
th a n  m ea t fr o m  o th e r  sh e e p  p a s tu r ed  o n  a lfa lfa  or  fe d  a 
n o r m a l fe e d lo t  ra tio n . T h e  fa t ty  p o r t io n s  o f  th e se  c o o k e d  
h ig h -lin o le ic  sh e e p  m e a ts  w e re  fo u n d  (P ark  e t  a l., 1 9 7 4 )  to  
c o n ta in  e le v a te d  lev e ls  o f  4 -h y d r o x y d o d e c -c is ,6-e n o ic  acid  
la c to n e  (c is - ,y -d o d e c -6- e n o la c to n e )  an d  tr a n s ,tra n s-d ec a -2 ,4 -  
d ie n a l in  th e  c o ld -fin g er  fr a c t io n  o b ta in e d  b y  h ig h -v a c u u m  
d eg a ssin g . T h e se  c o m p o n e n ts  w ere  b e lie v e d  to  c o n tr ib u te  to  
th e  ‘s w e e t ’ and ‘o i ly ’ a r o m a  an d  f la v o r  c h a r a c te r ist ic s , r e sp e c 
t iv e ly  in  th e  c o o k e d  m e a t, fo l lo w in g  c o n s id e r a t io n  o f  then- 
c o n c e n tr a t io n  in  th e se  fr a c t io n s  an d  th e ir  o d o r  o r  fla v o r  
th r e sh o ld s  (P a rk  e t  a l., 1 9 7 5 ) .

T h e  ‘s w e e t ’ a r o m a  w a s c o n s id e r e d  l ik e ly  to  p rove u n d esira 
b le  to  c o n su m er s  and w as d e te c ta b le  in  an d  a ro u n d  th e  k itc h e n  
a fte r  c o o k in g . In  sm a ll-sca le  (S c o t t ,  1 9 7 4 )  e x p e r im e n ts  a fo rm -  
a ld e h y d e -tr e a te d  sa f f lo w e r  o il-c a se in -p r e p a r a tio n  (S c o t t  e t  a l.,
1 9 7 1 )  w a s fe d  to  sh e e p  an d  p r o d u c e d  20%  l in o le ic  ac id  
m u tto n  o r  la m b  w h ic h  e lic ite d  n o  c o m m e n ts  fr o m  c o n su m e r s  
o n  th e  p r e se n c e  o f  a ‘s w e e t ’ a ro m a  or  fla v o r  in  th e  c o o k e d  
sta te . T h is  p r o m p te d  th e  p r e se n t s tu d y , w h ic h  r e p o r ts  a c o m 
p a r iso n  o f  th e  fla v o r  o f  la m b s fe d  a c o n v e n t io n a l  f e e d lo t  r a t io n  
(b a sa l d ie t) , a lo n e  or su p p le m e n te d  w ith  e ith er  fo r m a ld e h y d e -  
tr ea te d  sa ff lo w e r  o il-c a se in  (b a sa l p lu s  p r o te c te d  sa ff lo w e r  o il-  
ca se in ) or  fo r m a ld e h y d e -tr e a te d  su n f lo w e r  se e d -c a se in  (b a sa l  
plu s p r o te c te d  su n f lo w e r  se e d -ca se in ).

E X P E R IM E N T A L

Animals and feed
36 Merino wether lambs, approxim ately 7 m onths old and o f mean 

liveweight 25.8 kg were divided into three equal groups on a stratified 
random  basis to distribute liveweights evenly. Each group was assigned

1 C S IR O  D iv. o f M a th e m a tic s  & S ta tis tic s

to one o f three dietary regimes and held outdoors in pens at the CSIRO 
Meat Research Laboratory. The diets used were: (i) basal; (ii) basal plus 
protected  sunflower seed-casein bo th  described previously (Ford et al.,
1975); and (iii) basal plus protected safflower oil-casein as fed to sheep 
by Scott e t al. (1S 71). The two supplemented diets contained approxi
m ately equal amounts o f  linoleic acid, by  design. The am ount o f feed 
offered daily was gradually increased from  0.4 kg to 1.5 kg/head. Six 
wk after feeding commenced all lambs were removed from  the diets 
and slaughtered a t a nearby abattoir. The lamb carcasses were chilled to 
about 1°C and after 24 hr sectioned into the  desired portions and held 
in polypropylene bags a t — 30° C until required, when they were thawed 
at 5°C for 24—48 hr. Oxidative deterioration was insignificant during 
this period o f  frozen storage, as assessed by measuring changes in the 
peroxide value of the subcutaneous fat.
Taste panel evaluations

Laboratory taste panel evaluations were carried ou t w ithin 5 wk of 
slaughter. To allow for valid comparisons o f  data from  taste panel and 
flavor volatile chemical examinations, the meat for taste panel exami
nations was prepared from  boiled, ground meat (served hot) as in the 
m ethod o f Park et al. (1972). This cooking technique while unusual, 
has been found to give results comparable w ith those obtained from  
more conventional cooking procedures (Ford e t al., 1975). A panel o f 
20 members was selected in a manner similar to that described by Ford 
e t al. (1975) and comprised 14 men (24—45 yr) and six wom en (2 2 -4 2  
yr). Samples were presented three at a tim e for ten sessions from  weight 
rank-m atched lambs, one from each of the d ietary treatm ent groups. 
The two lambs showing minimum weight gain from each group o f 12 
were excluded.

Panel members scored the samples for meat flavor properties as 
described by Park et al. (1972) i.e., intensity o f meat aroma, ‘different’ 
aroma, meat flavor, ‘different’ flavor and flavor acceptability. An in
tensity rating scale o f  0  = zero to 8 = very strong was used for the first 
four o f these properties and a hedonic scale o f  0 = very poor to 8 = very 
good used for rating o f flavor acceptability. Panel members entered 
scores on computer cards (Gipps and Casimir, 1973). These data were 
analyzed for differences betw een d ietary treatm ents for each flavor 
property.

Taste panel members were also asked to provide comm ents describ
ing any flavor or aroma characteristics peculiar to any o f the samples 
being tasted. The panel members were provided w ith a m odified version 
o f the descriptive terms collated by  Harper et aL (1968) to  assist them  
in describing such qualities.

Fatty acid analysis
Subcutaneous fat tissue was excised from  each animal carcass near 

the tail, 24 hr af:er slaughter. 1-g samples o f these were taken, the lipid 
was extracted and trans-esterified and the resultant m ethyl esters sepa
rated by  GC. The percentage of individual fa tty  acids was determined, 
as described earlier (Park et al., 1975).

Examination of volatile flavor components
O f the carcass portions unused for taste panel assessment the meat 

and fat from  four animals from  each treatm ent group were individually 
ground and cooked and the volatiles distilled under reduced pressure 
using the  m ethods described earlier (Park et ak, 1975). In this way the 
volatiles from  the steam-distillable portion, the more volatile (cold trap) 
and less volatile (cold-finger) fractions from  high-vacuum degassing o f 
the fat were concentrated into volumes o f 1 ml or less. These fractions 
were subsequently examined in a Packard 7300 gas chromatograph, 
using a 30.5m stainless steel SCOT column coated w ith Carbowax 20M 
(Perkin Elmer Products Corporation) as described previously (Park et
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aL, 1975) and fitted for olfactory exam ination o f  eluting com ponents. 
The quantitative com position o f  fractions was estimated by the meas
urement o f  peak areas obtained for individual com ponents on  recorder 
chart traces and summing these. Com ponents o f  interest had been previ
ously identified as constituents o f  similar fractions by GC-MS tech
niques.

R E S U L T S  & D IS C U S S IO N

A n im a l fe e d in g

T h e  th r e e  g r o u p s o f  la m b s e x h ib ite d  sim ilar  w e ig h t  ga ins  
o ver  th e  6-w k  e x p e r im e n ta l fe e d in g  p er io d  and n o  s ig n if ica n t  
d iffe r e n c e s  in  w e ig h ts  o f  th e  carcasses. T h e  m ea n  lev e ls  o f  
l in o le ic  ac id  in  su b c u ta n e o u s  ( ta il)  lip id s  w e re  fo u n d  to  be  2 . 6 ,
2 0 .5  and 2 1 .7 %  fr o m  th e  b asa l, b asa l p lu s  p r o te c te d  su n flo w e r  
se e d -c a se in  and basal p lu s p r o te c te d  sa ff lo w e r  o il-c a se in  d ie ts ,  
r e sp e c t iv e ly .

T a ste  p a n el e v a lu a t io n s

M ean ta ste -p a n e l r e sp o n se s  and r e la ted  lea st s ig n if ic a n t  d if
fe r e n c e s  (P  =  0 .0 5 ,  0 .0 1 ,  0 .0 0 1 )  r esu lt in g  fr o m  c o m p a r iso n  o f  
th e  d ie ts  and a d ju ste d  fo r  m iss in g  v a lu e s  are g iv en  in  T a b le  1. 
F ro m  th e se  d a ta  it  ca n  b e  se e n  th a t tw o  o f  th e  th r e e  d ie ts  
in d u c e d  s ig n if ic a n t  d if fe r e n c e s  in  flavor  and a ro m a  p r o p e r tie s  
w h e n  c o m p a r e d  to  th e  th ird  d ie t . T h e  m e a t fr o m  la m b s fe d  th e  
b asa l d ie t  e x h ib ite d  s ig n if ic a n t ly  lo w e r  (P  <  0 .0 0 1 )  ‘d if fe r e n t ’ 
a ro m a  and fla v o r  sc o r es  th a n  th a t fr o m  la m b s fe d  e ith e r  p ro
te c te d  lip id  su p p le m e n t. T h e  m ea t fr o m  la m b s fed  th e  pro
te c te d  s u n f lo w e r  se e d -c a se in  su p p le m e n t  a lso  gave s ig n if ic a n t ly  
lo w e r  ‘d if fe r e n t’ a r o m a  (P  <  0 .0 0 1 )  and ‘d if fe r e n t ’ fla v o r  (P  <  
0 . 0 1 ) sc o r e s  th a n  th a t fr o m  la m b s fed  th e  p r o te c te d  sa ff lo w e r
o il-c a se in . T h e se  r e su lts  c o n fir m  an d  e x te n d  th e  in it ia l f in d in g s  
(F o r d  e t al., 1 9 7 5 )  th a t  p r o te c te d  lip id  su p p le m e n ts , in  raising  
l in o le ic  ac id  le v e ls  to  a b o u t  2 0 % o f  to ta l  f a t ty  a c id s, p r o d u c e  
at th e  sa m e t im e  m ark ed  fla v o r  c h a n g e s  in  th e  c o o k e d  m eat  
w h ic h  lo w e r e d  i t s  flavor  a c c e p ta b il i ty  to  a m a jo r ity  o f  p a n el  
m em b ers . T h e  m ea n  ra tin g  o f  fla v o r  a c c e p ta b il i ty  o f  th e  b asa l 
d ie t  lam b  m eat w a s n o rm a l fo r  g r o u n d , b o ile d  lam b .

M eat fr o m  la m b s fe d  th e  p r o te c te d  sa f f lo w e r  o il-c a se in  
e lic ite d  m o r e  c o m m e n ts  fr o m  p a n e llis ts  o n  th e  p r e se n c e  o f  an  
‘o i ly ’ or  ‘p a in t- lik e ’ flavor  th a n  th a t fr o m  la m b s fed  th e  p ro
te c te d  su n f lo w e r  se e d -c a se in  o r  b asa l d ie ts  ( 1 8 : 8 : 1  and 9 : 0 : 0 ,  
r e s p e c t iv e ly ) .  In  c o n tr a s t  m e a t fr o m  la m b s fe d  th e  p r o te c te d  
s u n f lo w e r  se e d -c a se in  d rew  m o re  c o m m e n ts  o n  th e  p r e se n c e  o f

c. ‘s w e e t ’ a ro m a  and f la v o r  th a n  th a t fr o m  la m b s fe d  th e  o th e r  
d ie ts  ( 7 : 4 : 4 ,  r e sp e c t iv e ly ) .

E x a m in a tio n  o f  v o la t ile  c o n s t i tu e n ts

T h e  d ie ta r y  tr e a tm e n ts  m a r k e d ly  in f lu e n c e d  th e  y ie ld  o f  
th e  in d iv id u a l c o m p o n e n ts  o f  c o ld -fin g e r  fr a c t io n s  fr o m  h igh - 
v a c u u m  d e g a ss in g  o f  lip id  p o r t io n s  fr o m  th e  c o o k e d  m e a t. T h is  
is  i llu s tra te d  in  F igu re  1 w h ic h  sh o w s  G C  tra ces f r o m  fr a c t io n s  
r e p r e se n ta tiv e  o f  e a ch  o f  th e  d ie ta r y  tr e a tm e n ts , o b ta in e d  o n  a 
3 0 .5 m  C a rb o w a x  2 0 M -c o a te d  SC O T  c o .u m n . T h e  m o s t  s ig n if i
ca n t, b e tw e e n -d ie t  d if fe r e n c e s  n o te d  a m o n g s t  th e se  fr a c t io n s  
w ere:

(1 )  F r a c t io n s  fr o m  th e  b asa l d ie t  tr e a tm e n t, u n lik e  th e  o th e r s ,  
c o n s is te n t ly  c o n ta in e d  o n ly  sm a ll a m o u n ts  o f  tra n s,tra n s-  
d e c a -2 ,4 -d ie n a l;

(2 )  F r a c t io n s  fr o m  th e  p r o te c te d  su n f lo w e r  se e d -c a se in  trea t
m e n t  c o n ta in e d  b o th  th e  d e c a d ie n a l an d  c is -Y -d o d e c -6- 
e n o la c to n e  as m ajor  c o m p o n e n ts  i .e . ,  at lea s t  1 0 % o f  th e  
to ta l;

( 3 )  F r a c t io n s  fr o m  th e  p r o te c te d  sa f f lo w e r  o il-c a se in  tr ea t
m e n t c o n ta in e d  th e  d e c a d ie n a l as a m ajor  c o m p o n e n t  and  
th e  u n sa tu ra te d  la c to n e  as a p r o m in e n t  (1 — 5% o f  to ta l)  
c o m p o n e n t .  H o w e v er , w h er ea s  th e r e  w a s a t le a s t  tw ic e  as 
m u c h  d e c a d ie n a l as o c cu rr ed  in  fr a c t io n s  fr o m  th e  p ro
te c te d  su n f lo w e r  se e d -c a se in  tr e a tm e n t, th e r e  w a s o n ly  
1 /4 — 1 /5  as m u c h  o f  th e  u n sa tu ra te d  la c to n e . T h e le v e l o f  
b o th  la c to n e s  w a s a lm o st  tw ic e  th a t o b ta in e d  fr o m  th e  
b asa l d ie t  tr e a tm e n t;

(^ ) D e c a d ie n a l lev e ls  in  fr a c t io n s  fr o m  th e  sa f f lo w e r  o il-c a se in  
tr e a tm e n t w e r e  tw ic e  th a t fo u n d  in  c o r r e sp o n d in g  frac
t io n s  fr o m  th e  su n flo w e r  se e d -ca se in  tr e a tm e n t.

T h e  f in d in g  o f  e le v a te d  le v e ls  o f  tr a n s ,tr a n s-d e c a -2 ,4 -d ie n a l  
in  h ig h -lin o le ic  b e e f  (F o r d  e t al., 1 9 7 6 )  as w e ll  as in  th e  h igh - 
l in o le ic  sh e e p  m e a ts  fro m  th e  tw o  d if fe r e n t  p r o te c te d  lip id s  
h ere le n d s  su p p o r t  to  th e  r ep o rt o f  P a tto n  e t al. ( 1 9 5 9 )  th a t  
l in o le ic  a c id -r ich  l ip id s  g e n e ra te  th is  a ld e h y d e  o n  h e a t in g  in  th e  
p r e se n c e  o f  w a ter . In a d d itio n  it  a p p ea rs :h a t s o m e  e le v a t io n  in  
lev e ls  o f  b o th  th e  sa tu ra ted  and u n sa tu r r te d  y -d o d e c a la c tc n e s  
is  a lso  a c o n se q u e n c e  o f  g e n e ra tin g  th e  lin o le ic -r ic h  lip id s  in  
m e a t. H o w e v e r , th e  large  d if fe r e n c e s  o b ta in e d  in  y ie ld s  o f  cis-
7 -d o d e c -6- e n o la c to n e  th r o u g h  th e  u se  o f  th e  tw o  d if fe r e n t

Table 1—Mean taste panel ratings and least significant differences in flavor properties of lamb from basal diet or basal diet supplemented with 
one of two protected lipids

Flavor property

Feeding treatment
Meat

aroma
Meat
flavor

Different
aroma

Different
flavor

Flavor
acceptability

Basal diet 3.79 4.18

Mean taste panel ratings® 

0.94 0.71 4.70
Basal diet plus protected

sunflow er seed-casein 3.37 3.55 1.66 1.87 3.56
Basal diet plus protected

safflower oil-casein 3.06 3.11 2.75 2.94 3.02

Least significant differences

Level of significance
Prob = 0.05 0.20 0.42 0.24 0.59 0.57
Prob = 0.01 0.28 0.58 0.33 0.80 0.79
Prob = 0.001 0.38 0.78 0.46 1.09 1.07

a Intensity rating scale: 0, zero; 2, slight; 4, moderate; 6, strong, and 8, very strong intensity. Hedonic scaling of acceptability: 0, very poor; 2, 
poor; 4, moderate; 6, good and 8, very good acceptability.
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protected lipid supplem ents are considered likely to  be of con
siderable consequence to  flavor properties o f the meat. The 
concentration of this lactone in cold-finger fractions from the 
protected sunflower seed-casein treatm ent ( 1—2 ppm in lipid 
portions of meat) was similar to those reported earlier (Park et

Fig. 7—Gas chromatograms o f  0.1 g i  samples o f  cold-finger frac

tions from  vacuum degassing o f  lip id  from  cooked lamb fed p rio r to 
slaughter: A, formaldehyde-protected sunflower seed-casein; B, 

formaldehyde-protected safflower oil-casein; or C, basal diet. Peaks 

1, 2 and 3 are attributed respectively to trans.trans deca-2,4-dienal, 
y-dodecaiactone and cis y-dodec-6-enolactone. Gas chromatographic 

conditions: 100 ft  Carbowax 20 M  S C O T  stainless steel column, N 2 
F low  rate 4 m l per min, colum n oven temperature 120° C for 5 min 
then 1° rise per m inute to 170PC, flame ionization detector sensi

tivity, 3  x  1CT" amp fu ll scale deflection.

al., 1975) and, for the reasons more fully discussed then, is 
considered sufficient to contribute significantly to  the aroma 
properties of the meat. In contrast, the yield in corresponding 
cold-finger fractions derived from  lambs consuming the pro
tected safflower oil-casein diet (0 . 1—0.2 ppm in the lipid por
tions) is considered to be insufficient to  make a significant 
contribution to the arom a or flavor o f the meat.

The steam-volatile fractions obtained by distillation of the 
meat from the two protected lipid diets were found qualita
tively identical and contained greater quantities o f n-hexanal, 
hept-2-enal, oct-2-enal n-pentanol and n-butanol, than cor
responding fractions from  the basal diet. These com ponents 
are common products o f the oxidation of linoleic acid in lipid 
systems. Since the meat generating these com ponents showed 
no signs of autoxidative deterioration prior to  cooking, it must 
be assumed that they were generated during cooking. We are 
not able to  ascribe any consequence to flavor properties o f the 
meat from  such differences as they were recovered in insuf
ficient yield from high-linoleic meat to indicate likely indi
vidual contribuiions to aroma or flavor o f the meat.

No consistent differences were found between protected 
lipid diets in the qualitative or quantitative com position of the 
more volatile fractions (Park et al., 1975) obtained by vacuum 
degassing of lipid portions from the cooked meat.

The observed effect of protected lipid type on levels of 
cis-7-dodec-6-enolactone in lipid portions of cooked lamb 
remains unexplained. This question, because of its relevance to 
the flavor o f cooked high-linoleic lamb, is the subject of cur
rent investigations by us and related groups in CSIRO.
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Q U A L IT Y  C H A R A C T E R IS T IC S  O F  
P O R T IO N  C O N T R O L L E D  T E N D E R L O IN  S T E A K S

----------------------- ------------------  A B S T R A C T  ------------------------------------------

S te a k s  f r o m  m e c h a n ic a l ly  p r e s s e d  t e n d e r lo in s  a n d  s te a k s  f r o m  p a i r e d ,  
u n p r e s s e d  c o n t r o l  t e n d e r lo in s  f r o m  G o o d  a n d  C h o ic e  g r a d e  s te e r s  w e re  
s tu d ie d .  P r e s s in g  d id  n o t  a d v e r s e ly  a f f e c t  o v e ra l)  q u a l i t y  o f  t h e  t e n d e r 
lo in  s te a k s ;  h o w e v e r ,  f ib e r s  o f  t h e  p r e s s e d  s te a k s  w e r e  k in k e d  a n d  c o m 
p a c t e d  w h e n  c o m p a r e d  t o  c o n t r o l  s te a k s .  N o  d i f f e r e n c e s  in  f ib e r  b r e a k 
a g e  o r  in  s a r c o m e r e  l e n g th  w e r e  n o t e d .  F a t ,  m o i s tu r e ,  le a n  c o lo r ,  
m a rb l in g  t e x t u r e ,  m a rb l in g  a m o u n t ,  le a n  t e x t u r e ,  l e a n  f i r m n e s s  a n d  
m o i s tu r e  o n  th e  s t e a k  s u r f a c e  w e re  s im ila r  in  p r e s s e d  a n d  u n p re s s e d  
s te a k s .  P a n e l  s c o r e s  f o r  t e n d e r n e s s ,  ju ic in e s s  a n d  f la v o r  a n d  W a rn e r -  
B r a t z l e r  s h e a r  v a lu e s  w e re  a ls o  s im ila r  f o r  p r e s s e d  a n d  u n p r e s s e d  s te a k s .  
P r e s s e d  s te a k s  h a d  g r e a te r  c o o k in g  lo s s , b u t  t h e y  w e re  m o r e  u n i f o r m  in  
s iz e  a n d  s h a p e  t h a n  c o n t r o l  s te a k s .

IN T R O D U C T IO N

INTRODUCTION of the meat press has greatly simplified the 
purveyor’s task of meeting size, weight and trim specifications 
by mechanically shaping subprimal cuts, such as tenderloins, 
prior to portioning into steaks. However, studies on quality 
characteristics before and after pressing are limited (Mahoney, 
1973; D. L. Huffman, personal com munication).

In this study we determ ined some histological changes 
which occurred in pressed beef tenderloins (psoas major 
muscle and attached psoas minor muscle) and we compared 
steaks from  pressed and unpressed tenderloins for quality. 
Cooked steaks were evaluated for appearance, cooking loss and 
palatability.

M A T E R IA L S  & M E T H O D S

2 0  P A I R E D  T E N D E R L O I N S  f r o m  1 0  G o o d  a n d  C h o ic e  s te e r  c a r c a s s e s  
r a n g in g  in  w e ig h t  f r o m  3 0 7 - 3 4 1  k g , w e r e  u s e d  f o r  c o m p a r i s o n s .  T h e  
s te e r s ,  a l l  f r o m  th e  s a m e  f e e d lo t ,  w e r e  s la u g h t e r e d  b y  a  c o m m e r c ia l  
p a c k e r  a n d  t h e  c a r c a s s e s  a g e d  f o r  4 8  h r  a t  1 °C . T h e  p a i r e d  t e n d e r lo in s  
w e r e  t h e n  r e m o v e d ,  t r i m m e d  a n d  f r o z e n  a t  - 4 0 ° C  f o r  2 4  h r .  A f te r  
t e m p e r in g  a t  - 2 ° C  f o r  4 8  h r ,  t h e  c o n t r o l  t e n d e r l o i n  o f  th e  p a i r  w a s  
c le a v e d  in to  3 .8  c m  th i c k  s te a k s  o f  v a ry in g  w e ig h ts .  T h e  o t h e r  t e n d e r 
lo in  w a s  s h a p e d  i n t o  a  u n i f o r m  “ lo g ”  b y  a  B e t t c h e r  P re s s  a n d  t h e n  
c le a v e d  i n t o  3 .8  c m  t h i c k  s te a k s  w e ig h in g  a p p r o x i m a t e l y  2 5 0 g  e a c h .

Anterior
— —

0 0 0 D E F G Posterior

Control tenderloin

Anterior 0 0  §  g  [e] 0 0 Posterior

Pressed tenderloin

Fig. 1—Anatom ica l identification o f  tenderloin steak pairs.

A f te r  p o r t i o n in g ,  t h e  s te a k s  w e r e  v a c u u m  p a c k a g e d  w i t h  a  D u P o n t  
B iv a c  p a c k a g in g  s y s te m  w h ic h  f o r m e d  a  t i g h t  i o n o m e r  f i lm  a r o u n d  th e  
c o n t o u r  o f  t h e  m e a t .  S te a k s  f r o m  c o r r e s p o n d in g  a n a t o m i c a l  l o c a t io n s  
o n  t h e  t e n d e r lo in s  w e re  l e t t e r  d e s ig n a te d ,  w i t h  A  b e in g  s te a k s  n e a r e s t  
t h e  a n t e r i o r  e n d s  a n d  s u c c e e d in g  l e t t e r s  p r o c e e d i n g  t o w a r d  t h e  p o s 
t e r i o r  e n d s  o f  t h e  c o n t r o l  a n d  p re s s e d  t e n d e r l o i n  p a i r s  ( F ig .  1 ) . U p o n  
r e c e i p t  a t  t h e  U n iv e r s i ty  o f  W y o m in g  t h e  p a c k a g e d  s te a k s  w e r e  s to r e d  
a t  — 1 0 ° C  a n d  e v a l u a t e d  w i th in  9 0  d a y s .

T h r e e  e x p e r i e n c e d  ju d g e s  s c o r e d  c o lo r ,  m a rb l in g  t e x t u r e ,  m a r b l in g  
a m o u n t ,  m o is tu r e ,  le a n  t e x t u r e  a n d  f i r m n e s s  o f  le a n  f o r  in d iv id u a l  
s t e a k s  f r o m  lo c a t io n s  B , C , D , F  a n d  G  (F ig .  1 ) .  P a i r e d  s t e a k s  w e r e  
r e m o v e d  f r o m  th e  f r e e z e r  a n d  te m p e r e d  a t  2 ° C  f o r  1 8  h r .  O n e  h r  b e f o r e  
s c o r in g ,  t h e  s te a k s  w e r e  u n w r a p p e d  a n d  p la c e d  in  a  2 1 ° C  r o o m .  E a c h  
j u d g e  in d iv id u a l ly  s c o r e d  q u a l i t y  t r a i t s  a c c o r d i n g  t o  U S D A  ( 1 9 6 5 )  
s ta n d a rd s .

S te a k s  D  a n d  F  (F ig .  1 )  f r o m  e a c h  t e n d e r l c i n  w e r e  b r o i l e d  t o  6 0 ° C  
i n t e r n a l  t e m p e r a t u r e .  C o o k in g  t i m e  w a s  r e c o r d e d  a n d  t h e  c o o k e d  s te a k s  
w e r e  w e ig h e d  f o r  c o o k in g  lo s s  c o m p u t a t i o n  i m m e d ia t e ly  a f t e r  r e m o v a l  
f r o m  th e  o v e n .  S e p a r a t io n  o f  p s o a s  m a jo r  a n d  p s o a s  m in o r  m u s c le s  
d u r in g  c o o k in g  w a s  s u b je c t iv e ly  s c o r e d  f r o m  o n e  to  f iv e , w i t h  o n e  b e in g  
“ h o ld s  t o g e th e r ”  a n d  f iv e  b e in g  “ s e p a r a te s  c o m p l e t e l y . ”  C o o k e d  s te a k s  
f r o m  lo c a t io n s  B a n d  F  (F ig .  1 )  w e re  u s e d  f o r  s e n s o r y  p a n e l  te s t in g .  A
1 0 - m e m b e r  s p e c ia l iz e d  p a n e l  w a s  s e rv e d  w e d g e - s h a p e d  u n t r i m m e d  p o r 
t i o n s  f r o m  th e  p s o a s  m a jo r  m u s c le .  T h e  o u t s id e  f a t  w a s  l e f t  u n t r i m m e d  
t o  a p p r o x i m a t e  c o n s u m e r  s e rv in g s . E a c h  d a y ,  p a n e l  m e m b e r s  w e r e  
s e rv e d  s a m p le s  f r o m  tw o  c o n t r o l  a n d  tw o  p r e s s e d  s te a k s .  E a c h  m e m b e r  
s c o r e d  t e n d e r n e s s ,  j u ic in e s s  a n d  f l a v o r  u s in g  a  h e d o n i c  s c a le  o :  o n e  to  
n in e ,  w h e r e  o n e  w a s  “ d is l ik e  e x t r e m e l y , ”  f iv e  w a s  “ n e i t h e r  l ik e  n o r  
d is l ik e ,”  a n d  n in e  w a s  “ l ik e  e x t r e m e ly .”  P a n e l  m e m b e r s  w e r e  i n s t r u c t e d  
to  s c o r e  t h e  m o s t  t e n d e r  s te a k s  t h e  h ig h e s t  o n  th e  o n e  to  n in e  h e d o n ic  
s c a le . S te a k s  C  a n d  E  (F ig .  1 ) w e r e  e q u i l i b r a t e d  to  r o o m  t e m p e r a t u r e  
f o r  2  h r  a f t e r  c o o k in g .  T w o  2 .5 4 - c m  c o r e s  f r o m  e a c h  s t e a k  w e r e  s h e a r e d  
f o u r  t im e s  e a c h  w i t h  a  W a r n e r -B ra tz le r  s h e a r .

A  1 -c m  th i c k  s lic e  f r o m  t h e  f a c e  o f  f r o z e n  s te a k s  D  a n d  G  (F ig .  1) 
w a s  r e m o v e d  w i t h  a  b a n d  s a w  f o r  h is to lo g ic a l  s t u d y .  T w o  l o n g i tu d in a l  
a n d  tw o  t r a n s v e r s e  f r o z e n  s a m p le s ,  e a c h  f r o m  d i f f e r e n t  q u a d r a n t s  o f  th e  
s lic e , w e r e  c a r e f u l ly  m o u n t e d  o n  m i c r o t o m e  c h u c k s  so  t h a t  o r i e n t a t i o n  
o f  t h e  f ib e r s  w e r e  n o t  d i s tu r b e d .  A f t e r  e q u i l i b r a t i o n  t o  r o o m  t e m p e r a 
t u r e ,  t h e  s a m p le s  w e re  q u i c k - f r o z e n  in  l i q u id  n i t r o g e n ,  a n d  1 0 p  th i c k  
t i s s u e  s l ic e s  w e re  m a d e  o n  a  S le e  C o ld  M ic r o to m e .  T w o  t i s s u e  s a m p le s  
f r o m  e a c h  c h u c k  w e r e  m o u n t e d  o n  c o v e r  s lip s , s t a i n e d  w i t h  e o s in  f o r  1 
m in  to  h ig h l ig h t  f ib e r  c h a r a c t e r i s t i c s ,  a n d  m o u n t e d  o n  s l id e s  w i t h  g ly c 
e r in e  geL  T h u s ,  f o u r  l o n g i tu d in a l  a n d  f o u r  t r a n s v e r s e  s l id e s  w e r e  p r e 
p a r e d  f o r  e a c h  s te a k .  T w o  w o r k e r s  e a c h  e s t i m a te d  f ib e r  a n g le  in  f o u r  
r a n d o m  f ie ld s  o f  e a c h  o f  t h e  t r a n s v e r s e  s lid e  p r e p a r a t i o n s .  N i n e t y  d e 
g re e s  w a s  a  p e r f e c t ly  t r a n s v e r s e  f ib e r ,  a n d  z e r o  d e g r e e s  a  p e r f e c t l y  lo n g i
t u d in a l  f ib e r .  T h e  g r e a t e s t  f i b e r  d i a m e t e r 'o f  16  r a n d o m  f ib e r s  w a s  a ls o  
m e a s u re d .  S in c e  e a c h  s a m p le  w a s  c a r e f u l ly  r e m o v e d  a n d  m o u n t e d  in  t h e  
s a m e  m a n n e r ,  g r e a t e s t  f ib e r  d i a m e t e r  w a s  a  m e a s u r e  o f  t h e  s q u a m o u s  
a n g le  o f  t h e  m u s c le  f ib e r s  in  e a c h  s te a k .  T h e  g r e a te r  t h e  f i b e r  d i a m e te r ,  
t h e  g r e a te r  w a s  t h e  d i s t o r t i o n  o f  t h e  t r a n s v e r s e  f i b e r .  S l id e s  o f  lo n g i
t u d in a l  s e c t io n s  w e r e  u s e d  f o r  s t u d y  o f  m e c h a n ic a l  k in k in g  a n d  b r e a k 
in g  o f  f ib e r s .  O b v io u s  b r e a k s  w e r e  c o u n t e d  in  f o u r  r a n d o m  4 5 0 x  f ie ld s  
b y  tw o  w o r k e r s .  T h e  p r o c e d u r e  o f  S m i th  e t  a l. ( 1 9 6 9 )  w a s  u s e d  to  
d e t e r m i n e  s a r c o m e r e  le n g th .  M y o f ib r i l  f r a g i l i ty  w a s  s c o r e d  b y  c o u n t in g  
s a r c o m e r e s  o n  25  r a n d o m  m y o f i b r i l  s e g m e n ts  b a s e d  o n  p r o c e d u r e s  o u t 
l in e d  b y  T a k a h a s h i  e t  a l.  ( 1 9 6 7 )  a n d  G o l l  ( 1 9 6 8 ) .  F ib e r  d i a m e t e r  d e 
t e r m i n a t i o n  w a s  a s  o u t l i n e d  b y  S m i th  e t  a l .  ( 1 9 6 9 ) .  H o m o g e n iz e d  p s o a s  
m a jo r  m u s c le  s a m p le s  f r o m  s te a k s  D  a n d  G  w e r e  u s e d  f o r  f a t  a n d  
m o is tu r e  d e t e r m i n a t i o n  fo l lo w in g  A O  A C  (197C T p r o c e d u r e s .
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occurred as a result of pressing. The decreased num ber of fiber 
breaks evident in pressed steaks when compared to control 
steaks indicates tha t pressing com paction probably obscured 
some breaks which were present. The large standard errors for 
fiber breaks w ithin control or pressed steaks explains why 
means for breaks per field were not significantly different. 
Num ber of sarcomeres per fragmented myofibril further sup
port the finding that no fiber breakage occurred as a result of 
pressing. If pressing had caused fracturing, it would have de
creased the average num ber of sarcomeres per myofibril frag
ment o f the pressed steaks (Davey and Gilbert, 1967; Taka- 
hashi et al., 1967).

Visual evidence in longitudinal slides showed that pressing 
caused kinking of fibers in the pressed steaks. The normally 
straight or slightly wavy fibers were often kinked into v-shaped 
rows.

Percent ether extraction and percent m oisture in control 
and pressed steaks were not significantly different. Since the 
paired tenderloins were stored for the same length of tim e and 
processed under the same conditions this would be expected. 
It is evident tha t no m oisture loss occurred as a result of 
pressing.

The main effects of pressing on tenderloin steaks were 
kinking and com paction of fibers and increases in cooking 
losses. Neither was detrim ental to palatability of the pressed 
product. The uniform ity and eye appeal of the pressed tender
loin steaks over control steaks, coupled w ith lack of quality 
differences, gives the pressed steaks a definite advantage over

unpressed steaks. The results found in this study w ith an in
herently tender muscle group may n e t be applicable to 
tougher muscle groups. Additional stucy is needed to  de
term ine effects of pressing on quality of cuts other than 
tenderloins.
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E V A L U A T IO N  O F  A  C A L C IU M  A L G IN A T E  C O A T IN G  
A N D  A  P R O T E C T IV E  P L A S T IC  W R A P P IN G  F O R  

T H E  C O N T R O L  O F  LA M B  C A R C A S S  S H R IN K A G E

-----------------------------------------  A B S T R A C T  ------------------------------------------

N in e ty  l a m b  c a r c a s s e s  w e re  e v a l u a t e d  fo r  s h r in k  lo s s , m ic r o b ia l  g r o w th  
a n d  t e m p e r a t u r e  r e d u c t i o n  f o l lo w in g  t r e a t m e n t  w i th :  (1 )  a n  e d ib le  
c a lc iu m  a lg in a te  c o a t in g ,  F la v o r - T e x ®  ; (2 )  p la s t i c  w r a p ;  o r ,  ( 3 )  n o  t r e a t 
m e n t  ( c o n t r o l ) .  L a m b s  (n  = 3 0 )  w e re  s la u g h te r e d  o n  t h r e e  c o n s e c u t iv e  
d a y s  w i th  1 0  c a r c a s s e s /d a y  b e in g  r a n d o m l y  a s s ig n e d  t o  e a c h  t r e a t m e n t .  
C a rc a s s e s  r e c e iv in g  t h e  e d ib le  c o a t in g  w e re  s ig n i f i c a n t ly  (P  <  0 .0 5 )  
lo w e r  in  2 4 - h r  s h r in k a g e  lo s s  ( 1 .5 5 % )  t h a n  t h e  c o n t r o l s  ( 2 .7 7 % ) ;  h o w 
e v e r ,  t h o s e  i n  p la s t i c  w r a p  h a d  t h e  l e a s t  a m o u n t  o f  s h r in k a g e  (1 .2 0 % ) ,  
a n d  m a in t a in e d  t h i s  a d v a n ta g e  t h r o u g h  7 d a y s  p o s tm o r t e m .  T o t a l  s u r 
f a c e  m ic r o b ia l  c o u n t s  f r o m  th e  s ir lo in  a r e a  i n d i c a t e d  a  s ig n i f i c a n t  (P  <  
0 .0 5 )  r e d u c t i o n  a t  d a y  5 a n d  7 f o r  t h e  a lg in a te  c o a t e d  c a r c a s s e s ,  w i th  
t h e  p la s t i c  w r a p  c a r c a s s e s  h a v in g  t h e  h ig h e s t  c o u n t s  o n  a l l  d a y s .  I n t e r n a l  
leg  t e m p e r a t u r e  r e d u c t i o n  (c h i l l in g )  w a s  e s s e n t ia l ly  u n i f o r m  a t  t h e  e n d  
o f  a  2 4 -h r  c h i l l  a t  2 ° C  r e g a rd le s s  o f  t r e a t m e n t .  N o  s ig n i f i c a n t  d i f f e r 
e n c e s  w e re  o b s e r v e d  b e tw e e n  t r e a t m e n t s  f o r  c o o k in g  lo s s , f la v o r ,  j u i c i 
n e ss , o f f - o d o r  o r  o v e ra l l  a c c e p ta b i l i t y .

IN T R O D U C T IO N

THE LOSS OF WEIGHT, or shrinkage, associated with lamb 
carcasses during the post-slaughter chilling, storage and distri
bution periods is of major concern to  the meat packing indus
try. In addition to  weight loss, shrinkage may be accompanied 
by surface desiccation and color deterioration detrim ental to 
shelf life and consumer acceptability (Sm ith and Carpenter,
1973). Several workers have shown that carcass shrinkage can 
be controlled by the maintenance of low tem perature con
ditions accompanied by high relative hum idity and minimal air 
circulation (Fleming and Earle, 1968; Smith and Carpenter,
1973). However, control of shrinkage and surface microbial 
growth appear to  be interrelated in that moist carcass surfaces 
are more conducive to  bacterial growth than dry surfaces.

A ttem pts to  protect the surface of fresh meats by the appli
cation of an edible film coating have been limited to  poultry, 
fish and retail red meat cuts. Allen et al. (1963) evaluated beef 
steaks, pork chops and poultry pieces by first dipping them 
into either sodium alginate or alginate-cornstarch solutions at 
87.7°C followed by dipping into 5M CaCl2 for 1—2 sec. In 
general, the alginate-cornstarch m ixture retarded moisture loss 
more than plain alginate, while bo th  coating solutions effec
tively reduced moisture loss when compared to  untreated con
trols. Coated samples were significantly better in juiciness, 
texture and color; however, a b itter off-flavor was detected 
and attributed  to  the flavor im parted by the CaCl2 solution. 
Earle (1968a) concluded tha t the b itter taste could be elimi
nated if the calcium chloride solution was below 0.5M and if 
the viscosity of the gelling solution was controlled. Earle 
(1968b) described a calcium alginate gel coating to  be used for 
the protection of raw fish, meat and poultry. This edible coat
ing, known commercially as Flavor-Tex®, involves the forma
tion of a film around the food product by gelling the malto- 
dextran sodium alginate coating w ith a calcium chloride-

1 D ep t, o f F o o d  S c ien ce , U n iv e rs ity  o f  F lo r id a , G ainesv ille , F L  
3 2 6 1 1

carboxymethylcellulose solution. This process is presently 
used on seafoods and certain extruded products; however, its 
application on meat carcasses and cuts has not been evaluated.

The purpose of this study was to  com pare shrinkage loss, 
chill rate, surface microbial growth, carcass appearance and 
palatability characteristics of lamb carcasses which had been
(1) coated im m ediately post-slaughter w ith Flavor-Tex, (2) 
wrapped in a low m oisture perm eability plastic film, applied 
for the initial 24-hr postm ortem  period or (3) left unprotected 
(controls).

M A T E R IA L S  & M E T H O D S

P r o c e s s in g  o f  la m b  c a r c a s s e s

A  t o t a l  o f  9 0  l a m b s  w e r e  s la u g h t e r e d  o n  th r e e  c o n s e c u t iv e  d a y s  
( 3 0 / d a y ) .  E a c h  la m b  w a s  r a n d o m l y  a s s ig n e d  to  a  d a y  o f  s l a u g h t e r  a n d  
to  o n e  o f  t h r e e  s h r in k a g e  t r e a t m e n t s .  I m m e d ia t e ly  fo l l o w in g  s la u g h te r  
a n d  w a s h in g ,  t h e  c a r c a s s e s  w e re  m o v e d  b y  o v e r h e a d  r a i l  i n t o  a n  a d 
j a c e n t  r o o m  ( 1 0 ° C ) w h e r e  a n  i n i t i a l  m ic r o b ia l  c o u n t ,  i n t e r n a l  t e m p e r a 
t u r e  f r o m  t h e  t h i c k  a r e a  o f  t h e  leg s, h o t  c a r c a s s  w e ig h t  a n d  s h r in k a g e  
t r e a t m e n t  w e r e  c o n d u c t e d .  L a m b  c a r c a s s  w e ig h ts  r a n g e d  f r o m
1 7 . 8 - 2 8 . 8  k g  a n d  f a t  t h i c k n e s s  m e a s u r e m e n t s  w e re  b e t w e e n  3 . 8 - 8 . 9  
m m .

M ic r o b ia l  d e t e r m i n a t i o n s

S u r f a c e  m ic r o b ia l  s a m p le s  w e re  c o l l e c t e d  f r o m  th e  s ir lo in  a n d  b e l ly  
( f l a n k - p l a t e  j u n c t u r e )  a r e a s  o f  t h e  c a r c a s s .  A  6 .4 6  c m 2 a r e a  w a s  
s w a b b e d  u s in g  th e  s t a n d a r d  m o is t - s w a b  t e c h n i q u e  (A P H A , 1 9 7 2 ) .  S e r ia l  
d i l u t i o n s  w e re  p r e p a r e d  u s in g  B u t t e r f i e l d ’s p h o s p h a t e  d i l u e n t  a n d  p la te s  
w e re  p o u r e d  u s in g  S t a n d a r d  P la te  C o u n t  A g a r  (D i f c o )  f o r  a e r o b ic  
c o u n ts .  I n c u b a t i o n  o f  t h e  p l a t e s  w a s  f o r  5  d a y s  a t  2 0 ° C .  S a m p le s  w e re  
c o l l e c t e d  a t  0 , 2, 5  a n d  7 d a y s  p o s tm o r t e m .

C a rc a s s  t e m p e r a tu r e

C a rc a s s  t e m p e r a t u r e  w a s  d e t e r m i n e d  b y  a v e ra g in g  t h e  i n t e r n a l  t e m 
p e r a t u r e  f r o m  b o t h  h i n d  leg s. T e m p e r a t u r e s  w e r e  c o l l e c t e d  a t  0 , 6 , 2 4  
a n d  4 8  h r  p o s t m o r t e m  u s in g  a  p y r o m e t e r  e q u ip p e d  w i t h  a  3 -in . p r o b e  
(P Y R O  S u r f a c e  P y r o m e t e r ,  P y r o m e t e r  I n s t r u m e n t  C o .) .

C a rc a s s  w e ig h t

C a r c a s s  w e ig h ts  w e r e  d e t e r m i n e d  a t  0 , 1, 2 , 3 , 5  a n d  7  d a y s  p o s t 
m o r t e m  u s in g  a  T o l e d o  m o d e l  2 0 7 1  s c a le  w i t h  0 .1  l b  g r a d a t io n s .  
S h r in k a g e  a t  e a c h  d a y  p o s t m o r t e m  w a s  b a s e d  o n  t h e  i n i t i a l  h o t  c a r c a s s  
w e ig h t  t a k e n  a f t e r  w a s h in g  th e  c a rc a s s .

S h r in k a g e  t r e a tm e n t s

T h e  e d ib le  c a l c iu m  a lg in a te  f i lm  c o a t in g ,  F la v o r - T e x  (U .S . p a t e n t  
N o . 3 , 3 9 5 ,0 2 4 ,  F o o d  R e s e a r c h  In c . ,  T a m p a ,  F la . )  c o n s i s t s  o f  tw o  p a r t s :
(1 )  a  m a l to - d e x t r a n  s o d iu m  a lg in a te  s o lu t io n  1 4 2  g / l i t e r  w a te r ) ,  a n d  (2 )  
a  C a C l2 - c a r b o x y m e th y lc e l lu lo s e  s o lu t io n .  B o t h  s o lu t io n s  a r e  p r e p a r e d  
a t  r o o m  t e m p e r a t u r e  a n d  c a n  b e  s to r e d  a t  4 ° C  f o r  a t  l e a s t  2  w k .  S o 
lu t io n  1 w a s  s p r a y e d  d i r e c t l y  o n t o  a l l  s u r f a c e s  o f  t h e  c a r c a s s ,  f o l l o w e d  
i m m e d ia t e ly  b y  t h e  s p r a y in g  o f  s o lu t io n  2  o v e r  s o lu t io n  1. I n t e r a c t i o n  
o f  t h e s e  tw o  s o lu t io n s  b y  c o o p e r a t iv e  a s s o c ia t io n  c a u s e s  f o r m a t i o n  o f  a 
c le a r  h o m o g e n e o u s  f i lm  o v e r  t h e  e n t i r e  c a rc a s s .  B o t h  s o lu t io n s  w e re  
a p p l ie d  u s in g  a  B in k s  M o d e l  3 3 - 1 1 2  c o m p r e s s e d  a i r  s y s te m  f i t t e d  w i t h  
d u a l  s p r a y  g u n s  ( B in k s  M fg . C o .,  C h ic a g o ,  I I I ) .

C a r c a s s e s  w h ic h  r e c e iv e d  t h e  p la s t i c  w r a p  ( B o r d e n  R e s in i t e - 9 0 ,  a  lo w  
m o is tu r e ,  h ig h  o x y g e n  t r a n s f e r  w ra p )  w e r e  w r a p p e d  w h i le  h a n g in g  f r o m  
th e  o v e r h e a d  ra iL  A t  t h e  e n d  o f  2 4  h r  t h e  p la s t i c  w r a p  w a s  r e m o v e d .

C o n t r o l  c a r c a s s e s  r e c e iv e d  n o  e x t e r n a l  c o v e r in g .  A O  c a r c a s s e s  w e re
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p la c e d  in  a  2 ° C  c o o le r  w i th  a  r e la t iv e  h u m i d i t y  o f  80%  a n d  a  w in d  
v e lo c i ty  o f  a p p r o x i m a t e l y  2 4  k m /h r .

S e n s o ry  e v a l u a t io n

F o l lo w in g  t h e  7 -d a y  s h r in k a g e  e x p e r im e n t ,  s ix  c o n t r o l  a n d  s ix  F la -  
v o r - T e x - c o a t e d  c a r c a s s e s  w e r e  r e t a i n e d  f o r  s e n s o r y  e v a lu a t io n .  T o  e v a lu 
a te  t h e  e f f e c t  o f  t h e  7 -d a y  e x p e r i m e n t  a s  w e l l  as t h e  e f f e c t  o f  r e c o a t in g  
o f  t h e  p r im a l  c u t  w i t h  F la v o r - T e x ,  six  le g s  f r o m  t h e  i n i t i a l  c o n t r o l  
g r o u p  w e r e  c o a t e d  w i t h  F la v o r - T e x  a n d  a s s ig n e d  t o  t h e  c o n t r o l - F la v o r -  
T e x  g r o u p  ( C /F ) .  T h e  r e m a in in g  s ix  le g s  f r o m  t h e  o r ig in a l  c o n t r o l  t r e a t 
m e n t  w e r e  a s s ig n e d  to  t h e  c o n t r o l - c o n t r o l  g r o u p  (C /C ) .  S ix  le g s  f r o m  
th e  i n i t i a l  F la v o r - T e x  t r e a t m e n t  w e re  r e c o a t e d  ( F / F ) ,  w h i le  t h e  six  
r e m a in in g  le g s  w e r e  a s s ig n e d  t o  t h e  F l a v o r - T e x - c o n t r o l  g r o u p  ( F /C ) .  A l l  
le g s  w e r e  f r o z e n  u n t i l  e v a l u a t io n  ( 4  w k ) .  L a m b  le g s  w e r e  t h a w e d  a t  4 ° C  
o v e r n ig h t  a n d  c o o k e d  in  in d iv id u a l  s h a l lo w  p a n s  t o  a n  i n t e r n a l  t e m p e r a 
tu r e  o f  7 5 ° C  in  a  1 7 7 ° C  o v e n . P e r c e n t  c o o k in g  lo s s  w a s  c a l c u la te d  b y  
c o m p a r in g  c o o k e d  w e ig h t  w i th  t h e  w e ig h t  a f t e r  th a w in g .  A  t r a in e d  
e ig h t  m e m b e r  s e n s o r y  p a n e l  e v a lu a te d  th e  m e d ia l  s e c t io n s  o f  t h e  s e m i
m e m b r a n o s u s  a n d  b ic e p s  f e m o r i s  m u s c le  s a m p le s  f o r  f la v o r ,  ju ic in e s s ,  
o f f - o d o r  a n d  o v e ra l l  a c c e p ta b i l i ty .

A l l  d a t a  w e re  a n a ly z e d  u s in g  t h e  S t a t i s t i c a l  A n a ly s is  S y s te m  (S A S ) 
e m p lo y in g  D u n c a n ’s N e w  M u l t ip le  R a n g e  T e s t  ( B a r r  a n d  G o o d n ig h t ,
1 9 7 2 ) .

R E S U L T S  &  D IS C U S S IO N

MEAN VALUES for postm ortem  shrinkage of lamb carcasses 
analyzed by shrinkage treatm ent and by day of slaughter are 
presented in Table 1. At all tim e periods postm ortem , the 
carcasses coated w ith Flavor-Tex or wrapped in plastic film 
had significantly (P <  0.05) lower shrinkage than the control 
carcasses. In addition, the plastic wrapped carcasses had signifi
cantly less shrinkage than the Flavor-Tex-treated carcasses.

Smith and Carpenter (1973) reported that 75% of the 72 
hr weight loss of lamb carcasses was incurred during the initial
24-hr post-slaughter period. These workers attributed  this large 
initial shrinkage to  loss of w ater added during the washing 
procedure. Subsequent weight loss was attributed  to moisture 
loss, in the form  of evaporation from the carcass tissue.

In the present study, the plastic wrap impeded bo th  evapo
ration of moisture and heat transfer from the carcass during 
the first 24 hr. The 1.20% shrinkage recorded for this treat
ment group should primarily reflect loss o f accum ulated wash 
water. Accumulated moisture on the inside portion of the 
wrap and very moist carcass surfaces were noted  for this 
group. These conditions would be expected to  influence both 
microbial growth and initial chill rate.

The alginate coating does not form  a moisture vapor barrier 
as does the plastic wrap and therefore retards shrinkage via a 
different mechanism. Commercial alginates are largely co
polymers of polym annuronic acid, and/or polyguluronic acid 
(Anonym ous, 1973). A lthough the exact mechanism of gel 
form ation is not known, it has been proposed that calcium is 
substituted for the monovalent cation (m ostly sodium) and 
inter- and intram olecular crosslinks between the copolymer 
strands of alginate are formed (Anonym ous, 1973). The calci
um alginate coating process in the present study resulted in the 
addition of about 270g to the weight of the hot carcass. Ap
proxim ately 90% of this added weight is water which is lost 
through evaporation prior to  the evaporation of the carcass 
tissue moisture. Therefore, the alginate coating acts as a sacri
ficing agent rather than a m oisture barrier. The 1.55% shrink
age value at 24 hr postm ortem  for the alginate-treated group 
(Table 1) reflects loss o f accum ulated wash water and loss of 
gel moisture, but little tissue desiccation. As moisture is re
moved from  the coating, the la tter becomes thinner, tougher 
and more intim ately bound to  the carcass.

Visual evaluation of carcass appearance revealed treatm ent 
differences. Those carcasses receiving the plastic wrap treat
ment had moist surfaces and a softer, w hiter subcutaneous fat 
covering than did the other carcasses. The alginate coated car
casses had a glossy pseudo-moist appearance and the surface 
fat was slightly darker than the fat on the control carcasses.

Table 1 —Mean values3 for postmortem shrinkage (% ar- interna 
leg temperature (°C) of lamb carcasses by shrinkage treafner- and da 
of slaughter

Day
post mortem

Shrinkage treatment Day of saughte

Control Ca-alginate Plastic wrap 1 3 2

Shrinkage loss (%)

1 2.77a 1.55b 1 .2 0 c 2 .2 2 a 1.EE£> 1 .6 ' t

2 3.25a 2 .2 2 b 1 .8 8 c 2.93a 2 . ( 1  b 2.35t

3 3.80a 2.96b 2.49c 3.49a 2 .EÜO 3.09t

5 4.71a 4.01b 3.43c 4.72a 3 .e rp 3.7St

7 5.36a 4.81b 4.19c 5.59a 4 .3^5 4.4Qt
Hour

postmortem Internal temperature (°C)
0 38.7a 38.2a 38.4a 36.4a 3 . u r 39.8 .

6 10.3a 1 0 .0 a 14.3b 10.3a 1 . 5 = 3  12.7b

24 4.1a 4.4a 5.0a 3.3a 4.7 t 5.4t

48 5.3a 5.4a 5.4a 4.7a a c t 5.5b

a M e an s on  the  sam e h o r izon ta l line bearing d iffe ren t letters d iffe r si - 
n if ic a rt ly  (P <  0 .05 )

Little variation in lean color was observed betw een he trea t 
ment groups.

The carcasses from  the first day’s slaughter gr >up had s g 
nificantly (P <  0.05) greater shrinkage values on al s ir sequel 
days than did those carcasses slaughtered on foL o w n g  days 
(Table 1). A ddition of 30 hot carcasses/day to  the cfcfll cooler 
presumably reduced the efficiency of the cooler. He vever, - 
significant interaction between shrinkage trea tm ea  a r  1 day of 
slaughter was not observed.

In order to measure the effect of shrinkage t earm ent n t  
chill rate, internal leg tem peratures were collecte i ( lab le  1) 
At 6 hr postm ortem  the plastic wrap had retained ignfican tiy  
(P <  0.05) more carcass heat, but after 24 hr, n r  cL 'ferenc» 
was observed. Again, the addition o f 30 hot care sse_/day Ic 
the cooler significantly affected (P < 0 .0 5 )  the chllin?. rate o: 
the carcasses; however, no interaction between shrink.. ;e treat 
ment and day slaughtered occurred, indicating the less; of car 
cass heat was uniform  across the treatm ents regardless of the 
effects of day slaughtered.

Shrinkage treatm ent effects of surface microoial growT. 
were m onitored by swabbing the sirloin and belly (flank-plate 
juncture) areas of each carcass at 0, 2, 5 and 7 da^s post
mortem. These areas were selected to  represent areas v lich are 
predom inantly covered w ith fat (sirloin) or w ith (belly) 
Mean log10 values for to ta l microbial coun t/6 .4 f c~i2 from 
both sampling areas are presented in Table 2. Ir  t h  sirlo-r 
area, no significant differences were observed be’ w e n  trest 
ment groups im m ediately post-slaughter. At 2 da^s post
mortem, those carcasses which had been wrapp« d » i th  the 
plastic wrap had significantly higher (P <  0.05^ ndcrobia. 
counts (log! o = 3.65) than did the control ( lo g i0 = _ 0 4 )  «r 
alginate treated (log] 0 = 2.87) carcasses. This d if  e rrre e  w..s 
maintained through day 5 and day 7 w ith the d y S plastic 
wrap carcasses having a significantly higher micr )bi_ count 
than either control or alginate-treated carcasses. Elevated 
microbial counts from the plastic wrap carcasses v e r s  due tc  
the reduction in  surface evaporation thereby m.-meaning a 
more favorable water activity (aw) for growth. The -.alciutn 
alginate-coated carcass tended to have lower surface microbi J  
counts from  the sirloin area at all tim e periods, ahhc rgh n e t 
always significant. The ionic effect o f the calcium dilorics 
would be expected to influence microbial growth on he ca - 
cass surface.
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Microbial counts from  the belly area were not significantly 
different among treatm ents at all intervals evaluated (Table 2). 
The high counts and lack of significant differences were proba
bly due to cross contam ination tha t occurred during the 
weighing of the carcasses.

Table 2—Mean logj 0 values3 for total microbial count/6.46 cm2 
from sirloin and belly areas of control and treated lamb carcasses

Postmortem

Shrinkage treatment

Control Ca-alginate Plastic wrap

Sirloin area

0 3.64a 3.75a 3.86a

2 3.04a 2.87a 3.64b

5 3.47a 2.80b 3.82c

7 3.45ab 3.11b 4.14a

Belly area

0 3.90a 3.90a 4.03a

2 3.84a 3.99a 4.09a

5 4.24a 4.34a 4.31a

7 4.47a 4.46a 4.01a

a M e an s on  the sam e h o r izon ta l line bearing d iffe ren t letters d iffe r
s ign ific an t ly  (P <  0.05).

Table 3—Mean values for cooking loss and sensory panel scores 
of control and Flavor-Tex-coated lamb legs

Treatment®

C/C C/FT FT/C FT/FT

C ook ing  loss(%) 25.20 25.52 26.77 25.71

Flavor13 6.25 6.13 5.68 5.98

Juiciness13 5.56 5.46 5.45 5.33

O ff-odorc 1.04 1.08 1.15 1 . 1 0

Overall acceptability13 6.03 5.72 5.55 5.67

a T re a tm en t designated  as fo llow s: C /C  = co n tro l/ con tro l; C / F T  = 
co n tro l/ F la vo r-T e x ; F T / C  =  F la v o r-T e x / c o n tro l; F T / F T  = F la vo r- 
T ex/F lavo r-T e x .

b  Based on  an 8 -p o in t  scale in w h ich  8  =  like  ex trem e ly  and  1 = 
d is like  extrem ely.

c Based on  a 3 -p o in t  scale in w h ich  3 = de fin ite  o ff-o d o r  detected 
and 1 =  no  detectab le  o ff-odo r.

The effects of coating lamb legs w ith calcium alginate on 
sensory panel scores were evaluated. Legs from  six control and 
six calcium alginate-coated carcasses were removed following 
the conclusion of the shrinkage trial (7 days postm ortem ) and 
paired legs were coated w ith calcium alginate or left for evalu
ation of the original treatm ent. Prior to  cooking, the coated 
legs could be visually distinguished from  the control legs by 
the presence of the film. This difference was especially evident 
for the legs recoated following the shrinkage trial. After cook
ing, no differences in appearance were evident because the 
calcium alginate gel dissolves upon heating.

Percent cooking loss and sensory panel scores are sum
marized in Table 3. T reatm ent groups were found to  not differ 
significantly (P >  0.05) for cooking loss or for any of the 
sensory panel evaluations. All samples were rated acceptable in 
flavor, juiciness and overall acceptability. No off-odors were 
detected.

The loss o f m oisture from  lamb carcasses during chilling, 
shipping and holding periods is o f physiological and economic 
im portance. The results of this study indicate that shrinkage 
loss can be reduced by using a calcium alginate gel or plastic 
film. Consideration o f carcass chill rate and surface microbial 
growth would favor the use of the calcium alginate coating 
because the plastic-wrapped carcasses chilled more slowly and 
had higher microbial counts than the coated carcasses. 
Economically, the m onetary return from  the weight saved by 
the application of the calcium-alginate coating more than 
compensates for the cost of materials and application. Mechan
ization of application techniques would further increase the 
savings.
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T O A S T IN G  A N D  H E X A N E  ¡E T H A N O L  E X T R A C T IO N  O F  D E F A T T E D  S O Y  F L A K E S

F lav o r o f  F lo u rs , C o n c e n tra te s  a n d  Iso la te s

-----------------------------------------  A B S T R A C T  ------------------------------------------

F lo u r s  a n d  p r o t e i n  c o n c e n t r a t e s ,  p r e p a r e d  f r o m  d e f a t t e d  s o y b e a n  f la k e s  
s te a m e d  u p  t o  2 0  m in  b e f o r e  o r  a f t e r  e x t r a c t i o n  w i t h  h e x a n e : e t h a n o l  
a z e o t r o p e  8 2 / 1 8  v /v , w e re  p r e s e n te d  to  a  1 5 - m e m b e r  t r a in e d  t a s t e  
p a n e l  F la v o r s  a n d  o d o r s  w e re  d e s c r ib e d  a n d  r a t e d  f o r  i n t e n s i t y  o n  a  
s c a le  o f  1 t o  1 0  w h e r e  1 is  s t r o n g  a n d  1 0  is  b la n d .  A z e o t r o p i c  e x t r a c 
t i o n  f o r  6  h r  b y  i t s e l f  s ig n i f i c a n t ly  a f f e c t e d  f la v o r  o f  f lo u r s  a n d  o f  
c o n c e n t r a t e s  s o  t h a t  t h e y  s c o r e d  7 .4  a n d  6 .8 ,  r e s p e c t iv e ly ,  c o m p a r e d  to  
4.0 f o r  r a w ,  h e x a n e - d e f a t t e d ,  s o y  f lo u r .  T o a s t in g  a f t e r  a z e o t r o p i c  e x 
t r a c t i o n  r a is e d  f l a v o r  s c o r e s  o f  f lo u r s  a n d  p r o t e i n  c o n c e n t r a t e s  t o  7 .9 ,  a  
v a lu e  w h ic h  c o m p a r e s  f a v o r a b ly  w i th  8 .1  f o r  w h e a t  f lo u r .  T o a s t in g  is 
a ls o  n e c e s s a r y  t o  i n a c t iv a t e  t r y p s in  i n h i b i t o r s  a n d  o t h e r  a n t i n u t r i t i o n a l  
f a c to r s  in  a z e o t r o p ic - e x t r a c t e d  s o y b e a n  f la k e s .  A  p r o t e i n  is o la te  f r o m  
t o a s t e d ,  a z e o t r o p i o - e x t r a c t e d  f la k e s  s c o r e d  7 .3  c o m p a r e d  t o  8 .0  f o r  
s o d iu m  c a s e in a te .  Y ie ld s  o f  p r o t e i n  i s o la te s  a r e  g o o d  i f  t h e  h e a t -  
p ro c e s s e d  f l a k e s  a r e  e x t r a c t e d  w i th  h o t  w a t e r  a t  7 4 ° C  a n d  p H  7 .2 .

IN T R O D U C T IO N

AS DEMAND INCREASES for soy protein products in a wide 
variety of food systems, the search continues for m ethods to  
remove more com pletely incom patible flavors and their pre
cursors from soy flours, protein concentrates and isolates. To 
expand the use of soy proteins in foods greatly, objectionable 
odors and flavors must be eliminated w ithout sacrificing func
tional and nutritional qualities of the proteins (Hammonds and 
Call, 1972).

An organoleptic evaluation by Kalbrener et al. (1971) of

Raw full-fat soybean flakes

Extract with 
pentane:hexane

----  Defatted flakes (F-l)----

Re-extract with 
n-hexane:ethanol 

azeotrope Toast

Azeotropi c-extracted 
defatted flakes (F-3)

Toasted, defatted 
flakes (F-2)

Toast Re-extract with 
n-hexane:ethanol 

azeotrope

Toasted, azeotropic- 
extracted, defatted 

flakes (F-4)
Azeotropic-extracted, 

toasted, defatted 
flakes (F-5)

Fig. 1—Preparation o f  toasted, hexane .-ethanol azeotropic-extracted, 
pentane:hexane defatted soy flakes. A  & h r  extraction, toasting with 
live steam at 100° C for 10 min.

commercial soy flours, concentrates and isolates showed that 
they were not bland, tha t some beany and b itter flavors of 
mature whole soybeans remained and that o ther derived fla
vors were formed.

Raw soybeans contain trypsin inhibitors and o ther sub
stances tha t cause differing biological and physiological re
sponses in various species of animals and perhaps in man 
(Rackis, 1974). H exane:ethanol azeotropic extraction  alone 
does no t inactivate trypsin inhibitors; nutritive value of the 
azeotrope-extracted full-fat and defatted soy flakes is low and 
pancreatic hypertrophy occurs when they are fed to  rats 
(Rackis et al., 1975).

This paper reports combined effects of hexane:ethanol aze
otropic extraction and toasting on the organoleptic qualities of 
defatted soy flakes and o f protein concentrates and isolates 
prepared from  them. Flavor and odor scores of these products 
and flavor intensity values (FIV) of their individual flavor 
descriptions were recorded by a trained taste panel. Decreases 
in protein solubility resulting from azeotrope extraction and 
toasting are reflected in decreased yields of extractable pro
tein. Studies were carried out w ith hot water and dilute calci
um hydroxide extraction processes to  evaluate their effect on 
protein yields and flavors of the resulting products. Also in
vestigated was liquid C 0 2 extraction for removing flavor 
com ponents from raw, defatted and azeotrope-extracted 
flakes.

M A T E R IA L S  & M E T H O D S

Soy flakes, concentrates and isolates
D e h u l le d ,  f u l l - f a t  a n d  p e n ta n e - h e x a n e  d e f a t t e d  f l a k e s  w e r e  p r e p a r e d  

f r o m  c e r t i f i e d  s e e d -g ra d e  s o y b e a n s  (A m s o y ,  1 9 7 1  c r o p )  a c c o r d i n g  to  
p r e v io u s ly  d e s c r ib e d  p r o c e d u r e s  (S e s sa  e t  a l.,  1 9 6 9 ) .  T h e  d e f a t t e d  f la k e s  
w e re  f u r t h e r  p ro c e s s e d  w i th  c o m b in a t io n s  o f  t o a s t i n g  a n d  h e x a n e :  
e th a n o l  a z e o t r o p i c  e x t r a c t i o n  (F ig . 1 ). T o a s t in g  in v o lv e d  liv e  s te a m  
t r e a t m e n t  f o r  1 0  m in  a t  1 0 0 ° C  in  a  p r e h e a t e d  s t e r i l i z e r  a u to c la v e .  E x 
t r a c t i o n  w i t h  h e x a n e : e t h a n o l  ( 8 2 : 1 8  v /v , b .p .  5 9 ° C )  w a s  c a r r ie d  o u t  in  
a  S o x h le t  a p p a r a t u s  f o r  6  h r. T h e  s o lv e n t :m e a l  r a t i o  w a s  5 : 1 .  D e f a t t e d  
f l a k e s  w e r e  a ls o  p r o d u c e d  b y  d i r e c t  a z e o t r o p i c  e x t r a c t i o n  (F ig .  2 )  o f  
fu l l - r a t  f la k e s .  A f t e r  t h e  p r o c e s s e d  f l a k e s  w e re  a ir  d r ie d  a t  r o o m  t e m p e r 
a t u r e  f e r  2 4  h r ,  t h a t  p o r t i o n  u s e d  f o r  f la v o r  e v a l u a t io n  w a s  g r o u n d  t o  a 
f lo u r  in  a  W ile y  m il l  e q u i p p e d  w i t h  a  4 0 -m c s h  s c r e e n .

F r o t e i n  c o n c e n t r a t e s  w e r e  p r e p a r e d  b y  e x t r a c t i o n  w i t h  d i l u t e  h y d r o 
c h lo r ic  a c id  (p H  4 .5 )  a t  r o o m  t e m p e r a t u r e ,  a s  d e s c r ib e d  b y  S a i r  ( 1 9 5 9 ) ,  
f ro m  p e n t a n e : h e x a n e  d e f a t t e d  a n d  h e x a n e : e t h a n o l  a z e o t r o p i c - e x t r a c t e d  
d e f a t t e d  f la k e s .  A f t e r  t h e  e x t r a c t i o n  m ix tu r e  w a s  c e n t r i f u g e d  a n d  th e  
s u p e r n a t a n t  w a s  d is c a r d e d ,  t h e  r e s id u e  w a s  n e u t r a l i z e d  t o  p H  7 .2  w i th  
0 .2 N  s o d iu m  h y d r o x id e  a n d  f r e e z e  d r ie d .

P r o t e i n  i s o la te s  w e re  p r e p a r e d  b y  e x t r a c t i o n  w i t h  w a t e r  a t  r o o m  
t e m p e r a tu r e ,  a c c o r d in g  t o  t h e  p r o c e d u r e  o f  E ld r id g e  e t  a l. ( 1 9 7 1 )  f r o m  
p e n t i n e f l i e x a n e  d e f a t t e d  f la k e s  a n d  a z e o t r o p i c - e x t r a c t e d  d e f a t t e d  
f la k e s .  F r o m  t h e s e  s a m e  f la k e s  p r o t e i n  i s o la te s  w e re  a ls o  e x t r a c t e d  w i t h  
h o t  v a t e r  ( 7 0 — 7 4 ° C )  a t  p H  7 .2 ,  as d e s c r ib e d  b y  C irc le  e t  a l.  ( 1 9 5 9 ) ,  
a n d  w i t h  0 .0 5 N  c a l c iu m  h y d r o x i d e  a t  p H  1 0 .6  (M iz r a h i  e t  a l . ,  1 9 6 7 ) .  
A f t e r  c e n t r i f u g a t i o n  o f  t h e  e x t r a c t i o n  m ix tu r e ,  t h e  s u p e r n a t a n t s  w e re  
a c id i f i e d  t o  p H  4 .4  w i t h  h y d r o c h lo r i c  a c id .  T h e  p r e c ip i t a t e s  w e r e  t h e n  
c e n t r i f u g e d ,  w a s h e d  th r e e  t im e s  w i th  w a te r ,  d i s p e r s e d  b y  s t i r r i n g  in  
w a te r ,  n e u t r a l i z e d  t o  p H  7 .2  w i th  s o d iu m  h y d r o x i d e  a n d  f r e e z e  d r ie d .  
A ll p r o d u c t s  w e re  s to r e d  a t  4 °C .
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FLAVOR EVALUATION OF SOY PRODUCTS—ÇA3

Liquid COj extraction
S a m p le s  o f  p e n t a n e : h e x a n e  d e f a t t e d  f l a k e s  ( F - l ,  F ig . 1) a n d  h e x a n e :  

e th a n o l  a z e o t r o p i c - e x t r a c t e d  d e f a t t e d  f l a k e s  (F - 3 )  w e re  f u r t h e r  t r e a t e d  
w i th  l iq u id  C O j  b y  t h e  p r o c e d u r e  o f  S c h u l t z  e t  a t  ( 1 9 7 4 ) .  A b o u t  4 5 0 g  
o f  f l a k e s  w a s  e x t r a c t e d  w i th  4  l i t e r s  C 0 2 f o r  7 2  h r  a t  7 1 ° F  a n d  6 9  a tm .  
T h e  e x t r a c t i o n s  w e re  c a r r ie d  o u t  b y  W . G . S c h u l t z  a t  t h e  W e s te rn  
R e g io n a l  R e s e a r c h  L a b .,  B e r k e l e y ,  C a lif .

Odor/flavor evaluation
O d o r  a n d  f la v o r  s c o r e s  o f  t h e  s o y  p r o t e in  p r o d u c t s ,  b a s e d  o n  a 

1 0 -p o in t  s c o r in g  s y s te m  ( K a lb r e n e r  e t  a l . ,  1 9 7 4 )  w h e r e  1 is  s t r o n g  a n d  
1 0  is  b la n d ,  w e r e  d e t e r m i n e d  b y  15  e x p e r i e n c e d  ta s t e r s .  P a n e l  m e m b e r s  
a lso  d e s c r ib e d  a n d  r a t e d  t h e  i n t e n s i t y  o f  o d o r s  a n d  f la v o rs .  T h e  f la v o r  
i n t e n s i t y  v a lu e  (F 1 V )  o f  in d iv id u a l  d e s c r ip t i o n s  w a s  t h e n  c a l c u la te d  as 
r e p o r t e d  b y  R a c k is  e t  aL  ( 1 9 7 2 ) ,  b a s e d  o n  a  v a lu e  o f  1 f o r  w e a k ,  2  f o r  
m o d e r a t e  a n d  3 f o r  s t r o n g .  A l l  s a m p le s  w e r e  t e s t e d  a s  2%  d is p e r s io n s  in  
c h a r c o a l - f i l t e r e d  t a p  w a te r  a t  r o o m  t e m p e r a tu r e .  U s u a l ly  t h r e e  s a m p le s  
w e re  p r e s e n te d  in  r a n d o m  o r d e r  a t  e a c h  t a s t i n g  t o  p r e v e n t  s a m p le  i n t e r 
a c t io n ,  a n d  s a m p le s  w i th  t h e  l e a s t  o d o r  w e r e  t a s t e d  f i r s t .

A t  p r e l im in a r y  s e s s io n s ,  r a w  d e f a t t e d  f l a k e s  ( F - l ,  F ig . 1) a n d  a  
p r o t e in  i s o la te  p r e p a r e d  f r o m  t h e m  w e r e  p r e s e n te d  so  as t o  f a m il ia r i z e  
t h e  t a s t e r s  w i th  t h e  o d o r s  a n d  f la v o r s  o f  r a w  s o y b e a n s ,  p a r t i c u l a r ly  t h e  
g r a s s y /b e a n y  a n d  b i t t e r  c h a r a c te r i s t i c s .  F l a v o r  s c o r e s  a v e r a g e d  4 .0  a n d
5 .2  f o r  t h e  r a w  d e f a t t e d  f la k e s  a n d  is o la te ,  r e s p e c t iv e ly .  W h e a t  f lo u r  
s e rv e d  a s  a  r e f e r e n c e  s t a n d a r d  f o r  a  b l a n d  f l o u r  a n d  s o d iu m  c a s e in a te  
( C a r n a t io n  C o . V a n  N u y s ,  C a l i f .) ,  a s  a  p r o t e i n a t e  s ta n d a r d .

S a m p le s  w e r e  e x a m in e d  f o r  f l a v o r  a t  t w o  o r  m o r e  t a s t e  p a n e l  s es 
s io n s ,  u n le s s  o th e r w is e  n o t e d .  A ll  s a m p le s  o f  s o y  f la k e s  w e re  c o m p a r e d  
d i r e c t ly  a g a in s t  t o a s t e d ,  p e n t a n e : h e x a n e  d e f a t t e d  f la k e s  (F -2 ,  F ig .  1). 
S t a t i s t i c a l  d i f f e r e n c e s  b e t w e e n  s a m p le s  w e r e  d e t e r m in e d  b y  a n a ly s i s  o f  
v a r ia n c e  b a s e d  o n  o v e ra l l  s t a n d a r d  d e v ia t io n s  w i t h i n  t r i a l s  o r  o n  v a r ia 
t io n s  in  t h e  m e a n  s c o re  f o r  t h e  s a m e  m a te r ia l  in  d i f f e r e n t  t r i a ls .  L e a s t  
s ig n i f ic a n t  d i f f e r e n c e  (L S D )  v a lu e s  w e r e  b a s e d  o n  a  9 5 %  c o n f id e n c e  
level.

A n a ly t ic a l  p r o c e d u r e s

N i t r o g e n  s o lu b i l i t y  i n d e x  ( N S I )  w a s  d e t e r m in e d  b y  th e  p r o c e d u r e  o f  
S m i th  e t  a l .  (1966). P r o t e i n  c o n t e n t  w a s  b a s e d  o n  K je ld a h l  n i t r o g e n  
v a lu e s  a s-is  X 6.25.

V a p o r  p h a s e  a n a ly s i s  o f  r e s id u a l  s o lv e n ts  in  l iq u id  C 0 2 e x t r a c t e d  
m e a ls  w a s  a  m o d i f i c a t i o n  o f  t h e  d i r e c t  d e t e r m i n a t i o n  m e t h o d  d e s c r ib e d  
b y  D u p u y  e t  a l. ( 1 9 7 1 ) .  M e a l  s a m p le s  o f  3 0 -m g  e a c h  w e re  p la c e d  in  a  
s h o r t  p r e c o lu m n  b e tw e e n  g la s s  w o o l  a n d  s e p tu m s .  T h e  p r e c o lu m n  w a s  
in s e r te d  i n t o  t h e  i n le t  b l o c k  o f  a  P a c k a r d  7 4 0 9  g a s  c h r o m a to g r a p h ,  t h e n  
c o n n e c t e d  t o  c a r r ie r  g a s  a n d  a  3 - f t  3 -m m  i d .  g la s s  c o lu m n  p a c k e d  w i t h  
P o r a p a k  P  o r  Q . C h r o m a to g r a p h ic  c o n d i t i o n s  w e r e :  I n l e t ,  1 5 0 ° C ;  d e 
t e c to r ,  2 2 0 ° C ;  o v e n  p r o g r a m m e d  f r o m  3 0 - 1 8 0 ° C  a t  3 ° / m i n ;  h e l iu m  
f lo w , 3 0  m l /m i n ;  h y d r o g e n  f lo w ,  3 0  m l / m i n ; a i r ,  3 5 0  m l/m in .  A  f la m e -  
i o n iz a t io n  d e t e c t o r  w a s  u s e d .  Q u a n t i t i e s  a n d  id e n t i f i c a t i o n  w e r e  d e t e r 
m in e d  f r o m  p e a k  a r e a s  a n d  r e t e n t i o n  t im e s  o f  k n o w n  s ta n d a r d s .

R E S U L T S

Flavor evaluation of soy flours
Combined effects of toasting and hexane:ethanol azeo

tropic extraction on odor and flavor scores o f defatted soy 
flour are summarized in Table 1. Flour sample F-l prepared 
from jaw  defatted flakes scored low for odor and flavor.

Toasting raw defatted flakes for 10 min (sample F-2) sig
nificantly increased odor and flavor scores. Azeotrope extrac
tion was a more effective process in improving the flavor of 
defatted flakes since the score of 7.4 for azeotropic-extracted 
flakes (F-3) was significantly higher than a score of 6.6 for 
toasted defatted flakes (F-2). Maximum flavor scores (7.8) 
were obtained with defatted flakes tha t were extracted with 
hexane.ethanol azeotrope and then toasted (sample F-4). A 
score of 7.4 was obtained w ith defatted flakes that were 
toasted before azeotrope extraction (F-5, Fig. 1).

In a second series of tests, flours comparable to  sample F-4 
(Fig. 1) were prepared to  evaluate the effect of tim e of azeo
trope extraction and toasting on flavor scores.

Flakes extracted for 1 hr and toasted 10 min had flavor 
scores of 7.4 com pared to  scores o f 7.6 for 3- and 6-hr azeo
tropic-extracted flours. No significant differences in flavor 
scores were obtained with azeotropic-extracted samples that 
were toasted for 10 or 20 min.

Undesirable flavors can form from  oxidation of unsaturated 
fatty  acid com ponents of lipids during the preparation of raw, 
pentane:hexane defatted soy flakes as described in Figure 1. 
Toasting and, to  some extent, hexane:ethanol azeotropic ex
traction inactivate certain oxidative enzymes (Rackis et al.,
1975). These processes may also affect flavor by removing 
flavor com ponents or their precursors. Therefore, a modified 
procedure (Fig. 2) was developed to  prepare toasted, azeo
tropic-extracted, defatted flakes. In this process cracked, de- 
hulled beans were imm ediately toasted for 10 min, flaked and 
then defatted b y  a direct 3-hr azeotrope extraction.

Defatted scy flour (F-7, Fig. 2) prepared by the direct azeo
tropic extraction of toasted full-fat flakes had a flavor score of
7.7 comparable to  the score for flour sample F-4 shown in 
Table 1. Therefore, toasting of the cracked soybeans before 
processing into defatted flakes had no significant effect on 
flavor score. Whether there is little lipoxygenase activity after 
cracking or the effects of such lipoxygenase activity are all 
removed by azeotropic extraction and toasting requires further 
study.

The flavor score of 7.3 for flour sample F-6 (Fig. 2), pre
pared by direct 6-hr azeotrope extraction of raw full-fat flakes, 
is comparable to  that for azeotrope-extracted defatted flakes 
(F-3, Table 1).
Odor and flavor intensity values

O dor and flavor descriptions noted by the panelists were 
similar for various samples of processed soy flakes (Table 2).

Table 1—Odor and flavor 
defatted soy flours

scores of toasted azeotropic-extracted

Flour Scores’3

sample® Odor Flavor

F-1 5.2 4.0
F-2 7.4 6 . 6
F-3 7.8 7.4
F-4 8 . 1 7.8
F-5 8.5 7.4
Wheat flour 8.3 8 . 1

L S D C - 0.67

a See  Fig. 1 fo r  deta ils  o f sam p le  preparation, 
b  S t ro n g  = 1, b land  = 1 0 .
c L S D  =  Least s ign ifican t d iffe ren ce  at the 9 5 %  co n f id e n ce  level.

—Cracked dehulled soybeans-

Temper
Toast 13-14% H?0
Flake Flake

Extract with Extract with
n-hexane:ethanol n-hexane:ethanol

azeotrope azeotrope
(3 hr) (6 hr)

Toasted, azeotropic- Azeotropic-extracted
extracted flakes flakes

(F-7) (F-6)

Fig. 2—Preparation o f  defatted soy flakes by  d irect hexane.'ethanol 
azeotropic extraction o f  fu ll-fat flakes. Toasting: live steam, 10O°C 

for 10 min.
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Based on FIV for individual flavor com ponents, the high over
all scores (Table 1) for the azeotropic-extracted flours F-3 and 
F-4 when compared to  initial, raw, defatted flakes (F - l)  can be 
attributed primarily to  the reduction in intensity of grassy/ 
beany, b itter and astringent com ponents. The odor intensity 
value for grassy/beany was reduced tenfold and the grassy/ 
beany FIV was reduced nearly sevenfold. Both b itter and 
astringent FIV’s were decreased more than 50% after toasting 
and azeotrope extraction. On the other hand, the musty and 
cereal-grain FIV 's were higher in azeotropic-extracted flours. 
Presumably, these flavor com ponents were masked by the in
tensity of the predom inant grassy/beany and b itter flavors in 
the original raw flakes or were formed during and after proces
sing.
Flavor evaluation of concentrates

Protein concentrates prepared from raw defatted flakes 
(sample A) have low odor and flavor scores (Table 3). How
ever, odor and flavor scores of the concentrates can be greatly 
improved by toasting (sample B) or by preparing them  from 
hexane:ethanol azeotropic-extracted flakes (sample C). A com
bination of toasting and azeotrope extraction increased the 
odor and flavor scores o f concentrates (samples D and E) even 
more. The improvement in flavor scores of concentrates pre
pared by this combined treatm ent was statistically significant

at the 95% confidence level. On the basis o f FIV’s given in 
Table 3, the marked increase in flavor scores correlated with 
the greatest reduction in intensity  of grassy/beany and bitter 
flavor components.
Flavor evaluation of soy isolates

Since a com bination of azeotrope extraction and toasting 
improved the flavor of soy flours and concentrates, isolates 
prepared from toasted azeotropic-extracted flakes were also 
evaluated for flavor (Table 4).

Isolates II prepared from toasted defatted flakes received a 
flavor score of 6.2, which was significantly higher than that for 
isolate I. Further improvement in flavor score for isolate III 
from azeotrope-extracted flakes was also statistically sig
nificant. Although isolate IV prepared from  toasted azeotrope- 
extracted flakes was tasted only once, apparently this com 
bined treatm ent improves flavor no further. The odor score for 
isolate III was comparable to that for the standard protein, 
sodium caseinate, while the flavor score was lower.

As with the defatted flours and concentrates, azeotrope 
extraction of the flakes greatly reduced the grassy/beany FIV 
in the isolates; however, azeotrope extraction was much less 
effective in reducing the b itter FIV of the isolates. These data 
indicate that additional processing will be required to  improve 
the sensory characteristics of soy protein isolates further.

Table 2—Odor and flavor intensity values of soy flour

Descriptions

Sample3
Grassy/
beany Bitter

Astrin
gent

Cereal / 
grain

Musty/
stale

F-1

Odor 2 . 0 0.0 0.0 0.1 0.1
Flavor 2.9 1 . 0 0.9 0 .1 0.0

F-2

Odor 0 . 2 0.0 0.0 0 . 6 0.4
Flavor 0 . 6 0.4 0 . 2 0.9 0.1

F-3

Odor 0 . 2 0.0 0.0 0.4 0 .1
Flavor 0.4 0.4 0.3 0 . 6 0 . 2

F-4

O dor 0 . 2 0.0 0.0 0.4 0.3
Flavor 0.4 0.3 0 .1 0.4 0.0

3 See  Fig. 1 for details of sample preparation.

Table 3—Odor and flavor of soy protein concentrates

Sample Starting flakes3

Scores
Flavor intensity 

values

Odor Flavor Grassy/beany Bitter

A Raw  defatted F-1 6 . 2 5.0 2 . 0 0.9
B b R aw  defatted F-1 7.8 7.0 0.7 0 . 2
C Azeotrope-extracted F-3 7.8 6 . 8 0 . 6 0.5
D c Azeotrope-extracted F-3 8.3 7.9 0 . 2 0.4
E Toasted, azeotrope-

extracted F-5 8.3 7.7 0.4 0.4
LSD d - 0.67

3 S ee  Fig. 1 fo r details.
b  C oncentra te  A  toasted  10  m in  after p repara tion  
c C on ce n tra te  C  toasted  10  m in  after p repara tion  
d  L S D  =  Least s ign ifican t d iffe rence  at the  9 5 %  co n f id e n ce  level.

Table 4—Odor and flavor of soy protein isolates3

Scores0 Flavor intensity value

Sample Starting flakesb Odor Flavor
Grassy/
beany Bitter Astringent

i
h

Raw  defatted F-1 
Toasted defatted

6.9 5.2 1 . 8 0.9 0 . 8

in
F-2

Azeotrope-
7.5 6 . 2 0 . 6 0 . 8 0 . 6

IV
extracted F-3 

Azeotrope-
8 . 2 7.2 0 . 2 0 . 6 0 . 2

Sod ium
extracted F-4 8 .1 7.3 0.3 0 . 6 0 . 2

caseinate

L S D d
8.3 8 . 0

0.67
0 .1 0 . 2 0 .1

3 Extracted  at pH  7.2 and  ro o m  tem peratu re  
b See  Fig. 1 fo r  details.
c S a m p le  IV  tasted once; other scores m ean of tw o  or m ore  ta stin gs  
d  Least s ign ific an t  d iffe rence  at the 9 5 %  level

Table 5—NSI values and protein yields from azeotrope-extracted 
soy flakes

Starting
flakes3

Soy concentrate Isolate

NSI
Protein

(%)
Protein 

yieldb (%)
Protein

(%)
Protein 

yield*5.« (%)

F-1 89 66 78 94 49
F-2 36 - - 97 14
F-3 78 66 79 100 26
F-4 24 — - 99 6
F-5 - 73 89 — —

F-7 32 - - 95 11

3 See  Fig. 1 and  2 fo r  details, 
b  A s ______g p ro te in  isolated

g p ro te in  in sta rting  flake s

c W ater e x tract ion  at ro o m  tem pe ratu re  and p H  7.2
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Protein solubility and yields 
of concentrates and isolates

Effects of toasting and azeotrope extraction on NSI of 
flakes and yields of protein concentrates and isolates are 
shown in Table 5. With azeotropic-extracted defatted flakes, 
NSI values dropped to 78, and w ith toasted, azeotropic-ex
tracted defatted flakes, to 24. Decreases in NSI were reflected 
in increased yields of protein concentrate w ith a higher protein 
content, whereas yields of protein isolate were greatly re
duced. When isolates were prepared from  toasted, azeotropic- 
extracted defatted flakes, yields were only 6% o f the protein 
in the starting material. If yield can be improved, preferably 
isolates might well be prepared from  F-3 or F-4 flakes, since 
these isolates had the highest flavor scores (Table 4); in addi
tion, the residues could be useful food additives. The residues 
contain more than 55% protein, are free of oligosaccharides 
that cause flatulence and have flavor scores of about 8.0.

Different extraction techniques improved yields o f protein 
isolate prepared from low NSI flakes (Table 6). When azeo
trope-extracted flakes (F-3) were extracted with 0.05N 
Ce(OH )2 instead of the norm al extraction process w ith water 
at room  tem perature, protein yield increased from 26 to  41%. 
This latter value is closer to  the yield of 49% from raw unde
natured defatted flakes (F - l)  (NSI = 89). Hot water extraction 
of toasted flakes was alm ost as effective as Ca(OH)2 extraction 
in improving protein yields, which increased from  6 to  36%, 
although flavor scores were lower than those of isolates pre
pared by extraction with water at room  tem perature (see 
Table 6).
Liquid C 0 2 extraction

Liquid C 0 2 extraction has successfully improved removal 
o: solvent residues from defatted nuts and extracted flavor 
essences from fruits, spices and other food products (Schultz 
et al., 1974). The feasibility o f applying such a technique to

Table 6—Effect of calcium hydroxide or hot water extraction on
yields and flavor scores of soy protein isolates

Starting Scoreb Flavor intensity value Protein yieldc

Sample flake3 Odor Flavor Grassy/beany Bitter (%)

Vd F-3 7.8 6.4 0.25 0.3 41
Vie F-5 8.3 6.8 0.30 0.9 36

a See  Fig. 1 fo r  details; a zeo trope  e x tra c t io n s  are fo r  6  hr 
b  S in g le  d e te rm ina t io n s

g p ro te in  isolated
c --------I T ----------------------------  X  1 0 0

g p ro te in  in sta rting  flake s

^ 0 .0 5 N  C a (O F i)2 ex tract ion  at p H  10.5  and  R T  
e E x tra c t io n  at p H  7.2 and  7 2 — 74° C

Table 7—Flavor scores of liquid C02 extracted soy flakes and of 
their protein isolates

Flavor intensity value

Starting flake3 Flavor scoreb Green/beany Bitter

F-1 5.1 2.4 0.8
F-3 6.3 0.7 0.3
F-1 proteinatec 6.0 1.2 0.7
F-3 proteinatec 6.2 0.3 0.4

a See Fig. 1 fo r  deta ils
b S in g le  de te rm ina t io n s
c Extracted  at ro o m  tem pe ratu re  and  pH 7.2

extract residual solvents and undesirable flavor constituents 
from soybeans was investigated (Table 7).

As a result o f liquid C 0 2 extraction, flavor scores of raw 
defatted flakes and o f the isolate from such flakes increased, 
but the increase was less than that for toasting or hexane: 
ethanol azeotropic extraction. Liquid C 0 2 extraction  did not 
increase flavor scores of azeotrope-extracted flakes or of the 
corresponding isolate. However, it was quite effective in ex
tracting residual solvents in pentane:hexane defatted and 
hexane:ethanol azeotropic-extracted flakes. Vapor-phase 
analysis indicated a reduction in ethanol content from  1400 to 
180 7 /g and of hexane from 1290 to 220 7 /g for the azeo- 
trope-extractec flakes, whereas the am ount o f pentane:hexane 
was reduced from 200 to  70 7 /g for defatted  flakes. The C 0 2 
extract of F-l flakes had a strong, beany, rancid odor, whereas 
the extract from azeotrope-extracted flakes had a weaker 
beany odor and no rancidity.

DISCUSSION
ELD RIDGE et al. (1971) reported that flavor scores of hex
ane: ethanol azeotropic-extracted flakes and proteinates pre
pared from  them  were.significantly higher than those prepared 
commercially. Besides confirming previous results, our studies 
have been ^xtended^to^determ ine^processing conditions of 
azeotrope extraction and toasting needed to  improve further 
the flavor scores of soy protein products. H exane:ethanol 
azeotrope extraction plus toasting is more effective than either 
process by itself in producing bland defatted soy flours and 
concentrates. Flavor scores approached those of wheat flour 
for soy flours and concentrates prepared from  toasted, azeo
tropic-extracted flakes. Toasting not only improved flavor 
scores of flours and concentrates but also destroyed anti- 
nutritional factors in hexane: ethanol azeotrope-extracted 
flakes. When the azeotrope-extracted flakes were toasted, pro
tein efficiency ratio of the flakes increased from  about 1.2 to
2.2 on a basis of a value = 2.5 for casein (Rackis et al., 1975).

Improved flavor scores of toasted, azeotropic-extracted 
flours and concentrates are associated w ith reductions in FIV ’s 
for grassy /beany, b itter and astringent flavor com ponents. 
Moser et al. (1967) reported that w ith only 3 min steaming, 
taste panel members noted the presence o f a nutty-toasted 
flavor in pentane:hexane defatted  flakes and that increasing 
steaming tim e increased the intensity  of these derived flavors. 
Toasted and n u tty  flavors are frequently  present in com
mercial products as well (Kalbrener et al., 1971). When 
hexane:ethanol azeotropic-extracted flakes were toasted for as 
long as 20 min, the taste panel did not report the presence of 
nutty-toasted flavors. The absence of intense flavors should 
extend the use of soy products into bland food systems, such 
as dairy-type products.

Soy protein isolates, prepared from azeotrope-extracted 
flakes, toasted or untoasted, have low intensity values for the 
grassy/beany com ponent; however, they still retain a distinctly 
b itter taste. This taste indicates tha t further improvements in 
the toasting-azeotrope extraction process are needed to  re
move more effectively the bitterness in soy isolates.

Toasting flakes, together with azeotrope extraction, lowers 
NSI and thereby increases protein content and yield of the 
concentrates, while increasing their flavor scores. On the other 
hand, since toasting lowers NSI of azeotrope-extracted flakes, 
yields of protein isolate are lower with no further increase in 
isolate flavor score.
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S O Y B E A N  E X T R U D E D  P R O D U C T : A  R E S P O N S E  S U R F A C E  A N A L Y S IS

----------------------------- ABSTRACT -----------------------------
Response Surface Analysis (RSA) was used to study the effect of three 
variables, process temperature (120, 145 and 170°C), feed moisture 
content (20, 30 and 40%) and screw speed (800, 900 and 1000 rpm) on 
extrudate characteristics. Unheated soybean flakes extruded under dif
ferent conditions were subjected to Wamer-Bratzler shear (WBS), water 
absorption (WA) measurements and residual trypsin inhibitor activity 
(TIA) assays. Low feed moisture contents induced higher internal heat 
production causing residual TIA in the product to be lower than ex
pected, WA to increase and WBS to be independent of process tempera
ture (at constant screw speed of 900 rpm). Variation of screw speed 
permitted the attainment of desired values of product characteristics 
when moisture and temperature had to be fixed.

INTRODUCTION
COOKING EXTRUDERS for new foods have found industrial 
applications due to  their particular abilities. Smith (1974) cites 
among them moisture entrainm ent, gelatinization of starches, 
protein denaturation, heat labile growth inhibitor control and 
restructuring and retexturing of process material.

These changes are attained by feeding protein mixtures, 
mainly vegetable flours, water and supplem entary optional ad
ditives into the cooker barrel and raising pressures and tem per
atures. The resulting plastic mass is extruded through a die to 
atmospheric pressure causing the release of steam and the ex
pansion of the material. A fter cooling the product sets into a 
structure w ith com pletely different characteristics than those 
of the starting material.

Textured protein products may provide about 10% of the
U.S. meat equivalent consum ption by 1985 (Hammonds and 
Call, 1970). Extruded products made from  flours (50—55% 
protein) are currently being used as meat extenders while 
higher cost spun product m anufacture uses isolates (90% pro
tein) resulting in improved texturization  properties tha t allow 
them to be “ engineered” alone or in certain com binations with 
extruded protein to  simulate ham, breakfast sausage, chipped 
beef, fried chicken, bacon and other meatlike products.

The bulk of the patent literature related to these type of 
products is almost two decades old (Gutcho, 1973) but the 
experience borrowed from  the plastics and textile industry 
presently indicates bo th  are at a stage of “ art.” Specifically in 
the case of food extrusion, Harper and Harmann (1973) dis
cussed some of the current research needs in the food area 
while pointing out tha t most of them  no longer constitute a 
problem in plastics m anufacture. This is in part due to  the 
com plexity and nonhom ogenity of food materials.

Tadm or and Klein (1970) introduced Response Surface 
Analysis (RSA) as a useful statistical tool for analyzing experi
mental data from plasticating extrusion by studying the effect 
of six variables on the extrudate tem perature. This m ethodolo
gy was deemed appropriate for the evaluation of the nutri
tional improvement of unheated defatted soybean flakes 
known to be dependent on tem perature, moisture and time 
(Liener, 1972). Functional properties of the extruded product

1 P re se n t a d d re ss : I n s t i tu to  T ec h o lo g ic o  d e  C hile , C asilla  6 6 7 , S an 
tiag o , C hile

have also been reported as being principally affected by the 
same three variables (Conway et al., 1968, Conway, 1971b) 
and thus suitable to  RSA.

From  all the troublesom e substances found in raw soybeans 
that must be inactivated during heat processing to improve 
their nutritional value and storage capabilities, trypsin inhibi
tors (TI) are known to be the least heat labile (Baker and 
Mustakas, 1973). Hence, therm al treatm ents need to  be calcu
lated in such a way as to  provide the necessary TI inactivation 
and sim ultaneously avoid any overheating of the soybeans that 
has proven to  be destructive of several amino acids and vita
mins (Smith, 1971).

The objective of this study was to  explore RSA as a tool for 
a b e tte r understanding of the relationship between extrusion 
conditions and product characteristics and as a means for opti
mizing the process through the simulanteous analysis of tem 
perature, feed moisture content and screw speed.

MATERIALS & METHODS
Response surface analysis (RSA)

RSA is based on the assumption that when k factors (or indepen
dent variables) are being studied in an experiment, the response (or 
dependent variable) will be a function of the levels at which these 
factors are combined (xk). Thus,

y = 0 (x ,, x2,.........xk) (1)

where y is the Response Function, (Davies, 1954).
Careful selection of the number of variables to be studied is worth

while since with more than three x-variables, geometrical representation 
can be used only partially. In this case, a canonical transformation of 
the surface equation simplifies it allowing its interpretation. The poly
nomial to be used depends on the accuracy needed and on the contribu
tion of extra terms to the overall fitting as measured, for instance, by 
an analysis of variance.

For the case of three variables, it was proven satisfactory to fit the 
data with a quadratic polynomial of the type:

y = b0 +b,Xj  + b2Xj + b3x3 + b , , x ,2 + b2, x2 1 2 
+ b33x32 + b I 2x , x 2 + b , 3x , x 3 + b 23x2.x3

that takes into account variations due to linear and quadratic order 
effects as well as those due to interactions. Surface contours are ob
tained by making one variable equal to a constant value and then solv
ing the fitted equation as a quadratic in the other two. By varying the 
value of the fixed variable a set of planes with contour surfaces can be 
built up into a 3-dimensional representation.

A presentation of the method and its potential application in the 
food industry can be found in a work by Henika (1972).
Experimental design and data analysis

A three-variable, three-level fractional factorial design with three 
replicates at the center point was used. The center point of the design 
was chosen based on the extruder manufacturer’s (Wenger, Mfg., 
Sabetha, Kans.) suggestions for the production of a texturized soybean 
product and or. previous experience at our laboratory. The range of the 
three variables is presented, Table 1. It allowed for the development of 
several different product characteristics while keeping the experiment 
confined to a sufficiently narrow area.

The selection of temperature, feed moisture and screw speed as the 
most critical independent variables of the process was based on findings
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Fig. 2—Extruded products obtained under the experimental pattern.

Table 1— Factor levels

Level

Factor - i 0 1 Unit

1. Process temperature (C) 120 145 170 25
2. Feed moisture content (%) 25 35 45 10
3. Screw speed (rpm) 800 900 1000 100

Table 2—Experimental pattern and response values of Trypsin 
inhibitor activity (TIA) TUI/mg (TIA of soybean grits 72.5 TUI/mg)

Process temperature (°C)

120 145 170

rpm

800 900 1000

rpm

800 900 1000 800

rpm

900 1000

Feed 25 3.7 3.9 3.7 

3.5

2.0

Moisture 35 10.0 6.0 4.5 4.5 
6.4

3.3

Content (%) 45 33.4 31.0 21.0 4.4

reported by Conway et al. (1968, 1971a, 1971b) working with corn 
and sorghum grits and soybeans, Mustakas et al. (1970) for full-fat 
soybeans, Lawton et al. (1972) for corn starch, Lorenz et al. (1974) for 
triticale.

Responses under observation were: residual trypsin inhibitor activi
ty, Warner-Bratzler shear and water absorption capacity.

A Hewlett-Packard Model 9820A calculator was fed with the experi
mental data and equations taken from Davies (1954) to perform the 
calculations. The output consisted of ten regression coefficients which 
were used to obtain contour maps at predetermined conditions with 
a Hewlett-Packard 9862 Plotter. The analysis of variance was also per
formed by using the output from the computer.
Experimental procedure

Runs were performed randomly in a 5-head Wenger X-5 extruder 
using a 1/8 in. die (Fig. 1). Tap water was circulated through the jacket 
in heads 4 and 5. Head 1 was closely maintained at the temperature 
reported herein as process temperature by running steam through the 
jacket. It is in this section of the extruder where cooking is done. The 
two intermediate heads were kept between 0 and 20° C below the pro
cess temperature as more precise control on them was not possible.

Defatted, dehulled, unheated soybean flakes, Soyabits white (Cen
tral Soya Co., Inc., Chicago, I1L) with a moisture content of 8% were 
fed to the extruder after thorough mixing in the hopper and with feed 
rate maintained constant.

Water was added at the entrance point in the extruder and its rate 
was measured with a previously calibrated flowmeter. Extruder screw 
speeds were determined with a hand tachometer.

Extruded samples were collected, placed in glass jars and kept refrig
erated.
Methods of analysis

All 15 samples were analyzed for moisture content (AOAC, 1960), 
density, water absorption capacity, Warner-Bratzler shear and trypsin 
inhibitor activity.

Water absorption (WA) capacity was evaluated by soaking 5g of 
extruded product for 15 min in water at 25°C. After draining, excess 
water was blotted on brown paper and the sample reweighed. Values 
are reported as grams of water absorbed/gram dry weight of product.

The Warner-Bratzler shear instrument (WBS) consists of a 1-mm 
thick rr.etal blade by which a certain amount of force is applied to shear 
the sample. The force was determined by using an Instron Universal 
Testing Machine (Instron Corp., Canton, Mass.) as a sensing and record
ing device. Three strands were sheared simultaneously with at least five 
replicates per sample. Shear forces are usually reported on a cross-sec
tional area basis. According to Cumming et al. (1972), it is more suit
able to use density as a dimensionless divisor for Warner-Bratzler shear 
values on porous extruded products, a system that has been adopted 
here. WBS values are expressed in kg.

Trypsin inhibitor activity (TIA) was measured by the improved 
method of Kakade et al. (1974) and Rackis et al. (1974). Results are 
reported as trypsin units inhibited per milligram dry weight of sample, 
TUI/mg.

RESULTS & DISCUSSION
THE WIDE VARIETY of physical forms of extruded product 
obtained under the experim ental pattern  is shown, Figure 2. 
Tables 2, 3 and 4 summarize the experim ental results obtained 
by the different com bination of variables for trypsin inhibitor 
activity, Warner-Bratzler shear and water absorption respec
tively. Regression coefficients as calculated by the com puter 
are listed in Table 5. For TIA the best fit was found when log 
y instead of y was used in the regression equation. WBS and 
WA were fitted by using Eq (2).

The analysis of variance is shown in Table 6. Although 
second order term s in the case of TIA are not significant, their 
inclusion in the equation contribute to a better fitness o f the 
data at high values of the response. In general, results from  the 
analysis of variance have to  be critically evaluated in the light 
of accuracy required, agreement to  theoretical background and 
magnitude of residual errors in critical zones of the surface.

Typical contours for the three responses at a screw speed of 
900 rpm are observed in Figures 3 to  5. Water absorption 
presents a minimum at about 145°C and 40% moisture and the 
highest values are found at high tem peratures and low mois
tures with a strong dependence between bo th  variables (Fig.
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3) A satisfactory resemblance is observed when product rehy
dration data from Cumming et al. (1972) as a function of 
process tem perature is compared to  the water absorption vs. 
tem perature curve obtained by passing a plane through a con
stant moisture value. The existence of a point o f minimum 
product rehydration is dem onstrated in bo th  cases. At this 
point, RSA comes into play. Should by any reason the process 
tem perature be m aintained w ithin a narrow range about this 
point, Figure 3 indicates that by varying the moisture content 
of the feed, improved w ater absorption properties can be ob
tained. The operation point has then to be selected according 
to  the requirem ents set for tex ture (e.g.: as measured by 
WBS), nutritional considerations (e.g.: TIA value), or any 
others deemed of im portance.

WBS values decrease as feed m oisture content increases, 
(Fig. 4). This effect is more pronounced at moisture levels 
below 35% and practically disappears above this value. As op
posed to  the WA case, this tim e the dependency between the 
property and processed tem perature is practically nil.

Trypsin inhibitor activity values required a more detailed 
analysis. Rackis (1972) reported that higher tem peratures were 
required to  inactivate trypsin inhibitors in whole soybeans at 
lewer moisture content, a point apparently in contradiction 
with the present findings. Results obtained in extrusion cook
ing of full-fat soy flour show an inversion in this trend only at 
high tem peratures (150°C) and short residence times (or high 
screw speeds) of 30 sec (Mustakas et al., 1970). The tim e that 
particles spend inside the extruder follows a certain residence 
:ime distribution (Zuilichem et al., 1973). Determ ination 
made with the aid of a dye at 1000 rpm and 45% moisture 
revealed that the product spent between 15 and 35 sec in the 
Darrel section.

Additional runs made using a different untoasted soybean 
product, Soyafluff 200W (Central Soya, Chicago, 111.), con
firmed the reported findings at moisture values of 15% and 
duplicated values well inside the experim ental range. Runs per
formed w ithout a die restriction (open discharge) showed 
much higher residual TIA than would be predicted from the 
regression equation indicating, as it was expected, that the die 
restriction generates significant internal heating of the product 
with the consequent increase in stock tem perature.

The am ount of heat supplied to  the product depends upon 
the sign and magnitude of the conducted heat portion 
(through the barrel) and the frictional heat portion, the latter 
being directly proportional to  the viscosity (Tadm or and 
Klein, 1972). Harper et al. (1971) working w ith cereal doughs 
in the moisture range between 15—30% reported an exponen
tial increase of viscosity as m oisture content decreases. Thus, 
lower residual trypsin inhibitor activity in materials extruded 
at low moisture contents can be explained because of the 
higher internal heat production.

Additional support to  this in terpretation comes from  the 
fact that therm oplastic extrusion of foods obtains most of the 
heat needed for cooking from  viscous dissipation. This is why 
product tem perature must not be confused w ith barrel tem per
ature, described here as process tem perature, since this is a 
controllable variable as opposed to product tem perature that 
cepends not only on barrel tem perature, but also on screw 
speed and moisture content. Moreover, since cooking is per
formed in the last turns of the screw, a precise control of 
barrel tem perature at tha t head is more critical.

The distortion in the pattern  of TIA curves, as low moisture 
contents are approached, cannot be explained on scientific 
grounds. Careful inspection and elimination o f term s in the 
regression equation tha t contribute to  the anom aly did solve 
this problem. However, in that area, the experim ental error is 
comparable in magnitude to  the value of the response (similar 
to  the case in Fig. 4, above 35% moisture) so any improved 
shape the pattern  may take is of reduced practical value. More
over, Rackis and McGhee (1973) dem onstrated the absence of

Table 3—Experimental pattern and response values (Warner- 
Bratzler shear force, kg)

Process temperature (°C)

120 145 170

rpm rpm 

800 900 1000 800 900 1000 800

rpm

900 1000

Feed 25 5.1 6.9

1.3
3.5 4.3

Moisture 35 1.9 1.3 1.7
1.5

1.9 1.4

Content (%) 45 0.2 0.9 1.4 1.5

Table 4—Experimental pattern and response 
sorption capacity, g water/g dry weight)

values (Water ab-

Process temperature (°CI

120 145 170

rpm rpm rpm

800 900 1000 800 900 1000 800 900 1000

Feed 25 1.8 2.0 1.4 2.4

1.5
Moisture 35 1.8 1.6 1.5 1.7 1.4

1.5

Content (%) 45 1.6 1.5 1.6 1.7

Table 5—Regression coefficients

Coefficient® TIA WBS WA

bo 0.668 1.5 1.5

bi -0.199 0.075 0.05

b2 0.349 -1.975 -0.15

b3 -0.069 -0.50 -0.125

bl 1 -0.062 -0.1375 0.1875

2 0.194 1.4125 0.1875

3̂ 3 0.132 0.2625 -0.0625

bl 2 -0.194 0.525 -0.125

bl 3 0.022 0.025 -0.025

b2 3 -0.037 0.975 0.175

a 1 = Process temperature; 2 - Feed moisture content; 3 = Screw
speed.

Table 6—Analysis of variance

d.f.

TIA
M.S.

WBS
M.S.

WA
M.S.

First order terms 3 0.442 (27.6*) 11.08 (277*) 0.108a
Second order terms 6 0.064 (4.0) 2.1 (105*) 0.08a
Lack of fit 3 0.028 (1.7) 0.18 (9) 0.01 6a
Error 2 0.016 0.02 0.00
R2 0.94 0.99 0.99

a Since the experimental error is zero, significance test is meaning
less

* Significant at 5% level
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Fig. 3—Water absorption Ig/g) contours as a function o f process 
temperature and feed moisture content. Screw speed 900 rpm.

Fig. 4-Warner-Bratzler shear force (kg) contours as a function o f 
process temperature and feed moisture content. Screw speed 900 
rpm.

antinutritional effects in products containing below around 12 
TUI/mg. This means that adequate fitness between data and 
the regression equation is required at high moisture contents 
and low process tem perature values (where this critical TIA 
value is reached), and this is provided by the function used.

Response surfaces similar to  the ones presented can be ob
tained showing the effect of tem perature and screw speed or 
the effect of moisture and screw speed. Figure 6 illustrates this 
point by displaying the marked effect o f screw speed on WA at 
high tem peratures when feed moisture content is 30%.

In summary, Response Surface Analysis is shown to provide 
the food extrusion process w ith control and flexibility neces
sary to  develop products with specific functional properties by 
an adequate choice of the levels of controllable variables. 
Thus, the same basic ingredients can provide a product with 
utilization functions as a gruel, meat extender or a ground 
nutritous mixture. Results reported here are particular of the 
equipm ent used but the m ethodology can be applied to com
mercial scale operations.

Fig. 5—Trypsin inhibitor activity (TUI/mg) contours as a function 
o f process temperature and feed moisture content. Screw speed 900 
rpm.

Fig. 6—Water absorption (g/g) contours as a function o f process 
temperature and screw speed. Feed moisture content 30%.
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E N Z Y M A T IC  A N D  U L T R A S O N IC  T E C H N IQ U E S  F O R  S O L U B IL IZ A T IO N  O F  P R O T E IN  

F R O M  H E A T -T R E A T E D  C O T T O N S E E D  P R O D U C T S

----------------------------- ABSTRACT -----------------------------
Extraction of protein from cottonseed meal was fourfold more efficient 
when the meal was treated with trypsin than when treated with ultra
sonic energy. Combination of the two techniques caused efficient pro
tein extraction with low expenditures of time, enzyme and energy. The 
extracted proteins bound > 3.5 ml oil/g concentrate and > 2.4g water/g 
concentrate and emulsified > 325 ml oil/g concentrate.

INTRODUCTION
PROTEIN can be readily extracted from  a variety of substrates 
if  no heat has been applied to  the material. If heat dénatur
ation has occurred, extractability is markedly reduced (Lu and 
Kinsella, 1972; Martinez et al., 1970).

Two generalized techniques have been found successful in 
increasing the extractability  of protein from  heat denatured 
substrates. Molina and Lachance (1973) noted that the use of 
proteolytic enzymes to  partially hydrolyze coconut meal prior 
to chemical extraction w ith dilute alkali increased the effi
ciency of protein extraction. This technique has been modified 
and extended to  screw-expressed cottonseed meal by Childs
(1975) where a three-to fivefold increase in protein solubili
zation was noted. A nother successful approach has been the 
use of ultrasonic energy to aid protein extraction from  toasted 
soybean flakes (Wang, 1975). With this technique, a marked 
■increase in protein extractability was noted. The ultrasonic 
method, if as efficient, would have several advantages over the 
proteolytic enzyme-chemical method including elimination of 
costly enzymes and reduced processing times.

This experim ental study was undertaken to  (a) compare the 
proteolytic enzyme-chemical and ultrasonic techniques for ex
traction of protein from cottonseed products; (b) develop a 
superior protein extraction technique which combines the 
desirable characteristics of each extraction approach; and (c) 
define selected characteristics of concentrates prepared from 
the solubilized proteins.

MATERIALS & METHODS
Samples

Glandless cottonseed flour, a gift of the National Cottonseed Prod
ucts Association, was stored in sealed bags at room temperature until 
experimentation. Autoclaved cottonseed flour samples were prepared 
by autoclaving the material 30 min at 250°C and 15 psig. Cottonseed 
meal samples were purchased at a local feed mill and held in sealed bags 
at room temperature until experimentation.
Proteolytic enzyme-chemical extraction technique

The technique used was a modification of earlier proteolytic 
enzyme-chemical procedures (Childs, 1975). 25.Og of cottonseed prod
uct (either meal or flour) and 0.10g trypsin (1:300 hog pancreas, Nutri
tional Biochemicals Co.) were suspended in 100 ml of 0.02M sodium 
phosphate buffer (pH 8.1) which brought the pH of the reaction system 
to 6.75. This suspension was stirred for 60 min and then rapidly filtered 
through cheesecloth to separate the trypsin and extracted protein (fil
trate) from the remaining cottonseed product (filter cake). The filtrate 
was then centrifuged at 10,000 X  G for 20 min to yield a clarified 
protein suspension. The supernatant was saved for Kjeldahl analysis and

referred to as the “enzyme fraction.” The filter cake from the cheese
cloth filtration was resuspended in 100 ml of 0.075% NaOH and stirred 
for an additional 60 min at 60°C. This mixture was then filtered and 
centrifuged as described above. The supernatant after centrifugation 
(10,000 X  G for 20 min) was labeled the NaOH Fraction. The residual 
filter cake was also saved for Kjeldahl analysis and labeled the “residue 
fraction.” Data were calculated as a percentage of total Kjeldahl protein 
which was extracted.
Sonication technique

The technique used for ultrasonic extraction of cottonseed product 
was essentially that of Wang (1975). 5g of cottonseed product were 
suspended in 50 ml of either water or 0.075% NaOH in a 100 ml 
beaker. The mixture was sonified for 8 min (Sonic 300 Dismembrator, 
Artek Inc.). The sonic probe was inserted 1 in. into the mixture and 
operated at 210 acoustical watts of output power. Following sonica- 
tion, the slurry was rapidly filtered through cheesecloth to separate the 
extracted protein (filtrate) from residue (filter cake). The filtrate was 
centrifuged at 10,000 x G for 20 min and the protein content of the 
supernatant determined by Kjeldahl analysis. The filter cake and centri
fuge pellet were pooled for Kjeldahl analysis and referred to as the 
“residue fraction.” Data were calculated as percentage of protein which 
was extracted.
Combined sonication, proteolytic enzyme-chemical 
extraction technique

5g of sample and 0.02g trypsin (1:300 hog pancreas, Nutritional 
Biochemicals) were suspended in 50 ml of 0.02M buffer at pH 8.1. This 
system was sonicated for 8 min as described above, filtered through 
cheesecloth to separate the enzyme and solubilized protein from the 
substrate, and the filtrate centrifuged at 10,000 X  G for 20 min. The 
supernatant was reserved for Kjeldahl analysis. The filter cake was re
suspended in 50 ml of 0.075% NaOH and sonicated an additional 8 
min, filtered and centrifuged as above, and the supernatant from the 
centrifugation (NaOH fraction) and the filter cake (residue fraction) 
held for Kjeldahl analysis. Data were calculated as percentage of protein 
which was extracted.

Parameters affecting combined technique efficiency. Experiments 
were performed to ascertain (a) the effect of time of sonication of the 
enzyme-substrate mixture on extraction efficiency utilizing times of 15 
and 30 sec, 1, 2, 4, 8 and 16 min coupled to an NaOH sonication time 
of 8 min and using 0.02g trypsin/5g sample; (b) the effects of trypsin 
concentration on the efficiency of extraction utilizing 0.001, 0.005, 
0.010, 0.020, and 0.030g trypsin per 5g of sample coupled to 1 min 
enzyme and 8 min NaOH sonication times; and (c) the effect of NaOH 
sonication time was also examined utilizing a 1 min sonication for the 
trypsin incubation (O.Olg trypsin per 5g sample) and NaOH sonication 
times of 1, 2, 4 and 8 min.

Functionality of solubilized protein
Preparation of concentrates. Solubilized proteins were selectively 

removed from the extracts by pH induced precipitation. Preliminary 
tests indicated maximum protein precipitation at pH 3.5-4.0. All ex
tracts were adjusted to pH 3.75 with HC1 and allowed to stand for 1 hr. 
This system was centrifuged at 3000 x G for 20 min to recover the 
precipitated protein and the supernatant was decanted and discarded. 
The pellet was freeze dried and used as the protein sample for subse
quent investigations.

Low molecular weight nitrogen. Rather than measure the amount of 
nitrogen precipitated by trichloroacetic acid, an analysis of the % nitro
gen in molecular forms with a formula weight < 1000 daltons was 
determined. 0.20g of protein was suspended in 20 ml of water or 
0.075% NaOH and pipetted into an ultrafiltration cell. The membrane
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filter had a nominal molecular weight cut-off of 1000 daltons. The 
volume of the protein solution was reduced to 5 ml. This was rediluted 
with liquid and concentrated two times to assure that all low molecular 
weight nitrogen had passed the ultrafilter. Kjeldahl analysis was per
formed on both the filtrate and the nonfiltered material. The % nitro
gen in molecular forms < 1000 daltons was calculated from these data.

Solubility. 0.02g of protein concentrate and either 3 ml of 0.01M 
sodium phosphate buffer (in 0.5 pH increments from pH 2-11) or 3 ml 
of 0.10M NaCl, 0.01M sodium phosphate buffer in 0.5 pH increments 
were placed in a 15 ml glass centrifuge tube. The tube was agitated on a 
Vortex mixer for 0.5 min, shaken on a wrist shaker for 5 min and 
allowed to stand an additional 5 min. The sample was then centrifuged 
5 min at 1000 x  G. The supernatant was decanted and its protein 
content (amount of soluble protein) ascertained by the Biuret reaction 
(Snow, 1950).

Water-holding capacity. O.lg of concentrate and 5.0 ml of 0.02M 
citrate buffer (pH 3.5) were added to a weighed 15 ml glass centrifuge 
tube. The tube was agitated on a Vortex mixer for 1 min and then 
centrifuged 15 min at 1000 X  G. The supernatant was decanted and 
discarded. After the tube was allowed to drain, the pellet was weighed 
and the weight of water bound per gram protein concentrate was calcu
lated.

Oil-holding capacity. Oil-holding capacity was determined in the 
same manner as water-holding capacity except 5 ml of cottonseed oil 
was substituted for the 5 ml of citrate buffer.

Emulsifying capacity. Emulsifying capacity was determined by a 
slight modification of methods described by Webb et al (1970). 0.05g 
of protein concentrate were suspended in 30 ml of 5%  NaCl and 
blended at 12000 rpm for 30 sec. 25 ml of cottonseed oil were added 
and blended with the saline-protein solution. An ohmmeter was then 
connected to the system. This mixture was blended at 12000 rpm with 
more oil being added. The breaking point of the emulsion was judged to 
have been reached when the ohmmeter recorded infinite resistance. The 
emulsifying capacity was calculated as ml of oil emulsified/g protein 
concentrate.

RESULTS & DISCUSSION 
Enzyme-chemical vs ultrasonic technique

The trypsin-chemical m ethod was some fourfold more ef
ficient for solubilization o f cottonseed protein from screw- 
expressed meal than the ultrasonic m ethod (Table 1). In fact, 
ultrasonic energy in either water or dilute alkali caused no 
marked increase in protein solubilization over simple water 
extraction in previous studies (Childs, 1975).

Initially these data seemed to  contradict those of Wang
(1975) who found application o f ultrasonic energy increased 
the efficiency of protein extraction from autoclaved soybean 
flakes. To ascertain the basis for this possible divergence in 
data, experiments were perform ed to ascertain the efficiency 
o f the ultrasonic technique on cottonseed flour, autoclaved 
cottonseed flour, and screw-expressed cottonseed meal. 
Sonication caused solubilization of >  90% of protein from 
both  native and autoclaved cottonseed flour (Table 2). How
ever, less than 20% of cottonseed meal protein was solubilized.

Because of the distinct advantages associated with use of 
the ultrasonic technique (e.g., cavitation of sample to  create 
new sites for enzyme activity, increased mixing efficiency, de
creased reaction times, and reduced energy expenditures), ex
perimental studies were perform ed to determ ine the feasibility 
of combining the proteolytic enzyme-chemical technique with 
the ultrasonic technique. The combined enzymatic-chemical- 
ultrasonic technique increased the efficiency o f to ta l protein 
extraction from cottonseed meal some fourfold but caused no 
increase in extraction  efficiency from native or autoclaved 
flours (Table 3). Since this technique combined the technical 
advantages of the ultrasonic technique (Wang, 1975) and the 
efficiency of the proteolytic enzyme-chemical technique 
(Childs, 1975), experim ental studies were perform ed to  de
scribe parameters affecting the efficiency of the combined 
technique with screw-expressed cottonseed meal. Because the 
ultrasonic technique alone was very effective in extracting 
protein from native and autoclaved flour, no further work 
with this cottonseed product was performed.

Factors affecting efficiency of combined technique
There were no significant differences in the percentage pro

tein extracted for sonication times varying from  1 — 16 min of 
the trypsin-cottonseed meal m ixture (Table 4). These data sug
gested that sonication times of 1 min were adequate. Evalu
ation o f other parameters utilized a 1.0 min sonication of the 
trypsin-cottonseed product mixture.

When the am ount of trypsin used in the extraction  was 
varied, no significant increase in extraction  efficiency was 
noted at concentrations >  0.010g trypsin/5g cottonseed meal 
(Table 5). This was 50% of the am ount o f trypsin required for 
the proteolytic enzyme-chemical technique originally de
scribed by Childs (1975). 0.010g trypsin/5g meal was utilized 
in subsequent studies of the length of tim e required for NaOH 
sonication.

With a sonication tim e of 1 min for the enzyme-meal mix
ture and a trypsin concentration of 0.01g/5 cottonseed meal, 
it was found that >  2 min of sonication of the NaOH-cotton- 
seed meal suspension caused no significant increase in ef
ficiency of protein solubilization (Table 6 ).

Therefore, the combined enzyme-chemical-ultrasonic tech-

Tabie 1—Solubilization of cottonseed meal protein by enzy- 
matio-chemical or sonication techniques. (All data are the mean of 
three replicates = standard deviation)

% Protein
Technique Extraction medium extracted a

Enzyme-chemical pH 8.1 buffer, 0.075% NaOH 65.66 ± 4.98a
Sonication HOH 14.81 ± 2.88b
Sonication 0.075% NaOH 17.91 ± 1.30b

a V a lu e s  fo r  percent p ro te in  extracted  fo llo w e d  b y  d iffe ren t letters 
were s ign if ic an t ly  d iffe ren t (P <  0.01).

Table 2—Solubilization of cottonseed product protein by the 
ultrasonic technique. (All data are the mean of three replicates ± 
standard deviation)

Sample % Protein extracted3

Raw cottonseed flour 93.01 ± 0.70a
Autoclaved cottonseed flour 92.34 ± 2.05a
Cottonseed meal 17.34 ± 2.51b

a V a lu e s  fo r  percent p ro te in  ex tracted  fo llo w e d  b y  d iffe ren t letters 
w ere  s lg n if ic a r t ly  d iffe ren t (P <  0 .01).

Table 3—Effect of trypsin addition on ultrasonic aided solubili
zation of protein from native cottonseed flour, autoclaved cotton
seed flour, and screw-expressed cottonseed meal. (All values are the 
mean of three replicates ± standard deviation)

Sample type Trypsin % Protein Extracted a

Native cottonseed flour + 93.24 ± 2.04a
Native cottonseed flour - 93.01 ± 0.70a
Autoclaved cottonseed flour + 93.73 ± 0.93a
Autoclaved cottonseed flour - 92.34 ± 2.03a
Screw-expressec cottonseed flour + 72.99 ± 3.18b
Screw-expressec cottonseed meal - 17.34 ± 2.51c

a V a lu e s  fo r  percent p ro te in  ex tracted  fo llo w e d  b y  d iffe ren t letters 
w ere  s ign if ic an t ly  d iffe re n t  (P <  0.01).
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nique can increase the efficiency of protein solubilization from  
cottonseed meal some fourfold with a sonication tim e for the 
enzym e reaction of 1 min, utilizing 0.01 g/5g trypsin product, 
and a sonication tim e of 2 min for the NaOH extraction. These 
operating conditions reflect savings of tim e, enzyme and 
energy over previous techniques.
Characteristics of solubilized cottonseed meal protein

Three protein concentrate fractions from cottonseed meal 
were prepared and investigated: (a) the enzym e fraction iso
lated by the enzymatic-chemical technique; (b) the NaOH frac
tion isolated by the enzymatic-chemical technique; and (c) the 
NaOH fraction isolated by the combined technique. There was 
no acid precipitable protein in the enzym e fraction in the 
combined technique samples. This suggests that in the pres
ence of ultrasonic energy little or no protein hydrolysis took

Table 4—Effect of sonication time of the enzyme-cottonseed 
matrix on solubilization of cottonseed meal protein. (All values are 
the mean of three replicates ± standard deviation)

Time of enzyme 
sonification 

(min)
% Protein extracted 

with trypsin

1 70.00 ± 1.23a
2 67.50 ± 1.78
4 67.52 ± 3.41
5 73.22 ± 6.08
8 69.04 ± 4.08

10 77.43 ± 6.59
12 61.25 ± 9.02
16 71.62 ± 7.83

a N o  values in th is  c o lu m n  
o the r value.

w ere  s ig n if ic a n t ly  d iffe ren t fro m  an y

Table 5—Effect of trypsin level on solubilization of protein from 
cottonseed meal. (All values are the mean of three replicates ± 
standard deviation)

g Trypsin/5g meal % Protein extracted3

0.001 46.33 ± 2.63a
0.005 56.23 ± 5.32b
0.010 62.70 ± 2.82c
0.020 64.77 ± 3.33c
0.030 63.45 ± 5.87c

a V a lu e s  fo r  percent p ro te in  extracted  fo llow e d  b y  d iffe ren t letters
w ere  s ig n if ic a n t ly  d iffe ren t (P <  0.01).

Table 6—Effect of NaOH sonication time on solubilization of 
protein from cottonseed meal. (All values are the mean of three 
replicates ± standard deviation)

Sonication time 
(min) % Protein extracted3

1 56.22 ± 6.54a
2 61.23 ± 7.23b
4 64.32 ± 6.86b
8 68.50 ± 4.17b

a V a lu e s  fo r  percent p ro te in  ex tracted  fo llo w e d  b y  d iffe ren t letters 
w ere  s ign if ic an t ly  d iffe ren t (P <  0.01).

place as no hydrolyzed protein could be precipitated. Trypsin 
has previously been shown to have a variety o f activities (re
viewed by W hitaker, 1972).

Only the enzym e fraction of meal extracted by the enzy
matic-chemical technique contained a large am ount of (37.9%) 
of nitrogen in low molecular weight forms (Table 7). The 
NaOH fraction from the combined technique had the lowest 
am ount of low molecular weight nitrogen again suggesting that 
the specificity o f trypsin is altered in an ultrasonic field from  
protein hydrolysis to  reactions which make the protein more 
susceptible to  NaOH extraction.

The solubility of the protein concentrates was typical of 
solubility of cottonseed protein as a function of pH. Solubility 
was minimal at acidic pH’s and increased in basic pH’s (Cren- 
welge et al., 1974). There were no marked differences in solu
bility in 0 .1OM NaCl vs water. This suggests little or no inter
action between pH and ionic strength.

There were no significant differences in the water- or oil
holding capacities of the samples (Table 8). However, the 
emulsifying capacity of the NaOH fraction produced by the 
combined technique was significantly greater than tha t of 
o ther fraction concentrates. It has often been suggested that 
emulsifying capacity is a function of molecular radius (Carpen
ter and Saffle, 1965) and these data tend to  confirm  that 
observation since the highest em ulsification capacity was 
noted w ith the concentrate having the lowest am ount o f low 
molecular weight nitrogen.
Comment

These data indicated that combining ultrasonic techniques 
(Wang, 1975) and proteolytic enzyme-chemical techniques 
(Childs, 1975) resulted in an efficient technique for solubili
zation of protein from screw-expressed cottonseed meal. The 
solubilized protein was easily separated by pH precipitation 
and was functional as measured by water-holding capcity, oil
holding capcity, and emulsifying capacity.

A ttem pts have been made in this laboratory to  immobilize 
trypsin for use in these procedures. That technique is not feasi-

Table 7—Amount of solubilized N with a molecular weight < 
1000 daltons. (All values are the mean of three replicates)

Sample % N < 1000 daltons

Meal-enzyme extract (Stir) 39.2
Meal-NaOH extract (Stir) 4.78
Meal-combined technique NaOH extract 0.00

Table 8—Functionality of cottonseed meal protein isolates pre
pared by the protelytic enzyme-chemical technique (PC) and the 
combined ultrasonic-enzymatic (UE) technique. (All data are the 
mean of three replicates ± standard deviation)

Sample

Oil-holding 
capacity 
(ml/g)3

Water-holding
capacity
(ml/g)a

Emulsifying
capacity
(ml/g)a

Enzyme fraction 
(PC)

4.03 ± 1.10a 2.43 ± 0.86a 333 ± 4.0a

NaOH fraction 
(PC)

3.53 ± 0.32a 2.80 ± 0.26a 443 ± 4.0a

NaOH fraction 
(UE)

3.66 ± 0.15a 2.73 ± 0.15a 586 ± 2.5b

a V a lu e s  in the sam e co lu m n  fo llo w e d  b y  d iffe re n t  letters w ere  s ig 
n if ic a n t ly  d iffe ren t (P <  0.01).
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ble in com bination w ith the ultrasonic technique because the 
enzyme and its carrier are separated in an ultrasonic field. 
Current investigations are centered on the feasibility of elimi
nation of trypsin from the extraction system. Preliminary data 
have indicated tha t unique com binations of particle size and 
meal/solvent ratio for substrates of varying Nitrogen Solubility 
Index might eliminate the need for trypsin. Those studies are 
continuing and will be reported at a later date.
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----------------------------- ABSTRACT ------------ ----- ----------
In work performed at the Food Protein R&D Center, three oilseed 
flours-deglanded liquid cyclone process (LCP) cottonseed flour, gland
less cottonseed flour, and a high nitrogen solubility soy flour were used 
to fortify com tortillas. Tortillas containing each of these flours 
blended with a corn tortilla flour to give 11%, 13%, and 15% protein in 
the blends were statistically compared in sensory tests for flavor, tex
ture, and overall acceptability. An analysis of variance performed on 
panel scores indicated that the panel had no preference among the corn 
control tortillas and tortillas fortified with LCP and glandless cotton
seed flours. The panel did, however, show a significant preference for 
each of these tortillas over soy-fortified tortillas. In color comparisons 
made with a Hunter Color-Difference meter, tortillas fortified with 
deglanded LCP cottonseed flour were increased in color over that of 
tortillas fortified with the other flours at the 11% protein level. As the 
amount of oilseed flours increased above the 11% blend level, the color 
of tortillas fortified with glandless and LCP increased noticeably. How
ever, the color of soy-fortified tortillas essentially remained the same. 
Fortification of tortillas at the 11%, 13% and 15% blend levels in
creased the total protein by 18%, 40% and 61%, respectively. These 
tests indicated that protein-enriched tortillas can be prepared using 
oilseed flours.

INTRODUCTION
TORTILLAS are widely consumed in the South and South
west where corn is a staple in the diet. They are considered to 
be the universal food in Mexico being consumed by all social 
classes and usually eaten at most meals where they serve as a 
bread substitute. The im portance of tortillas in Mexico may be 
appreciated by noting tha t average annual per capita con
sum ption is approxim ately 120 kilos (Del Valle and Villasenor,
1974). The Mexican government has encouraged the use of 
soy-fortified tortillas as a means of upgrading the nutritional 
level o f its people (Anon, 1974).

Although tortillas are a good calorie source, their protein 
quantity  is low (9% on a dry basis) and of poor quality, having 
a Protein Efficiency Ratio (PER) of 1.5 (Cravioto et al.,
1950).

In very poor families, tortillas become a principal com
ponent in the diet, often to the exclusion of other protein 
sources. When this happens, protein m alnutrition can and 
often does occur. This fact is supported by a recent nutrition 
survey sponsored by the Departm ent of Health, Education, 
and Welfare. This survey revealed a prevalence of protein de
ficiency among low income Mexican-Americans (Ten-State 
N utrition Survey, 1970).

There are two basic types of tortillas—flour and corn. The 
latter is utilized more extensively in traditional Mexican dishes 
of enchiladas, tamales, tacos and tortilla chips. Approximately 
twice as many corn tortillas are m arketed commercially as 
flour tortillas (Nelson, 1975).

A num ber of investigations have been carried out a t
tem pting to  increase the am ount and quality o f protein in corn 
tortillas: (1) Enrichm ent with soy flour (Cravioto et al., 1950; 
Cravioto and Cervantes, 1965); (2) Amino acid supplemen
tation (Bressani, 1972); (3) Development of Opaque II corn 
(Bressani, 1972); and Enrichm ent with whole soybeans (Del 
Valle and Villasenor, 1974).

In the work reported here, three oilseed flours-glandless 
cottonseed flour, deglanded liquid cyclone process (LPC) 
cottonseed flour, and a high nitrogen solubility soy flour (Soy 
HS) were used to  protein-enrich corn tortillas. Each oilseed 
flour was mixed with corn tortilla flour to  produce blends 
having protein levels of 11%, 13% and 15%. Tortillas made 
with these blends were statistically compared w ith each other 
and with a corn tortilla control in sensory tests for flavor, 
texture, and overall acceptability (Fig. 1).

EXPERIMENTAL
Oilseed flours

The glandless cottonseed flour was made from the Rogers GL-7 
variety of glandless cottonseed by direct hexane extraction. Low tem
peratures (ca 71°C) were maintained during desolventization.

Deglanded LCP cottonseed flour was from the USDA Southern 
Regional Research Center, New Orleans, La. and prepared by a widely- 
reported process (Gastrock, 1968).

The soy flour was a commercial product purchased from Central 
Soya Chemurgy Div., Chicago, 111. This flour, Soyafluff 200W, had a 
high nitrogen solubility (NSI-65) and was designated in this experiment 
as soy (HS).

Although corn is an oilseed, it is not referred to as an oilseed in this 
paper. References to corn tortilla flour pertain to the flour used for the 
control product. The three flours used for fortification purposes are 
referred to as oilseed flours.
Tortilla preparation

In the traditional method of preparing corn tortillas described by 
Cravioto et al. (1945), one part whole-kernel white corn is submerged 
in two parts limewater and cooked for 20-50 min (or until the outer 
hull of the kernel will rub off readily) at a temperature of 80°C using a 
lime dose approximately 1% of the weight of the dry mixture. The 
cooked mixture is allowed to stand (12 hr), after which the corn is 
carefully washed two times with water. At this point, the corn can 
either be ground in a conventional stone mill into a dough which is then 
ready to be shaped into pancake-like tortillas, or it can be flash dried 
and ground into a corn flour which will reconstitute with water on a 
2:1 ratio to make a dough.

The control flour used for this study was a commercial corn tortilla 
flour. The product, as marketed, is fortified with niacin, iron, thiamine 
and riboflavin.

Formulas used to prepare the control and fortified tortillas appear 
in Table 1. Weights of oilseed flours required to produce a particular 
protein level varied because the flours differed in protein content. The 
quantity of water used in doughs was kept constant.

Doughs were made by combining corn tortilla flour and oilseed 
flour blends with water after which the mixture was kneaded manually 
for 10 min before feeding into the tortilla oven. Tortillas were prepared 
on a Model TO-1100 oven manufactured by J.C. Ford Mfg. Co., Mon
terey Park, Calif. This unit cuts and bakes the thin dough in a self- 
contained, conveyorized, gas-fired oven.
Analytical measurements

Total nitrogen was determined by the micro-Kjeldahl method 
(AOAC, 1965). Carbohydrates, in terms of glucose, were measured 
colorimetrically by a phenol-sulfuric acid method (Dubois et al., 1956). 
Moisture, oil, and crude fiber were determined according to AOCS 
(1971; methods.

Co.or measurements were made on the tortillas with a Hunterlab 
Digital Color and Color Difference Meter, Model D25D.

Amino acid analyses of the cooked tortillas were quantitatively 
determined by the procedure developed by Spackman et al. (1958).
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PROTEIN
IN 11% 13%

BLENDS 1 5 %

Fig. 1—Corn tortillas containing three oil
seed flours in blends with corn tortilla flour 
at three blend levels, plus a 100% corn flour 
(control) tortilla.

Samples were hydrolyzed for determination of all amino acids in 
constant boiling hydrochloric acid for 24 hr under a nitrogen flush.
Sensory evaluation and statistical design

Samples were submitted for sensory evaluation to an untrained ten- 
judge taste panel. The panel was composed of five Mexican-Americans 
and five Anglo-Americans, all of whom were employed in food-related 
occupations. They were purposely chosen to represent a cross-section 
of tortilla consumers.

Taste panel members rated samples for overall acceptability, flavor 
and texture on a 1 to 8 scale which associated the following terms with 
the numbers:

8 -  Like extremely 
7 -  Like very much 
6 -  Like moderately 
5 -  Like slightly

4 — Dislike slightly 
3 -  Dislike moderately 
2 -  Dislike very much 
1 -  Dislike extremely

Samples were randomly served to the judges in accordance with a 
randomized complete-block design which employed a factorial treat
ment arrangement. A block of four tortilla samples (the control flour 
plus each of the oilseed flours blended to a common protein level) was 
served to each judge at each of nine judging sessions. The identity of 
each sample was obscured by coding. Samples containing a particular 
protein level were scored in three different sessions. The protein level 
used on a given day was randomly chosen. One judging session was held 
per day.

An Analysis of Variance was first performed on means of the ten 
scores assigned each sample by the ten judge panel. Subsequently, 
means of the scores assigned by each of two five-judge panels (that is, 
scores from the five Mexican-American judges and from the five Anglo- 
American judges) were similarly analyzed. Those sources of variation 
shown to be significant by Analysis of Variance were further tested 
using Duncan’s New Multiple Range Test. Analysis of Variance calcu-

Table 1—Formulas used with control and fortified tortillas 

Glandless LCP
cottonseed cottonseed Soy (HS)

Protein in blend Protein in blend Protein in blend
Corn _____________________  _____________________  _________________

Ingredients (control) 11% 13% 15% 11% 13% 15% 11% 13% 15%

Corn flour 600g 519.54 555.12 530.76 582.3 561.24 540.24 577.32 550.32 523.32
Oilseed flour Og 20.46 44.88 69.24 17.7 38.76 59.76 22.68 49.68 76.68
Water 580ml 580 580 580 580 580 580 580 580 580
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Table 2— Analytical data on corn flo u r and other oilseed flours 
used to  fo r t ify  corn tortillas

Crude Total
Moisture

(%)
Oil
(%)

Nitrogen
<%>

Protein3

(%)
fiber

(%)
sugar

(%)

Type of flo u r dry weight basis

Glandless 6.9 1.18 10.3 64.3 2.33 15.6
cottonseed

LCP 4.7 1.36 11.1 69.5 2.08 12.5
cottonseed

Soy (HS) 7.3 0.80 9.29 58.1 2.62 14.8
Corn 9.44 3.9 1.65 10.3 1.8 5.2

(control)

a P ro te in  ca lcu lated  as fo llow s: O ilseed  n itrogen  X  6 .2 5

lations were made following a method derived by Addelman (1974) for 
use with experiments involving qualitative factors and zero amount of 
quantitative factors.

R E S U L T S  & D IS C U S S IO N

ANALYTICAL DATA on corn and oilseed flours used in the 
experim ents appear in Table 2. Table 3 contains analytical and 
color data on corn tortillas. The increase in protein is ap
parent.

Tortillas containing LCP cottonseed flour were the darkest 
tortillas, followed by tortillas with glandless cottonseed flour, 
and then those with soy. As the am ount of oilseed flour in
creased above the 11% blend level, the color of the tortillas 
fortified with glandless and LCP increased noticeably. How
ever, the color of soy-fortified tortillas essentially remained 
the same. All fortified samples were darker in color than the 
corn flour control. Since cottonseed-fortified samples had the 
same appearance (i.e., darker yellow) as tortillas containing 
higher concentrations of lime (i.e., an intensified yellow color) 
panel members did not find them  to be less desirable because 
of their color. Color is largely an aesthetic value.

The amino acid com position of bo th  control and fortified 
tortillas is presented in Table 4. Lysine, the first limiting 
amino acid of corn was substantially increased. O ther changes 
in the amino acid profile resulting from  fortification are ap
parent in the table.

Cravioto has already dem onstrated tha t the addition of soy 
flour to  corn masa at a level of 10% increases the protein 
efficiency ratio from  1.45 to  2.45 (Cravioto and Cervantes,
1965).

Although preliminary laboratory w ork w ith the tortillas 
indicated that optim um  am ounts of w ater vary with the dif
ferent oilseed flours used, it was beyond the scope of this 
paper to  establish optim um  am ounts. Thus, a constant am ount 
of water was used.

Sensory evaluation
Ten-judge panel results. At the 5% level of significance, the 

panel showed no preference among the corn control tortillas 
and tortillas fortified with LCP and glandless cottonseed 
flours. They did, however, show a significant preference for 
each of these tortillas over soy-fortified tortillas as indicated 
by the overall acceptability and texture mean scores given in 
Table 5.

The flavor scores also indicated that the panel found the 
corn control and tortillas fortified w ith LCP and glandless 
cottonseed flours equally acceptable. In this instance, the 
panel significantly preferred only the corn contro l and LCP 
cottonseed fortified tortillas over those fortified w ith soy 
flour. Scores assigned soy flour and glandless cottonseed flour 
fortified tortillas could not be statistically separated.

As illustrated in Table 6 , panel results dem onstrated tha t 
judges had no significant preference for one blend level over 
another as related to either overall acceptability, tex tu re, or 
flavor. However, there was a significant in teraction between 
flours and protein levels for each of the categories evaluated 
(i.e., blend protein levels in com bination w ith flours did influ
ence panel scores).

Five-judge Mexican-American results. Mexican-American 
scores were, on the whole, higher than Anglo-American scores 
which may be attributed  to  the fact tha t these panel members 
were more accustomed to  eating tortillas as they were served 
for taste panel purposes (i.e., warmed on a grill), whereas the 
Anglo-American judges more often consume tortillas as an 
ingredient in traditional Mexican dishes as previously stated.

When data from  Mexican-American taste panel members 
were analyzed separately for overall acceptability, the results 
(see Table 6 ) indicated a preference for LCP cottonseed- 
fortified tortillas at the 13% blend level over soy at all blend 
levels. They did no t, however, indicate a significant preference 
for LCP at 11% and 15% blend levels over soy at any level.

Considering their rating of tortillas by flours (i.e., w ithout 
regard to  protein levels), this subpanel very definitely pre-

Table 3— Analytical data on corn to rtillas containing blends of corn flo u r and other oilseed flours

Protein in 
blend Flour in blend

Moisture
(%)

Oil
(%)

Nitrogen
(%)

Protein3
(%)

Color reading 
(L. scale)

Glandless cottonseed 42.6 1.28 2.02 12.63 63.7
11% LCP cottonseed 44.2 1.00 2.01 12.56 60.2

Soy (HS) 44.3 1.08 1.97 12.31 61.6

Glandless cottonseed 40.9 0.83 2.39 14.94 60.2
13% LCP cottonseed 44.3 0.94 2.30 14.38 57.4

Soy (HS) 47.1 0.98 2.34 14.63 61.7

Glandless cottonseed 44.9 1.05 2.76 17.25 59.3
15% LCP cottonseed 38.6 0.68 2.65 16.56 54.9

Soy (HS) 44.6 1.02 2.65 16.56 62.8

9.3% Corn (control) 43.5 1.68 1.77 11.06 62.6

Prote in  ca lcu lated  as fo llo w s: O ilseed  n itrogen  X  6 .2 5
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Table 4 — A m in o  acid com position  of corn tortillas fortified w ith  oilseed flours (g/16g IM)

11% 13% 15%

Am ino Glandless LCP Soy Glandless LCP Soy Glandless LCP Soy Corn
acids cottonseed cottonseed (HS) cottonseed cottonseed (HS) cottonseed cottonseed (HS) (control)

Lysine 1.49 1.52 1.77 1.75 1.78 1.90 1.79 2.00 2.34 1.35
Histidine 1.43 1.48 1.59 1.61 1.51 1.43 1.48 1.70 1.50 1.48
Ammonia 1.29 1.34 1.36 1.25 1.19 1.12 1.26 1.29 1.18 1.34
Arginine 2.97 2.97 2.77 3.82 3.38 2.83 3.74 4.51 3.15 2.36
Aspartic acid 3.55 3.61 4.02 3.92 3.71 3.89 3.69 4.37 4.68 3.26
Threonine 1.78 1.87 1.95 1.92 1.82 1.83 1.75 2.00 2.00 1.81
Serine 2.34 2.53 2.60 2.48 2.37 2.30 2.18 2.72 2.54 2.38
Glutamic acid 11.44 12.02 12.02 12.72 11.65 10.87 12.11 13.64 11.65 11.30
Proline 4.45 4.17 4.83 4.51 4.31 4.05 3.68 4.32 4.25 5.04
Glycine 2.31 2.03 2.11 2.14 2.02 1.91 1.94 2.27 2.12 2.13
Alanine 3.72 3.92 3.97 3.63 3.51 3.24 3.21 3.59 3.38 4.02
Valine 2.45 2.72 2.62 2.59 2.42 2.30 2.40 2.83 2.53 2.41
Methionine 1.15 1.09 1.09 1.04 0.98 0.95 1.15 1.15 1.03 1.19
Isoleucine 1.88 1.90 2.03 1.90 1.81 1.87 1.81 2.11 2.17 1.82
Leucine 6.44 6.54 6.80 6.14 5.95 5.64 5.41 6.12 5.91 6.84
Tryosine 2.23 2.25 2.31 2.19 2.09 2.04 1.98 2.25 2.16 2.22
Phenylalanine 2.75 2.73 2.78 2.95 2.70 2.49 2.76 3.14 2.74 2.55

Table 5— Comparison of flo u r mean scores assigned to  fo rtifie d  to rtillas  by the ten-judge sensory panel and each of the five-judge subpanels

Overall acceptability means* Flavor means* Texture means*

5-Judge 5-Judge 5-Judge 5-Judge 5-Judge 5-Judge
Oilseed flou r 

in blend
10-Judge

panel
Mexican-
American

Anglo-
American

10-Judge
panel

Mexican-
American

Anglo-
American

10-Judge 
panel

Mexican-
American

Anglo-
American

Glandless cottonseed 5.98* 6.51* 5.44b 6.13*b 6.44* 5.73* 5.90* 6.69* 5.13b
LCP cottonseed 6.09* 6.60* 5.64b 6.33* 6.67* 5.89* 5.83* 6.42* 5.47*b
Soy (HS) 5.57b 5.69b 5.44b 5.90b 6.07* 5.73* 5.32b 5.56b 5.09b
Corn (control) 6.33* 6.51* 6.16* 6.36* 6.56* 6.16* 6.20* 6.56* 5.64*

*  M e an s  sho w n  to  be s ig n if ic a n t ly  d iffe ren t b y  D u n c a n 's  M u lt ip le  R ange  test at the  5 %  level w ill n o t  have a c o m m o n  a lphabetica l superscrip t. V a lue s  
are m eans fo r  3 0  scores.

ferred corn flour tortillas and tortillas containing the co tton 
seed flours to  those containing soy flour.

Relative to  flavor, these judges expressed no preference on 
the basis of flours or protein levels taken separately or in 
com bination.

This panel decidedly preferred the corn control along with 
glandless and LCP cottonseed-fortified tortillas to  the soy 
tortillas for textural qualities.

Five-judge Anglo-American results. When rating overall 
acceptability, the Anglo-American subpanel significantly pre
ferred the control to  any of the three oilseed flour tortillas. 
They expressed no preference among oilseed flours as did the 
Mexican-American five judge panel.

The Anglo-Americans, like the Mexican-Americans, showed 
no flavor preference for a given protein level or flour. The 
panel further found no preference among protein levels or 
flours when rating tortillas for texture.

C O N C L U S IO N

TORTILLAS prepared w ith corn flour blended with oilseed 
flours to  give 11%, 13% and 15% protein in the blends gave a 
substantial protein increase in the tortillas o f 18%, 40% and

Table 6— Comparison of mean scores assigned to  to rtillas fo r t i
fied to  d ifferent protein levels by the ten judge sensory panel

Taste panel scores

Overall

Oilseed 
flo u r in 

blend

Protein 
in blend

(%)

acceptability Flavor Texture

Means*

Glandless h 5.93*bc 6.1 7*b 5.79*bc

co tton seed 13 6.07ab 6.17*b 5.97*b
15 5 g0*bc 6.07*b 5.97*b

LCP 11 6.03*bc 6.30*b 5.83*bc

co tton seed 13 6.40* 6.60* 6.27*
15 5.83*bc 6.10*b 5.40bc

Soy (HS) 11 5 7 7 abc 5.93b 5.50bc
13 5.60bc 6.03ab 5.30bc
15 5.33C 5.73b 5.17e

a M e an s sh o w n to  be s ig n if ic a n t ly  d iffe ren t b y  D u n c a n 's  M u lt ip le
R ange  test at the 5 % level w ill n o t  have ia c o m m o n alphabetica l
superscript. V a lu e s  are m eans fo r  3 0  scores.
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61%, respectively. Since a blend of corn flour and oilseed flour 
can easily be further enriched w ith vitamins and minerals, it 
should be considered an ideal vehicle for upgrading the nu
tritional level of the Mexican-American population. Even more 
im portant, no basic change in eating habits is involved.

Furtherm ore, since the presence of such oilseed flours as 
glandless cottonseed and LCP cottonseed were considered by 
taste panel members to be equally as acceptable as the corn 
flour control, a food m anufacturer could incorporate a desira
ble fortification level w ithout loss of consumer acceptance.
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H E A T  T R E A T M E N T : A  P R O C E S S  T O  C O N T R O L  T H E  D E V E L O P M E N T  O F  T H E  

H A R D -T O -C O O K  P H E N O M E N O N  IN B L A C K  B E A N S  (P h a seo lu s  vu lg aris)

--------------------------------  ABSTRACT --------------------------------
Whole black beans were heat treated for 2, 5 and 10 min at 121°C and 
10, 20 and 30 min under steam (98°C). Heat treatments did not affect 
the physical appearance of the grains but significantly (P < 0.05) de
creased the development of the hard-to-cook phenomenon in seeds 
stored at 25°C and 70% RH for 9 months. After 9 months of storage no 
significant difference (P < 0.05) was found between hardness of cooked 
beans subjected to the shortest heat treatments and control samples 
kept at 4°C. Nitrogen solubility in 0.01N NaOH increased significantly 
(P < 0.05) in all samples as well as solubility in 5% KC1 except in 
samples subjected to the longer heat treatments. Water absorption of 
the beans was favored by the heat treatments evaluated. A high corre
lation (r = 0.91) was found between the cooked beans hardness value 
and the lignified protein content of the cotyledon.

INTRODUCTION

IT IS KNOWN that beans as well as other legume seeds, consti
tu te  traditional foods in the diet of populations of tropical and 
sub-tropical areas, providing significant am ounts of protein 
and calories for bo th  rural and urban populations (INCAP, 
1969; Molina et al., 1975).

Previous studies have shown tha t black beans (Phaseolus 
vulgaris), as well as other legume seeds, develop a hard-shell 
condition upon storage (Ruiloba, 1973). This condition has 
been defined as that in which the seed fails to  imbibe water 
within a reasonable tim e when it is moistened (Bourne, 1967). 
Hard-shell seeds are a problem to seedmen because they do not 
sprout, and to food processors because they do not soften 
during cooking. Therefore, the developm ent of a hard-shell 
condition of the beans upon storage is a lim itation in in
creasing their production, and thus, their availability. The 
nutritional implications of a low availability o f legume seeds 
are evident, considering tha t such grains have been accepted as 
a natural protein com plem ent of cereals providing the lysine in 
which the latter are deficient (Bressani et al., 1962).

The use of a low storage tem perature (4°C) or the practice 
of storing beans with a low m oisture content (around 8—10%) 
in a relatively low hum idity environm ent has been shown to 
minimize the development of a hard-shell condition in legume 
seéds, including black beans (Burr et al., 1968; Kon, 1968; 
Morris and Wood, 1956; Muneta, 1964; Ruiloba, 1973). Both 
conditions suggest that the development of hard shells can be 
the product of a chemical or enzym atic process in the seeds.

Based on the previous considerations, the present w ork was 
undertaken to study the possibility of minimizing the develop
ment of the hard-to-cook phenom enon in the black bean 
through a short heat treatm ent prior to their storage. If suc
cessful, this possibility could enable the development of a 
short therm al-treatm ent process for black beans prior to  stor
age, which could probably be less costly than storaging them 
under controlled environm ental conditions.

1 P re se n t ad d re ss : R ese a rch  C o rp o ra tio n , 4 0 5  L e x in g to n  A ve., N ew  
Y o rk , N Y  1 0 0 1 7

The above mentioned possibility is partially supported by 
the findings of previous authors (Gloyer, 1932; Morris et al., 
1950; Steinkraus et al., 1964) who have reported a favorable 
effect o f a heat treatm ent on the water absorption o f beans, 
thus minimizing the hard-shell developm ent in the grain. How
ever, other authors (Burr et al., 1968) have reported tha t beans 
that rehydrate as quickly as norm al beans usually need a pro
longed cooking time, thus indicating no correlation between 
water absorption capacity and cooking time. These findings 
reveal that, at least in some bean varieties, a higher water 
absorption capacity (lower hard shell) is not necessarily corre
lated with a shorter cooking time.

MATERIALS & METHODS
THE BLACK BEAN (Phaseolus vulgaris), variety S-19-N, used in this 
study was grown at INCAP’s experimental farm (San Antonio Pachali, 
Guatemala) at an altitude of l,480nr above sea level and corresponded 
to the 1974 crop.

The whole, recently harvested beans, were separated in six lots of 
approximately 400g each. Each lot was placed in separate glass jars, 
taking care that all the beans formed one layer at the bottom of the jar. 
Three lots were heated in the retort at 15 psig (121°C) for 2, 5 and 10 
min, respectively. The other three lots were heated under steam (98°C) 
without pressure, for 10, 20 and 30 min, respectively. After treatment, 
the beans were allowed to cool under ambient conditions. Each lot was 
then divided in :wo samples which were placed in cloth bags. One of 
the two samples from each treatment evaluated was stored under con
stant temperature (25° C) and relative humidity (70%), while the other 
was stored under refrigeration (4°C). A sample of untreated whole 
black beans, placed in a similar cloth bag, was included as a standard in 
each of the storage conditions used. The storage times evaluated were 0, 
3, 6 and 9 months.

The germinating capacity of the seeds was measured according to 
the method described by the USDA (1965). Moisture, ether extract, 
crude fiber, nitrogen and ash were determined according to the AO AC
(1970). Protein was calculated using the customary nitrogen conversion 
factor of 6.25. Available lysine was determined following the method 
described by Corkerton and Frampton (1959). Methionine and cystine 
were determined microbiologically following the procedure described 
by Elias et al. (1964), and the lignified protein fraction according to 
Van Soest and V/ine (1968). The alcohol insoluble fraction (A1S) and 
the oxalate-soluble pectin fraction were established using the technique 
described by Ahmed and Scott (1957).

The water absorption capacity of the untreated and heat-treated 
whole beans was measured by immersing the dry beans in distilled 
water for different periods of time using a bean:water ratio of 30:100 
at ambient temperature (about 20°C). After each period of time tested 
the beans were removed from the water as quickly as possible, drained 
and weighed. The water absorption capacity was calculated as per
centage of the weight of the dry beans.

The nitrogen solubility of the untreated and heat-treated beans in 
5% KC1 and 0.01 N NaOH was determined in a whole bean flour pre
pared by passing a bean sample through a hammer mill, equipped with a 
40-mesh screen. The conditions used for the nitrogen solubility tests 
were the same as those applied by Molina et al. (1975).

The color measurements were performed using a Lovibond Tintome
ter type D (The Tintometer Ltd., Salisbury, England).

All determinations were carried out in triplicate. The bean’s hard-

Volume 41 (1976)-JOURNAL OF FOOD SCIENCE-661



662-JOURNAL OF FOOD SCIENCE-Volume 41 (1976)

Fig. 1—Cooked bean set in wooden block in readiness for puncture 
test.

Table 1 —Influence of the different heat treatments evaluated on
the germinating capacity of the bean seeda

Treatment

Germination
capacity

<%)

None 99.3
10 min steaming (98°C) 88.7
20 min steaming 47.3
30 min steaming 0.0

2 min in the retort (15 psi, 121°C) 90.0
5 min in the retort 74.7

10 min in the retort 60.0

a T h is  de te rm ina t io n  w as carried  o u t  o n ly  at zero  tim e of the sto r
age period.

ness was measured by the puncture test. Prior to this test, both the 
untreated and the heat-treated whole dry beans were soaked in distilled 
water at ambient temperature (20°C) for 18 hr and then cooked in 
boiling distilled water for exactly 20 min. The puncture test was done 
in a locally built texture-testing machine (Ruiloba, 1973;Gomez-Brenes 
et al., 1974), equipped with an automatic digital readout which regis
ters the electromagnetic force applied to the sample. The principle of 
the test in the machine used is similar to that of the Instron Universal 
Testing Machine when adapted to the puncture test (Bourne, 1972). A 
circular, flat-faced steel punch 0.216 cm diameter was attached to the 
inverted load cell of the instrument. Centered directly beneath was a 
small wooden block that had a 0.300 cm diameter-hole drilled through 
it. A countersink on the upper side helped to center the cooked bean 
and hold it in place (Fig. 1).

The puncture force was expressed in grams according to the cali
bration of the apparatus (Gomez-Brenes et aL, 1974). For this test, a 
minimum of 20 replicas were run per sample.

RESULTS & DISCUSSION
THE EFFECT tha t the different heat treatm ents evaluated had 
on the germinating capacity of the seeds is shown in Table 1. 
As the data reveal, the germinating capacity of the grains de
creased as the therm al treatm ent increased. This finding is 
indicative that the therm al treatm ents, either in the retort or 
through steaming, had a progressive inactivating effect on the 
enzym atic or enzymatic-chemical pathways of the  grain as 
measured through the germinating capacity. This effect was 
found to  be statistically significant (P <  0.05). No further 
evaluation of this param eter was carried out during the storage 
period.

The proxim ate com position and the m ethionine, cystine 
and available lysine content of bo th  the untreated  and heat- 
treated beans is presented in Table 2. As can be appreciated, 
none of the heat treatm ents evaluated had any appreciable 
effect on the chemical com position of the seeds. Furtherm ore, 
the general appearance of bo th  the untreated and heat-treated 
beans was very similar, indicating that the heat treatm ents 
studied did not alter the physical appearance of the grains. In 
general, the proxim ate com position of the samples remained 
practically unchanged during the 9 m onths of storage. Al
though the m ethionine and available lysine contents of the raw 
beans tended to  increase with storage, the change observed was 
not statistically significant (P <  0.05).

Since previous studies (Ruiloba, 1973; Molina et al., 1975) 
have shown that during storage of black beans under am bient 
conditions, the concentrations of the nitrogen fractions solu
ble in KC1 and NaOH solutions increase, it was thought of 
interest to  follow the concentration of such nitrogen fractions 
during the storage of bo th  the untreated and heat-treated bean

Table 2—Percent composition and methionine, cystine and available ysine content of untreated and heat-treated beans3

Untreated
beans

Heat treatment

Retort (15 psi. 121°C) Steaming (98°C)

2 min 5 min 10 min 10 min 20 min 30 min

Moisture 12.4 12.6 12.8 12.5 13.2 13.6 12.9
Ether extract 1.8 2.0 1.9 2.2 1.9 1.9 2.0
Crude fiber 2.8 3.0 3.0 3.0 3.0 2.7 2.8
Protein (N X 6.25) 19.6 20.2 20.1 20.2 19.4 21.2 19.9
Ash 3.2 4.1 3.8 3.9 3.6 3.6 3.3
Nitrogen-free extract 60.2 58.1 58.4 58.2 58.9 57.0 59.1
Methionine13 1.1 1.1 1.1 1.0 1.1 1.1 1.1
Cystine*3 0.5 0.5 0.6 0.5 0.6 0.5 0.6
Available lysine13 5.1 5.0 5.1 5.1 5.3 5.0 5.2

3 T h e  results presented in th is  table c o rre sp o n d  to  tho se  ob ta ined  at the b e g in n in g  o f the  sto rage period. T h e  values ob ta ined  fo r  the  sam e sam ple s 
at 3, 6 and  9  m on th s  of sto rage  d id  n o t d iffe r  s ign ifican tly . 

b  A s  g/16g N
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Table 3— Changes in the concentration of the nitrogen fraction soluble in 0 .01N  N aO H  of untreated and heat-treated beans stored at 25°C  and
7 0 %  R H a (Expressed as %  of total nitrogen)

Storage 
ti me 

(months)
Untreated

beans

Heat treatment

Retort (15 psi, 121°C) Steaming (98°C)

2 min 5 min 10 min 10 min 20 min 30 min

0 93.5 95.8 95.2 95.2 93.3 93.8 95.2
3 98.3 98.1 98.0 98.0 98.3 98.2 98.0
6 99.4 99.3 99.2 98.9 99.5 99.0 98.8
9 99.9 99.9 99.4 99.5 99.8 99.3 99.2

a T h e  percent o f th is  fract ion in the co n tro l sam p le s sto red  at 4 ° C  rem ained  co n stan t  at 9 3 .7  ± 1 .6 %  d u r in g  the 9 m o n th s  o f storage.

samples evaluated in this study. The results on nitrogen solu
bility in 0 .0 IN NaOH and 5% KC1 during the storage periods 
studied are presented in Tables 3 and 4, respectively. As the 
data show, there is an increase in the nitrogen fraction soluble 
in 0.01 N NaOH through storage at 25°C and 70% RH, of bo th  
the untreated and heat-treated black bean samples (Table 3). 
Analysis of the data indicated tha t such an increase was statis
tically significant (P <  0.05). In the case of the untreated and 
heat-treated bean samples stored at 4°C no change was ob
served in the concentration of this nitrogen fraction during the 
storage period evaluated (9 months). In this case, the concen
tration  of the nitrogen fraction soluble in 0.01N NaOH 
remained practically constant (93.7 ± 1.6%) for all samples. 
These findings indicate tha t some protein metabolic changes 
still occur in the seed even after being subjected to  the heat 
treatm ents evaluated.

The nitrogen fraction soluble in 5% KC1 (Table 4) o f the 
beans stored at 25°C and 70% relative hum idity also increased 
significantly (P <  0.05) in all cases, except in those beans 
treated for 30 min under steam (98°C) or for 10 min in the 
retort (15 psi, 121°C). Here again, the value of this nitrogen 
fraction of the untreated and heat-treated samples stored at 
4°C remained practically unchanged during the 9-m onth stor
age period (70.3 ± 2.1%). The significance of the increase in 
this N fraction as related to the bean’s protein digestibility 
(Molina et al., 1975) still remains to be determined. We cannot 
offer at present any explanation as to  why the increase ob
served is larger in those beans treated for 10 or 20 min under 
steam, than in the untreated beans or in those treated for 2 or 
5 min in the retort.

The effect of the heat treatm ents evaluated on the develop
ment of the hard-to-cook phenom enon in the beans, as meas
ured by the puncture test, is shown in Figures 2 and 3. As the 
data reveal, the shortest heat treatm ents evaluated (either 2 
min in the re to rt or 10 min under steam) were the most effec
tive in preventing the development of the hard-to-cook phe
nomenon in the black beans tested. Furtherm ore, only those 
samples which received the shortest heat treatm ents did not 
show a significant (P <  0.05) increase in their puncture force 
value after 9 m onths of storage at 25°C and 70% RH. How
ever, in all cases the heat-treated black beans showed a signifi
cantly lower (P <  0.05) puncture force figure than the un
treated beans. The hardness-puncture force value of all samples 
stored at 4°C remained practically constant and, therefore, 
their pooled values were plo tted  as the control sample value 
in Figures 2 and 3. This value was found to  be statistically 
equal to  that o f the samples which received the shortest heat 
treatm ents evaluated, at any storage period.

In order to  explain, partly at least, the changes observed in 
the development of the hard-to-cook phenom enon in the un
treated and heat-treated whole bean samples, several tests were 
carried out in the 9-m onth stored samples.

Since pectic fractions have been found to  have a relation 
with the rates of water im bibition o f dry beans (Hamad and 
Powers, 1965) and this phenom enon in tu rn  is related to  the 
hard-shell development of the grains (Bourne, 1967), the AIS 
and oxalate-soluble pectin fraction were determ ined in all bean 
samples stored for 9 months. Here, however, no appreciable 
change was found in the concentration of these two compo
nents in all samples, either stored at 25°C or 4°C. The concen
tration  of the AIS was found to  be 96.2 ±3.1%  (dry basis) and 
that o f the oxalate-soluble pectin fraction, 6.5 ± 1.2% (dry 
basis) for all the dry unheated and heat-treated bean samples.

Table 4—Changes In the concentration of the nitrogen fraction 
soluble in 5% KCI of untreated and beat-treated beans stored at 25°C 
and 70% RHa (Expressed as % of total nitrogen)

Heat treatment

Storage
time

(months)
Untreated

beans

Retort (15 psi, 121°C) Steaming (98°C)

2 min 5 min 10 min 10 min 20 min 30 min

0 69.7 69.7 70.9 69.7 69.7 69.0 69.7
3 70.5 70.4 71.1 70.8 70.6 69.7 69.1
6 72.1 73.6 72.1 70.7 77.0 76.7 69.9
9 73.2 73.9 73.6 71.0 78.5 77.3 69.9

T h e  percent of th is  fract ion  in the co n t ro l sam p le s sto red  at 4°C  
rem ained  co n stan t  at 70 .3  ± 2 .1 %  d u r in g  the 9  m o n th s  of storage.

Table 5—Lignified protein content of the cotyledon and seed 
coat in cooked (18 hr soaking, 20 min boiling), untreated and heat- 
treated beans stored at 25°C and 70% RH for 9 monthsa (Ex
pressed as % o* total nitrogen)

Treatment

Lignified protein 

Cotyledon Seed coat

None 17.2 44.2
10 min steaming (98°C) 13.0 44.2
20 min steaming 14.1 44.2
30 min steaming 15.7 45.3
2 min in the retort (15 psi, 121° C) 12.7 43.2
5 min in the retort 14.3 44.2

10 min in the retort 14.7 45.3

a T h e  m ean va lue  o f the lign ified  p ro te in  co n te n t  In the co ty led o n  
and  seed coat o f the  bean  sam p le s sto red  at 4 ° C  w ere  9 .2  ± 2 .3 %  
and  2 9 .5  ± 3 . '% ,  respectively.
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The water absorption capacity rates o f the dry bean 
samples at different times are presented in Figures 4 and 5. It 
is evident tha t all heat treatm ents evaluated exerted a benefi
cial effect on the water absorption capacity of the beans at 
any period of tim e studied. This effect was found to  be statis
tically significant (P <  0.05). However, no correlation was 
found at any tim e between the water absorption capacity 
values and the hardness-puncture force values obtained in the 
same samples after 9 m onths of storage (Fig. 2 and 3). Such 
results are in accordance with those of Burr et al. (1968) who 
reported no correlation between water absorption values and 
cooking tim e in dry beans.

The lignified protein content of bo th  the cotyledon and the 
seed coat o f the untreated and heat-treated beans stored for 9 
m onths at 25°C is given in Table 5. This determ ination was 
carried out after subm itting the dry beans to  the cooking 
process used for the hardness measurem ents (18-hr soaking, 
20-min boiling). Likewise, the separation of the seed coat was 
done after the cooking process. All samples were air dried at 
room  tem perature (around 25°C) prior to  the test. As the data 
show, the lignified protein fraction of the cotyledon of the 
beans stored at 25°C tends to  increase as the hardness value 
increases (Fig. 2 and 3). In fact, a high correlation (r = 0.91) 
was found between bo th  parameters. The lignified protein 
fraction in the seed coat was found to remain practically the 
same in all samples. Similarly, the value of this protein fraction 
was practically the same (both in the cotyledon and in the 
seed coat) for all samples stored at 4°C. In addition, these 
samples presented the lowest lignified protein content.

It was of interest to  observe tha t the color o f the coty
ledons from  the cooked bean samples differed significantly. It

1---------------------- 1---------------------- 1-----------------------T
0 3 6 9

Storage time (months)

Fig. 3—Effect o f storage (2fP C, 70% RH) time on the hardness of 
cooked (18 hr soaking, 20 min boiling), untreated and steam-treated 
(98° C) black beans.

0 3 6 9
Storage time (months)

1 2 3
Soaking time (hr)

Fig. 2—Effect o f storage (25° C, 70% RH) time on the hardness o f 
cooked (18 hr soaking, 20 min boiling), untreated and retort-treated 
(15 psi, 121° C) black beans.

Fig. 4—Percent water absorption at different soaking times o f un
treated and retort-treated (15 psi, 121°C) black beans stored for 9 
months at 25° C and 70% RH.
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Table 6— Interpretation of the visual color of the cotyledon in cooked (18 hr soaking and 20 min boiling), untreated and heat-treated beans 
stored at 25° C and 70% RH for 9 months3

Interpretation of visual color

Thermal
treatment Brightness

Neutral
tint Red Orange Yellow Green Blue Violet

None — 0.5 — 0.3 _ _ _ _
10 min steaming (98° C) - 0.2 - - - 0.4 0.5 —
20 m in steaming - 0.6 - - 0.1 0.1 — —
30 min steaming - 0.5 - - 0.1 0.1 - -
2 m in in the retort - 0.3 - - — 0.3 0.6 —
(15 psi, 1 21° C)

5 min in the retort 0.7 0.1 0.1
10 m in in the retort - 0.6 — — 0.1 0.1 — —

a A l I  sam p le s sto red  at 4 ° C  had a v isual co lo r  in terp retation, s im ila r  to  that ob ta in ed  In bean s treated in the  retort fo r  2  m in  o r under steam  f o r 1 0  
min.

was evident that the samples w ith the lowest hardness value 
(Fig. 2 and 3) had cotyledons with a darker-bluish color, indic
ative that in these samples the pigments contained in the seed 
coat were being diffused more readily. Such a characteristics is 
typical of recently harvested cooked black beans.

The interpretation of the visual color read in the Lovibond 
Tintom eter using the cotyledons from  the cooked (18-hr soak
ing, 20-min boiling) beans stored for 9 m onths at 25°C is 
presented in Table 6. As the data clearly reveal, the intensity

— ,---------------------- 1----------------------- 1-----------------------1-----
1 2  3 4

Soaking time (hr)

Fig. 5—Percent water absorption at different soaking times o f un
treated and steam-treated (98° C) black beans stored for 9 months at 
25° C and 70% RH.

of the blue and green colors significantly decreases as the 
hardness value increases (Fig. 2 and 3). At present we are 
trying to  establish whether the lignified protein fraction of the 
cotyledon affects the diffusion of the seed coat pigments, and 
if so, how does it affect it.

We are also investigating the possibility o f effecting the 
short-tim e heat treatm ent to prevent the hardness develop
ment through the use of dry heat. This possibility is being 
investigated in order to  provide the black bean producer w ith a 
low-cost technology that will enable him to preserve his prod
uct in its “ normal” raw (not precooked) state for a longer 
time, w ith the desirable characteristics needed by the con
sumer. If such a low-cost technology would be available, it 
could easily result in an increase in production and thus in a 
greater availability of black beans.

Concom itantly, we are interested in defining the basic 
mechanism of action of the short-tim e heat treatm ent in pre
venting the development of the hard-to-cook phenom enon in 
black beans. This is pursued in the search for new and, possi
bly, cheaper processes tha t could have the same effect. The 
possible effect of a short-time heat treatm ent in preventing or 
diminishing the degree of either a rancidity type of deterio
ration or a biodeterioration of the bean during storage is also 
being investigated.

Since our population at present is not yet in the habit of 
consuming precooked food products, we believe that a simple 
technology as the one described herein, whereby the product 
is improved in storage quality but w ith an appearance similar 
to the raw seed, is of great value.
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----------------------------- ABSTRACT -----------------------------
U n s h e l le d  S p a n is h  p e a n u t s  c o n t a m i n a t e d  w i t h  a f l a t o x i n  w e r e  s h e l le d  
a n d  t r e a t e d  w i t h  f o r c e d  h e a t e d  a i r ,  l iq u id  n i t r o g e n ,  H 2 0 2 , HC1, s o d iu m  
o le a te ,  a n d  w a te r  s p ra y .  A f t e r  p a s s in g  t h r o u g h  a  w h o le  n u t  b l a n c h e r  t h e  
a f l a t o x i n  c o n t e n t  a n d  p e r c e n t a g e s  o f  b l a n c h e d  ( s k in  r e m o v e d )  a n d  
w h o le  k e rn e ls  w e re  d e t e r m i n e d  B la n c h in g  p e r c e n t a g e s  w e re  s ig n if i
c a n t ly  h ig h e r  f o r  s o d iu m  o le a t e ,  w a te r  s p ra y ,  l i q u id  n i t r o g e n ,  a n d  H 2 0 2 
t h a n  f o r  HC1 o r  h e a t  t r e a t m e n t s .  T h e  h e a t  t r e a t m e n t  p r o d u c e d  t h e  
h ig h e s t  p e r c e n ta g e  o f  w h o le  k e rn e ls .  I n  m o s t  t e s t s ,  t h e  u n b la n c h e d  
k e r n e l s  c o n ta in e d  h ig h e r  le v e ls  o f  a f l a t o x i n  t h a n  th o s e  t h a t  b la n c h e d  
fu l ly .  T h e  t r e a t m e n t s  w h ic h  w e r e  m o s t  e f f e c t iv e  in  p r o d u c in g  lo w  le v e ls  
o f  a f l a t o x i n  in  t h e  b l a n c h e d  k e r n e l s  w e re  H 2 0 2 , w a te r  s p r a y  a n d  HC1 .

INTRODUCTION
S I N C E  T H E  D I S C O V E R Y  o f  a f l a t o x i n  i n  t h e  e a r l y  1 9 6 0 ’s , 
w i d e s p r e a d  e f f o r t s  h a v e  b e e n  m a d e  t o  d e t e c t  a n d  r e d u c e  a f l a 

t o x i n  i n  p e a n u t  l o t s  s u s p e c t e d  t o  b e  c o n t a m i n a t e d .  I n  a  s u s 

p e c t  l o t ,  o n l y  a  s m a l l  f r a c t i o n  o f  t h e  p e a n u t s  m a y  a c t u a l l y  
c o n t a i n  a f l a t o x i n .  C u c u l l u  e t  a l .  ( 1 9 6 6 )  r e p o r t e d  t h a t  a s s a y s  o f  

s u b - s a m p l e s  v a r i e d  w i d e l y  d u e  t o  n o n u n i f o r m  d i s t r i b u t i o n  o f  
a f l a t o x i n  w i t h i n  i n d i v i d u a l  p e a n u t  k e r n e l s  a n d  t o  u n e v e n  d i s 
t r i b u t i o n  o f  a  f e w  h i g h l y  c o n t a m i n a t e d  k e r n e l s  a m o n g  n o n -  

c o n t a m i n a t e d  k e r n e l s .  W h i t a k e r  a n d  W i s e r  ( 1 9 6 9 )  r e p o r t e d  
t h a t  i n  a  p o p u l a t i o n  o f  s h e l l e d  p e a n u t s  l e s s  t h a n  0 . 5 %  m a y  
a c t u a l l y  c o n t a i n  a f l a t o x i n ,  b u t  c o n c e n t r a t i o n s  i n  t h o s e  k e r n e l s  
m a y  b e  a s  h i g h  a s  1 , 0 0 0 , 0 0 0  p p b .  A  m e t h o d  t o  r e m o v e  t h o s e  
f e w  h i g h l y  c o n t a m i n a t e d  p e a n u t s  w o u l d  b e  d e s i r a b l e .

T h e  o b j e c t i v e s  o f  t h i s  r e s e a r c h  w e r e  t o  d e t e r m i n e :  ( 1 )  t h e  
e f f e c t  o f  t r e a t m e n t s  w i t h  l i q u i d  n i t r o g e n ,  h y d r o c h l o r i c  a c i d ,  
h y d r o g e n  p e r o x i d e ,  s o d i u m  o l e a t e ,  h e a t e d  a i r ,  a n d  w a t e r  s p r a y  

o n  p e r c e n t a g e s  o f  b l a n c h i n g  a n d  o f  w h o l e  k e r n e l s  f o r  a f l a t o x i n  
c o n t a m i n a t e d  S p a n i s h  p e a n u t s  ( b l a n c h i n g  i n  t h i s  c o n t e x t  r e f e r s  

o n l y  t o  r e m o v a l  o f  t h e  s k i n  ( t e s t a )  f r o m  t h e  p e a n u t  k e r n e l . ) ;
( 2 )  w h e t h e r  s u c h  t r e a t m e n t s  r e d u c e d  t h e  a f l a t o x i n  c o n t e n t  o f  
t h e  p e a n u t  s a m p l e s ;  ( 3 )  w h e t h e r  s e p a r a t i o n  o f  t r e a t e d  p e a n u t s  
i n t o  b l a n c h e d  a n d  u n b l a n c h e d  g r o u p s  w o u l d  e f f e c t i v e l y  r e 

m o v e  h i g h l y  c o n t a m i n a t e d  k e r n e l s .

EXPERIMENTAL
T H E  P R O C E D U R E  (F ig .  1) b a s ic a l ly  c o n s i s te d  o f  o b t a in in g  s e g r e g a t io n  
3 n a tu r a l l y  c o n t a m i n a t e d  p o d s ,  s h e l l in g  th e  p e a n u t s ,  a p p ly in g  v a r io u s  
t r e a tm e n t s ,  b la n c h in g  t h e  k e r n e l s ,  s e p a r a t in g  t h e  b l a n c h e d  f r o m  th e  
u n b la n c h e d  a n d  t h e n  d e t e r m in in g  th e  a f l a t o x i n  c o n t e n t  o f  th e s e  tw o  
g ro u p s .  (U S D A  d e f in e s  s e g r e g a t io n  3 p e a n u t s  a s  t h o s e  w h ic h  c o n ta in  
v is ib le  A s p e r g i l lu s  f la v u s  m o ld .  A . f la v u s  m o ld  is a  n e c e s s a r y  b u t  n o t  
s u f f i c i e n t  c o n d i t i o n  f o r  t h e  p r e s e n c e  o f  a f l a t o x i n . )  M a jo r  i n t e r e s t  w a s  in  
th o s e  t r e a t m e n t s  p r o d u c in g  b l a n c h e d  k e r n e l s  w i t h  a c c e p ta b ly  lo w  a f la 
t o x i n  lev e ls . T h e  e x p e r im e n ta l  d e s ig n  w a s  a  r a n d o m iz e d  c o m p le t e  b lo c k  
w i t h  s ix  t r e a t m e n t s  a n d  f iv e  r e p l ic a t io n s .  T h e  t r e a t m e n t s  u s e d  w e re

s e le c te d  b e c a u s e  t h e y  y ie ld e d  r e la t iv e ly  h ig h  b la n c h in g  p e r c e n ta g e s  o f  
n o n c o n t a m i n a t c d  S p a n is h  p e a n u t  k e r n e l s  w i t h o u t  p r o d u c in g  o b j e c t i o n 
a b le  o d o r  o r  f la v o r  ( S h a c k e l f o r d  e t  a l.,  1 9 7 2 ,  1 9 7 3 ) .

A  l o t  o f  a p p r o x im a te ly  9 0 0  k g  o f  u n s h e l l e d  s e g r e g a t io n  3 p e a n u t  
p o d s  w e re  p u r c h a s e d ,  s h e l le d  a n d  s iz e d .  O n ly  t h o s e  w h o le  k e rn e ls  
r e t a i n e d  o n  a  0 .6  c m  ( 1 5 / 6 4  i a )  o f f i c i a l  U S D A  g r a d in g  s c r e e n  w e re  
u s e d  a n d  a n y  w i t h o u t  f u l l y  i n t a c t  s k in s  w e re  d i s c a r d e d .  O f  t h e  re 
m a in in g  6 0  k g  o f  k e rn e ls ,  f iv e  s a m p le s  o f  a p p r o x i a m t e l y  5 k g  e a c h  w e re  
r a n d o m ly  d r a w n ,  h y g r o s c o p ic a l ly  c o n d i t i o n e d  to  8 % m o is tu r e  c o n t e n t  
(M C ) a n d  h e ld  a :  4 ° C  u n t i l  t e s t e d .  (A ll  m o i s tu r e  c o n t e n t s  w e r e  c o m 
p u t e d  a s  p e r c e n t  w e t  b a s is  u n le s s  o th e r w i s e  n o t e d . )

I m m e d ia t e ly  p r i o r  to  te s t in g ,  e a c h  o f  t h e  f iv e  s a m p le s  r e p r e s e n t i n g  
r e p l i c a t i o n s  w a s  d iv id e d  i n t o  s ix  s u b -g ro u p s ,  o n e  f o r  e a c h  o f  th e  six  
t r e a tm e n t s .  O n e  5 0 -g  p r e - t r e a t m e n t  s a m p le  w a s  r a n d o m ly  d r a w n  f r o m  
e a c h  o f  t h e  3 0  s i b -g r o u p s  f o r  a s s a y s  o f  i n i t i a l  a f l a t o x i n  c o n ta m in a t io n .

Fig. 1— Experimental procedure flowchart.
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R e s u l t s  o f  1 8  r a n d o m ly  s e le c te d  a f l a to x in  a s s a y s  i n d i c a t e d  c o n c e n t r a 
t i o n s  o f  in d iv id u a l  s a m p le s  in i t i a l ly  r a n g e d  f r o m  n o t  d e t e c t a b l e  (N D )  to  
2 3 0 0  p a r t s  p e r  b i l l io n  ( p p b )  w i t h  a n  a v e ra g e  o f  2 1 7  p p b .  T h e  s a m p le s  
w e r e  a s s a y e d  f o r  a f l a t o x i n  B , ,  B 2 , G j  a n d  G 2 b y  t h e  t h i n  la y e r  c h r o 
m a to g r a p h ic  m e th o d  d e v e lo p e d  a t  t h e  U S D A  S o u t h e r n  R e g io n a l  
R e s e a r c h  L a b o r a t o r y  ( P o n s ,  1 9 6 6 ) .

F o r  a l l  h e a t ,  w a t e r  s p r a y ,  h y d r o g e n  p e r o x id e  ( H 2 0 2 ) ,  s o d iu m  
o le a te ,  a n d  h y d r o c h l o r i c  a c id  (H C 1) t r e a t m e n t s ,  6 5 0 -g  s a m p le s  a t  8% 
M C  w e r e  u s e d .  A f t e r  e a c h  t r e a t m e n t  t h e  s a m p le s  w e r e  d r i e d  t o  5 %  M C  
in  a  d r y in g  t r a y  w i t h  a  s c r e e n  b o t t o m .  T h e  k e r n e l s  w e re  d r ie d  in  a  
l a b o r a t o r y - c o n s t r u c t e d  h e a t e d  f o r c e d  a ir  d r y e r  w h ic h  m a in t a in e d  d ry in g  
a i r  c o n s t a n t l y  a t  7 1 ° C .  A f t e r  d ry in g ,  t h e  k e r n e l s  w e re  c o o le d  f o r  a b o u t  
2  h r  t o  r o o m  t e m p e r a t u r e  b e f o r e  b la n c h in g .

F o r  h e a t  t r e a t m e n t ,  in d iv id u a l  k e rn e ls  w e re  c o n v e y e d  t h r o u g h  a  s k in  
s l i t t e r  w h ic h  p la c e d  a  l o n g i tu d in a l  s l i t  i n  t h e  s k in  o n  e a c h  s id e  o f  t h e  
k e rn e l .  T h e  6 5 0 -g  s a m p le s  w e r e  t h e n  d r i e d  w i t h  h e a t e d  f o r c e d  a ir  a t  
7 1 ° C  f r o m  8 t o  5 %  M C  a n d  c o o le d .

I n  t h e  w a t e r  s p r a y  t r e a t m e n t ,  t h e  p e a n u t  s k in s  w e r e  s lit.  T h e  p e a n u t  
s a m p le s  w e r e  p la c e d  in  a  la rg e  s c r e e n -m e s h e d  b o t t o m  t r a y  w h ic h  a c c o m 
m o d a t e d  a  l a y e r  o f  k e r n e l s  a b o u t  2 .5  c m  d e e p .  T h e  t r a y  o f  k e r n e l s  w a s  
e n c l o s e d  in  a  c h a m b e r  a n d  s p r a y e d  a t  2 7 5  x  1 0 3 p a s c a l  ( 4 0  p s ig )  w i t h  
w a t e r  a t  3 8 ° C  f o r  1 6  m in .  T h e n  th e  k e r n e l s  w e r e  r e m o v e d ,  p la c e d  o n  
d r y  p a p e r  t o w e ls  f o r  5  m in  to  r e m o v e  e x c e s s  m o i s tu r e ,  f o r c e d  a i r  d r ie d  
a n d  c o o le d .

F o r  t h e  H 2 0 2 t r e a t m e n t  t h e  k e r n e l s  w e r e  p la c e d  i n t o  a  c lo s e d  
s c r e e n - m e s h e d  c o n t a i n e r  a n d  im m e r s e d  f o r  5  m in  in  5 %  H 2 0 2 a t  2 1 ° C .

In  t h e  s o d iu m  o le a t e  t r e a t m e n t ,  t h e  s a m p le s  w e re  im m e r s e d  f o r  5 
m in  in  0 .3 %  s o d iu m  o le a t e  a t  6 6 ° C . T h e n ,  t h e  s a m p le s  w e re  r e m o v e d  
a n d  n e u t r a l i z e d  in  0 .5 %  c a lc iu m  c h lo r id e  f o r  2  m in .

F o r  t h e  HC1 t r e a t m e n t ,  t h e  s a m p le s  w e r e  im m e r s e d  f o r  1 m in  in  
0 .1 %  HC1 a t  3 2 ° C . K e r n e l s  w e r e  r e m o v e d  a n d  n e u t r a l i z e d  in  0 .5 %  
s o d iu m  b i c a r b o n a t e  f o r  2 m in .

A f t e r  th e s e  p r o c e d u r e s  f o r  H 2 0 2 , s o d iu m  o le a te ,  a n d  H C1 t r e a t 
m e n ts ,  t h e  s a m p le s  w e re  r in s e d  t h o r o u g h l y  w i t h  t a p  w a t e r  f o r  2  m in ,  
p la c e d  o n  d r y  p a p e r  to w e ls  f o r  5  m in ,  f o r c e d  a ir  d r ie d ,  a n d  c o o le d .

F o r  t r e a t m e n t  w i t h  l iq u id  n i t r o g e n  ( L N 2 ), 3 0 0 g  o f  8 %  M C  k e rn e ls  
w e re  p la c e d  o n  a  s c r e e n  m e s h  b o t t o m  t r a y  a n d  c o n v e y e d  th r o u g h  a 
s t r e a m  o f  L N 2 . A  v a r ia b le  s p e e d  c o n v e y o r  in s id e  t h e  i n s u l a t e d  L N 2 
c h a m b e r  w a s  d e s ig n e d  to  e x p o s e  t h e  t h i n  la y e r  o f  k e r n e l s  t o  t h e  L N 2 
s p r a y  a t  - 1 9 6 ° C  f o r  a  s p e c i f i e d  t im e .  P r e v io u s  b la n c h in g  t e s t s  ( S h a c k e l 
fo r d ,  1 9 7 4 )  f o r  n o n c o n t a m i n a t e d  k e rn e ls  i n d i c a t e d  t h a t  a  2 -m in  t r e a t 
m e n t  w o u l d  g iv e  a  r e l a t i v e ly  h ig h  b la n c h in g  p e r c e n ta g e .  F o r  a  s in g le  
l a y e r  o f  k e rn e ls ,  t h e  2 0  x  3 0  c m  t r a y  l im i t e d  s a m p le s  t o  3 0 0 g .

A f t e r  t h e  s a m p le s  w e re  g iv e n  t h e  p a r t i c u l a r  t r e a t m e n t  t h e y  w e re  
p a s s e d  t h r o u g h  a  b l a n c h e r  c o n s t r u c t e d  s im i la r  t o  t h e  A s h t o n  w h o le  n u t  
b la n c h e r .  I t  s e p a r a t e d  t h e  s k in s  f r o m  t h e  k e rn e ls .  T h e  p e r c e n t a g e  o f  
b l a n c h e d  k e r n e l s  w a s  f o u n d  b y  h a n d  s e p a r a t in g  e a c h  p e a n u t  k e r n e l  
s a m p le  i n t o  tw o  g r o u p s :  ( 1) t h e  f u l l y  b l a n c h e d  g r o u p  w i t h  a l l  o f  t h e  
v is ib le  s k in s  r e m o v e d ;  a n d  ( 2 )  t h e  u n b la n c h e d  w i t h  s o m e  o r  a ll o f  th e  
s k in  r e m a in in g  o n  t h e  k e rn e l .  B la n c h in g  p e r c e n t a g e  w a s  1 0 0  t im e s  t h e  
w e ig h t  r a t i o  o f  t h e  f u l l y  b l a n c h e d  g r o u p  t o  t h e  s u m  o f  f u l l y  b l a n c h e d  
p lu s  u n b la n c h e d  k e rn e ls .

A f t e r  t r e a t i n g  a n d  b la n c h in g ,  a f l a t o x i n  a s s a y  s a m p le s  w e re  c o l l e c t e d  
f r o m  t h e  fo l l o w in g  th r e e  g r o u p s :  ( 1 )  lO O g f r o m  t h e  f u l l y  b l a n c h e d  
k e r n e ls ,  ( 2 )  5 0 g  f r o m  t h e  u n b la n c h e d  k e r n e l s ,  a n d  ( 3 )  5 g  f r o m  t h e  s k in s  
r e m o v e d  b y  t h e  w h o le  n u t  b la n c h e r .

T h e  b l a n c h e d  k e r n e l s  w e r e  t h e n  u s e d  f o r  d e t e r m in in g  t h e  p e r c e n t  
w h o le  k e rn e ls .  W h o le  k e r n e l s  w e r e  h a n d - s e p a r a te d  f r o m  h a lv e s ,  b i t s  a n d

Table 1 - Effect of treatments on the percentages of moisture. blanched and whole kernels for alfatoxin contaminated peanuts

Treatment

%  M oisture %  Kernels blanched %  W hole kernels

Before treatment Before blanch Sam ple Treatment mean Sam ple Treatment mean

Cryogenic 8.1 - 91.4 1.5
2 min 8.1 - 87.2 2.5

8.1 - 90.7 89.2 1.1 3.7
8.3 - 88.0 7.8
8.1 - 88.5 5.4

Heat 8.2 5.0 79.7 59.3
71° C 7.5 5.3 75.3 66.5

8.4 5.5 81.5 80.3 72.3 66.4
8.1 5.5 83.8 68.9
8.2 5.7 81.1 65.1

Hydrogen peroxide 8.6 5.0 86.6 54.7
5%, 21° C 9.0 5.1 90.4 59.5
5 min 8.1 5.4 88.6 88.9 66.4 62.4

8.3 5.3 89.8 69.6
8.3 5.4 89.2 61.7

Sod ium  oleate 8.4 5.5 90.9 29.4
0.3%, 66° C 9.1 5.2 89.9 27.4
5 m in 8.1 5.2 89.9 90.1 28.9 30.1

8.2 5.2 90.9 34.0
8.3 5.3 88.7 30.9

H ydroch loric  acid 8.7 5.2 84.1 46.4
0.1 %, 32° C 9.0 5.4 83.9 41.1
1 min 8.2 5.2 89.6 86.2 46.8 45.9

8.1 6.0 87.5 46.8
8.1 5.4 85.7 48.6

Water spray 8.9 5.2 91.8 23.8
38° C 8.6 5.1 86.0 40.2
1 6 min 8.7 5.1 92.2 89.5 26.4 34.0

8.0 5.2 88.1 45.2
8.2 5.4 89.4 34.5
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Table 2 — Effect o f treatments on the aflatoxin  content3 o f the three peanut com ponents

Treatment Initial sample*5

Skin, ppb Unblanched kernels, ppb F u lly  blanched kernels, ppb

Sam ple Mean Sam ple Mean A ssay  1 A ssay  2 A ssay  avg Mean

Cryogenic 30 11 6 21 13 17.0
2 min 517 40 304 Trace < 5 3.0

N D 12.8 452 162 20 112 66.0 36.3
13 50 Trace 137 69.5

2 N D N D N D 52 26.0

Heat N D 21 333 39 9 24.0

O o 170 44 1580 40 279 159.5
8 94 36.8 660 666 N D 103 51.5 195.5

12 39 37 < 5 20.5
13 716 1440 < 5 722.0

Hydrogen peroxide N D 21 9 73 0 < 5 N D 2.0
5%, 21° C 9 461 Trace N D 1.0
5 min 69 25.0 1230 2400 N D N D 0.0 8.0

26 479 74 N D 37.0
470 N D 97 N D N D 0.0

Sod ium  oleate 12 N D 336 420 N D 210.0
0.3%, 66P C 11 Trace 61 23 23 23.0
5 min N D N D 4.4 42 417 Trace Trace 2.0 70.7

18 608 Trace 119 60.5
N D Trace 1040 Trace 114 58.0

H ydroch loric acid 218 19 5 18 82 50.0

0.1%, 33° C Trace 233 N D Trace 1.0

1 min 8 46.0 516 193 51 Trace 26.5 '7 . 6

192 2 0 6 17 Trace 9.5

44 9 5 Trace N D 1.0

Water spray 2300 17 8500 < 5 25 14.5

38° C 50 938 Trace Trace 2.0

16 min N D Trace 17.0 1610 2331 16 16 16.0 12.6

133 Trace 65 40 Trace 21.0

Trace 14 542 Trace 17 9.5

3 T o ta l p p b o f  B 1( B 2 , G „  G 2
b Fo r statistica l purposes, N D  =  0  ppb, trace = 2. ppb, < 5 = 4  ppb.

pieces. Percent whole kernels was 100 times the weight ratio o f whole 
kernels to the sum of whole kernels plus halves, bits and pieces.

RESULTS & DISCUSSION
T H E  P E R C E N T  M O I S T U R E ,  b l a n c h e d  a n d  w h o l e  k e r n e l s  f o r  
t h e  v a r i o u s  t r e a t m e n t s  a r e  p r e s e n t e d  i n  T a b l e  1. A n a l y s i s  o f  

v a r i a n c e  i n d i c a t e d  t h a t  t r e a t m e n t s  s i g n i f i c a n t l y  a f f e c t e d  p e r 
c e n t  b l a n c h e d .  B a s e d  o n  a  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  ( L S D )  o f  

2 . 6 1  ( “  =  0 . 0 5 ) ,  s o d i u m  o l e a t e ,  w a t e r  s p r a y ,  l i q u i d  n i t r o g e n  
a n d  H 2 0 2 a l l  o b t a i n e d  s i g n i f i c a n t l y  h i g h e r  m e a n  p e r c e n t  
b l a n c h e d  t h a n  H C 1  o r  h e a t  t r e a t m e n t .  M e a n  p e r c e n t  b l a n c h e d  

k e r n e l s  f o r  t h e  h e a t  t r e a t m e n t  w a s  s i g n i f i c a n t l y  l o w e r  t h a n  f o r  
t h e  o t h e r  t r e a t m e n t s .

T h e  p e r c e n t  w h o l e  k e r n e l s  w a s  h i g h e s t  w i t h  t h e  h e a t  t r e a t 
m e n t ,  f o l l o w e d  b y  H 2 0 2 , H C 1 , w a t e r  s p r a y ,  s o d i u m  o l e a t e ,  
a n d  l i q u i d  n i t r o g e n  ( T a b l e  1 ) .  A n a l y s i s  o f  v a r i a n c e  i n d i c a t e d  
t h a t  t r e a t m e n t s  h a d  a  s i g n i f i c a n t  e f f e c t  o n  t h e  p e r c e n t  w h o l e  
k e r n e l .  B a s e d  o n  L S D  o f  5 . 6 4 ,  a  s i g n i f i c a n t  d i f f e r e n c e  e x i s t e d  
b e t w e e n  t h e  m e a n  p e r c e n t  w h o l e  k e r n e l s  o f  a l l  t r e a t m e n t s  
e x c e p t  b e t w e e n  h e a t  a n d  H 2 0 2 a n d  b e t w e e n  w a t e r  s p r a y  a n d  

s o d i u m  o l e a t e .
E f f e c t s  o f  h e a t ,  l i q u i d  n i t r o g e n ,  w a t e r  s p r a y ,  a n d  c h e m i c a l  

t r e a t m e n t s  o n  t h e  a f l a t o x i n  c o n t e n t  o f  t h e  t h r e e  p e a n u t  c o m 
p o n e n t s  a r e  s h o w n  i n  T a b l e  2 . D u e  t o  t h e  l a r g e  v a r i a t i o n  i n

a f l a t o x i n  c o n t e n t  b e t w e e n  r e p l i c a t e d  s a m p l e s  a n d  t h e  t e n 
d e n c y  f o r  a  l a r g e  n u m b e r  o f  s a m p l e s  t o  c o n t a i n  s m a l l  o r  n o n -  

d e t e c t a b l e  a m o u n t s  o f  a f l a t o x i n ,  a  p l o t  o f  f r e q u e n c y  v e r s u s  
a f l a t o x i n  c o n t e n t  d i d  n o t  f o l l o w  a  n o r m a l  d i s t r i b u t i o n  c u r v e .  

A  K o l m o g o r o v - S m i r n o v  o n e - t a i l e d  n o n p a r a m e t r i c  s t a t i s t i c a l  
t e s t  ( S i e g e l ,  1 9 5 6 ;  G o o d m a n ,  1 9 5 4 )  w a s  u s e d  t o  d e t e r m i n e  

s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  t r e a t m e n t s  a n d  t h e  t h r e e  p e a 

n u t  c o m p o n e n t s .
S c r e e n i v a s a m u r t h y  e t  a l .  ( 1 9 6 7 )  r e p o r t e d  t h a t  h e a t i n g  a f l a 

t o x i n  c o n t a m i n a t e d  p e a n u t  m e a l  i n  a  s o l u t i o n  o f  H 2 0 2 a t  p H
9 . 5  f o r  3 0  m i n  a t  8 0 ° C  r e d u c e d  a f l a t o x i n  b y  9 7 % .  T a b l e  2  
i n d i c a t e s  t h a t  f o r  t h e  H 2 0 2 t r e a t m e n t ,  t h e  u n b l a n c h e d  k e r n e l s  
h a d  t h e  h i g h e s t  m e a n  c o n t a m i n a t i o n  l e v e l ,  2 4 0 0  p p b .  H o w 

e v e r ,  t h e  H 2 0 2 t r e a t e d  b l a n c h e d  k e r n e l s  h a d  t h e  l o w e s t  m e a n  

c o n t a m i n a t i o n  l e v e l  a n d  i n  n i n e  o u t  o f  t e n  a s s a y s  s h o w e d  l e s s  
t h a n  2 0  p p b  ( T a b l e  3  s u m m a r i z e s  d a t a  f r o m  T a b l e  2 ) .  K o l m o 
g o r o v - S m i r n o v  t e s t s  i n d i c a t e d  t h a t  t h e  H 2 0 2 t r e a t e d  b l a n c h e d  
k e r n e l s  h a d  s i g n i f i c a n t l y  l o w e r  c o n t a m i n a t i o n  t h a n  u n b l a n c h e d  
s a m p l e s  ( F i g .  2 ) .  T h e  a f l a t o x i n  c o n t e n t  o f  b l a n c h e d  s a m p l e s  
w a s  s i g n i f i c a n t l y  l o w e r  i n  t h o s e  t r e a t e d  w i t h  H 2 0 2 t h a n  w i t h  
h e a t ,  L N 2 , s o d . u m  o l e a t e ,  o r  w a t e r  s p r a y .  T h u s ,  h y d r o g e n  p e r 
o x i d e  a p p e a r s  t o  b e  a n  e f f e c t i v e  t r e a t m e n t  i n  p r o d u c i n g  

b l a n c h e d  k e r n e l s  w i t h  l o w  a f l a t o x i n  l e v e l s .
P e a n u t s  f r o m  t h e  w a t e r  s p r a y  t r e a t m e n t  h a d  t h e  s e c o n d  

h i g h e s t  m e a n  c o n t a m i n a t i o n  l e v e l ,  2 3 3 1  p p b ,  a m o n g  t h e  u n -
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Table 3— Effect of treatments on  relative distribution of aflatoxin  concentration

Num ber of samples w ithin each aflatoxin range

Skins, ppb Unblanched kernels, ppb Blanched kernels, ppb

Treatm ents3 0 - 2 0 2 1 - 2 0 0 > 2 0 0 0 - 2 0 2 1 - 2 0 0 > 2 0 0 0 - 2 0 2 1 - 2 0 0 > 2 0 0

Sod ium 5 0 0 0 2 3 5 4 1

Oleate
Water 4 1 0 0 1 4 8 2 0

Spray
Cyrogenic 3 2 0 2 1 2 6 4 0

2 3 0 0 1 4 9 1 0

H C L 4 1 0 2 0 3 8 2 0

Heat 2 3 0 0 1 4 4 4 2

a T re a tm en ts  are ranked  fro m  top  to  b o tto m  in o rder o f decreasing  b lan ch in g  percentage.

b l a n c h e d  g r o u p s  a n d  t h e  s e c o n d  l o w e s t  m e a n  c o n t a m i n a t i o n  
l e v e l  a m o n g  b l a n c h e d  g r o u p s ,  1 2 . 6  ( T a b l e  2 ) .  E i g h t  o u t  o f  t e n  
b l a n c h e d  s a m p l e s  f r o m  t h e  w a t e r  s p r a y  t r e a t m e n t  c o n t a i n e d  
l e s s  t h a n  2 0  p p b  ( T a b l e  3 ) .  T h e  o t h e r  s a m p l e s  c o n t a i n e d  l e s s  
t h a n  5 0  p p b .  G o l d b l a t t  ( 1 9 7 1 )  n o t e d  t h a t  b e c a u s e  h i g h  c o n 
c e n t r a t i o n s  o f  a f l a t o x i n  a r e  d e e p l y  e m b e d d e d  i n  i n d i v i d u a l  
k e r n e l s ,  w a s h i n g  o f  w h o l e  p e a n u t s  w i t h  w a t e r  p r o b a b l y  w o u l d  
n o t  r e m o v e  a f l a t o x i n .  A f l a t o x i n  l e v e l s  i n  b l a n c h e d  k e r n e l s  
w e r e  n o t  s i g n i f i c a n t l y  l o w e r  f r o m  w a t e r  s p r a y  t h a n  o t h e r  t r e a t 
m e n t s .  B u t ,  K o l m o g o r o v - S m i r n o v  t e s t s  i n d i c a t e d  t h a t  w a t e r  

s p r a y  t r e a t e d  s a m p l e s  h a d  m e a n  l e v e l s  o f  c o n t a m i n a t i o n  s i g n i f i 

c a n t l y  l o w e r  f o r  b l a n c h e d  t h a n  f o r  u n b l a n c h e d  s a m p l e s  ( F i g .

2 ) .  T r e a t m e n t  w i t h  w a t e r  s p r a y  a l o n e  d i d  n o t  p r o d u c e  

b l a n c h e d  k e r n e l s  w i t h  a f l a t o x i n  l e v e l s  a s  l o w  a s  w h e n  t h e  w a t e r  
s p r a y  w a s  f o l l o w e d  b y  h e a t i n g  a n d  b l a n c h i n g .

T r e a t m e n t  o f  h i g h l y  c o n t a m i n a t e d  p e a n u t  m e a l  w i t h  H C 1  

h a s  b e e n  f o u n d  ( F e u e l l ,  1 9 6 6 )  t o  r e d u c e  a f l a t o x i n  c o n t e n t .  I n  

o u r  s t u d y ,  b l a n c h e d  k e r n e l s  f r o m  t h e  H C 1  t r e a t m e n t  h a d  t h e  
t h i r d  l o w e s t  a f l a t o x i n  l e v e l .  E i g h t  o u t  o f  t e n  s a m p l e s  c o n t a i n e d

Fig. 2— Kolmogorov-Smirnov tests showing a significant difference 
(at a =  0.05 level and N  =  51 between blanched and unblanched  
kernels when cumulative frequency o f aflatoxin content differs by a 
least 80%.

l e s s  t h a n  2 0  p p b .  I n  b l a n c h e d  s a m p l e s ,  a f l a t o x i n  l e v e l s  w e r e  

n o t  s i g n i f i c a n t l y  l o w e r  f r o m  H C 1  t h a n  f o r  o t h e r  t r e a t m e n t s .
M a n n  e t  a l .  ( 1 9 6 7 )  f o u n d  t h a t  a f l a t o x i n  c o n t e n t  o f  o i l s e e d  

m e a l s  w a s  r e d u c e d  o n l y  s l i g h t l y  b y  h e a t i n g  a t  6 0 — 8 0 ° C .  H o w 
e v e r ,  w h e n  c o n t a m i n a t e d  p e a n u t  m e a l  a t  2 0 %  m o i s t u r e  c o n 

t e n t  w a s  h e a t e d  a t  1 0 0 ° C  f o r  2  h r  a f l a t o x i n  w a s  r e d u c e d  3 4 % .  

T h e  h e a t  t r e a t e d  b l a n c h e d  p e a n u t s  i n  o u r  t e s t s  h a d  t h e  h i g h e s t  
m e a n  c o n t a m i n a t i o n  l e v e l .  T h e  1 9 6  p p b  a f l a t o x i n  l e v e l  a f t e r  

h e a t  t r e a t m e n t  a p p r o a c h e s  t h e  a v e r a g e  i n i t i a l  l e v e l  o f  2 1 7  p p b  
f o r  t h e  l o t .  O f  t e n  h e a t  t r e a t e d  b l a n c h e d  s a m p l e s ,  f o u r  h a d  l e s s  

t h a n  2 0  p p b  ( T a b l e  3 ) .  A p p a r e n t l y ,  h e a t  t r e a t m e n t  a t  7 1 ° C  d i d  
n o t  r e d u c e  a f l a t o x i n  c o n t e n t .

A  K o l m o g o r o v - S m i r n o v  t e s t  a t  t h e  0 . 0 5  l e v e l  o f  s i g n i f i c a n c e  
i n d i c a t e d  t h a t  s k i n s  f r o m  s a m p l e s  t r e a t e d  w i t h  s o d i u m  o l e a t e  

h a d  a n  a f l a t o x i n  l e v e l  s i g n i f i c a n t l y  l o w e r  t h a n  s k i n s  f r o m  a n y  

o t h e r  t r e a t m e n t .  T h e  m e a n  c o n t a m i n a t i o n  l e v e l  w a s  l e s s  f o r .  
s k i n s  t h a n  f o r  u n b l a n c h e d  k e r n e l s  f o r  a l l  t r e a t m e n t s .  B e f o r e  
t h e  e x p e r i m e n t  i t  w a s  h y p o t h e s i z e d  t h a t  i f  t h e r e  w a s  a  d i f 
f e r e n c e ,  t h e  s k i n s  w o u l d  h a v e  g r e a t e r  a m o u n t s  o f  a f l a t o x i n  

t h a n  t h e  u n b l a n c h e d  k e r n e l s .  C o m p a r e d  t o  t h e  a f l a t o x i n  l e v e l s  
o f  t h e  b l a n c h e d  k e r n e l s  t h e  s k i n s ’ a f l a t o x i n  l e v e l  w a s  l o w e r  
t h a n  w a s  e x p e c t e d .

T h e r e  is  s t r o n g  e v i d e n c e  t o  b e l i e v e  t h a t  k e r n e l s  w h i c h  c o m 
p l e t e l y  b l a n c h  c o n t a i n  l o w e r  l e v e l s  o f  a f l a t o x i n  t h a n  k e r n e l s  

w h i c h  d o  n o t  b l a n c h  c o m p l e t e l y .  I n  2 5  o f  3 0  t e s t s ,  u n b l a n c h e d  
k e r n e l s  c o n t a i n e d  m o r e  a f l a t o x i n  t h a n  b l a n c h e d  k e r n e l s  o r  
s k i n s .  K o l m o g o r o v - S m i r n o v  t e s t s  i n d i c a t e d  t h a t ,  f o r  H 2 0 2 a n d  
w a t e r  s p r a y  t r e a t m e n t s ,  m e a n  l e v e l s  o f  c o n t a m i n a t i o n  w e r e  
s i g n i f i c a n t l y  h i g h e r  i n  u n b l a n c h e d  k e r n e l s  t h a n  i n  s k i n s  ( T a b l e
2 ) .  T h e s e  d a t a  s u p p o r t  t h e  h y p o t h e s i s  t h a t  r e m o v i n g  u n 
b l a n c h e d  k e r n e l s  a f t e r  t h e  b l a n c h i n g  p r o c e s s  r e d u c e s  t h e  a v e r 
a g e  a f l a t o x i n  l e v e l .

SUMMARY & CONCLUSION
P E R C E N T  B L A N C H I N G  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  ( 0 . 0 5  
l e v e l )  a m o n g  c o n t a m i n a t e d  k e r n e l s  t h a t  h a d  b e e n  t r e a t e d  w i t h  
s o d i u m  o l e a t e ,  w a t e r  s p r a y ,  l i q u i d  n i t r o g e n  a n d  H 2 0 2 . H e a t  
t r e a t m e n t  g a v e  t h e  h i g h e s t  m e a n  p e r c e n t a g e  o f  w h o l e  k e r n e l s .

W i t h  H 2 0 2 a n d  w a t e r  s p r a y  t r e a t m e n t s ,  m e a n  a f l a t o x i n  
c o n t e n t s  w e r e  s i g n i f i c a n t l y  l o w e r  i n  f u l l y  b l a n c h e d  t h a n  i n  
u n b l a n c h e d  k e r n e l s .  F o r  b l a n c h e d  s a m p l e s  a f l a t o x i n  c o n t e n t s  

w e r e  s i g n i f i c a n t l y  l o w e r  f o r  H 2 0 2 t r e a t e d  s a m p l e s  t h a n  f o r  
s a m p l e s  t r e a t e d  w i t h  h e a t ,  l i q u i d  n i t r o g e n ,  s o d i u m  o l e a t e  o r  
w a t e r  s p r a y .  W i t h  H 2 0 2 a n d  w a t e r  s p r a y  t r e a t m e n t s ,  m e a n  
c o n t a m i n a t i o n  l e v e l  w a s  h i g h e s t  i n  u n b l a n c h e d  a n d  l o w e s t  i n  

b l a n c h e d  s a m p l e s .  T h e s e  r e s u l t s  s h o w  t h a t  H 2 0 2 , f o l l o w e d  b y  
w a t e r  s p r a y  a n d  H C 1  w e r e  t h e  m o s t  e f f e c t i v e  t r e a t m e n t s  in  
p r o d u c i n g  b l a n c h e d  k e r n e l s  w i t h  l o w  a f l a t o x i n  l e v e l s .
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----------------------------- ABSTRACT ---------------- -------- —
T h e  p h y s ic o c h e m ic a l  c r i t e r i a  a p p r o a c h  o f f e r s  a  m e a n s  o f  p r e d ic t in g  
q u a n t i t a t i v e l y  re v e r s e  o s m o s is  s e p a r a t i o n s  o f  D -g lu c o s e ,  D - f r u c to s e ,  
s u c r o s e ,  m a l to s e  a n d  la c to s e  in  a q u e o u s  s o lu t io n s  u s in g  p o r o u s  c e l lu lo s e  
a c e t a t e  m e m b r a n e s .  T h e  p r e s e n c e  o f  a  s m a l l  q u a n t i t y  o f  p e c t in  in  a q u e 
o u s  s u c r o s e  s o lu t io n  in c r e a s e s  i ts  v is c o s i ty  a n d  d e c r e a s e s  i t s  m a s s  t r a n s 
f e r  c o e f f i c i e n t  d u r in g  re v e r s e  o s m o s is .  R e v e rs e  o s m o s is  d a t a  w i t h  a q u e 
o u s  s u c r o s e  fe e d  s o lu t io n s  c o n ta in in g  s m a l l  q u a n t i t i e s  o f  C a C l2 s h o w  
t h a t  t h e  l a t t e r  d o e s  n o t  e x i s t  a s a n  i n d e p e n d e n t  e n t i t y  in  s u c h  s o lu t io n s .  
A  s e t  o f  p r o c e s s  d e s ig n  c a l c u la t io n s  is  i l l u s t r a t e d  f o r  re v e r s e  o s m o s is  
c o n c e n t r a t i o n  o f  f o o d  s u g a rs  in  a q u e o u s  s o lu t io n s  u s in g  a  t y p i c a l  c e l lu 
lo s e  a c e t a t e  m e m b r a n e .

INTRODUCTION
T H E  P R E F E R E N T I A L  s o r p t i o n - c a p i l l a r y  f l o w  m e c h a n i s m  f o r  

r e v e r s e  o s m o s i s  ( S o u r i r a j a n ,  1 9 7 0 a )  h a s  l e d  t o  a  f u n d a m e n t a l  
p h y s i c o c h e m i c a l  c r i t e r i a  a p p r o a c h  t o  r e v e r s e  o s m o s i s  s e p a r a 
t i o n s  ( M a t s u u r a  e t  a l . ,  1 9 7 5 b ,  1 9 7 6 ) .  R e f e r r i n g  s p e c i f i c a l l y  t o  

o r g a n i c  s o l u t e s  a n d  r e v e r s e  o s m o s i s  s y s t e m s  i n v o l v i n g  p r e f e r 
e n t i a l  s o r p t i o n  o f  w a t e r  a t  t h e  m e m b r a n e - s o l u t i o n  i n t e r f a c e ,  i t  
h a s  b e e n  s h o w n  t h a t  w h e n  t h e  s o l u t e  m o l e c u l e  i s  n o n i o n i z e d ,  
a n d  i t s  m o l e c u l a r  s t r u c t u r e  d o e s  n o t  c o n t a i n  m o r e  t h a n  t h r e e  

s t r a i g h t  c h a i n  c a r b o n  a t o m s  n o t  a s s o c i a t e d  w i t h  a  p o l a r  f u n c 
t i o n a l  g r o u p ,  s o l u t e  s e p a r a t i o n  i n  r e v e r s e  o s m o s i s  i s  g o v e r n e d  
b y  p o l a r  a n d  s t e r i c  e f f e c t s  o n l y .  T h e s e  e f f e c t s  c a n  b e  e x p r e s s e d  

q u a n t i t a t i v e l y  i n  t e r m s  o f  a p p r o p r i a t e  f r e e  e n e r g y  p a r a m e t e r  
f o r  e a c h  s o l u t e  m o l e c u l e ,  a n d  t h e  s t e r i c  p a r a m e t e r  f o r  e a c h  
s o l u t e - m e m b r a n e  s y s t e m ,  s o  t h a t  s o l u t e  s e p a r a t i o n s  i n  r e v e r s e  
o s m o s i s  c a n  b e  p r e d i c t e d  q u a n t i t a t i v e l y  f o r  a n y  m e m b r a n e  j u s t  
f r o m  d a t a  o n  m e m b r a n e  s p e c i f i c a t i o n s  g i v e n  i n  t e r m s  o f  a  

r e f e r e n c e  s o l u t e  s u c h  a s  s o d i u m  c h l o r i d e .  T h e  a p p l i c a t i o n  o f

'V is i t in g  g ra d u a te  s tu d e n t  u n d e r  CU SO  p ro g ram . F a c u lty  o f T e c h 
n o lo g y , U n iv e rs ity  o f H av an a , C uba

t h i s  a p p r o a c h  f o r  t h e  q u a n t i t a t i v e  p r e d i c t i o n  o f  r e v e r s e  o s 
m o s i s  s e p a r a t i o n  a n d  r e c o v e r y  o f  a p p l e  f l a v o r  c o m p o n e n t s  h a s  
b e e n  i l l u s t r a t e d  ( M a t s u u r a  e t  a l . ,  1 9 7 5 a )  w i t h  p a r t i c u l a r  r e f e r 
e n c e  t o  a r o m a t i c  p o l y a m i d e  m e m b r a n e s .  T h i s  p a p e r  g i v e s  a  
s i m i l a r  i l l u s t r a t i o n  o f  t h e  a p p l i c a t i o n  o f  t h e  a b o v e  a p p r o a c h  

f o r  q u a n t i t a t i v e  p r e d i c t i o n s  o f  r e v e r s e  o s m o s i s  s e p a r a t i o n s  o f  
D - g l u c o s e ,  D - f r u c t o s e ,  s u c r o s e ,  m a l t o s e  a n d  l a c t o s e  i n  a q u e o u s  
s o l u t i o n s  u s i n g  p o r o u s  c e l l u l o s e  a c e t a t e  m e m b r a n e s .  T h i s  w o r k  
a l s o  i n c l u d e s  s o m e  s t u d i e s  o n  t h e  r e v e r s e  o s m o s i s  t r e a t m e n t  o f  

a q u e o u s  s u c r o s e  s o l u t i o n s  c o n t a i n i n g  s m a l l  q u a n t i t i e s  o f  p e c 
t i n ,  c r  p e c t i n  a n d  c a l c i u m  c h l o r i d e .  O n  t h e  b a s i s  o f  t h e  e x p e r i 
m e n t a l  a n d  a n a l y t i c a l  r e s u l t s  o b t a i n e d ,  a  s e t  o f  n u m e r i c a l  

p r o c e s s  d e s i g n  c a l c u l a t i o n s  i s  i l l u s t r a t e d  f o r  r e v e r s e  o s m o s i s  
c o n c e n t r a t i o n s  o f  s u g a r s  i n  a q u e o u s  s o l u t i o n s  u s i n g  a  t y p i c a l  

c e l l u l o s e  a c e t a t e  m e m b r a n e s .

EXPERIMENTAL
R E A G E N T  G R A D E  s o lu te  s u b s ta n c e s  a n d  b a t c h  3 1 6 ( 1 0 / 3 0 ) - ty p e  c e l lu 
lo s e  a c e t a t e  m e m b r a n e s  m a d e  in  t h e  l a b o r a t o r y  (P a g e a u  a n d  S o u r i r a ja n ,
1 9 7 2 )  w e r e  u s e d .  U n le s s  o th e r w is e  s t a t e d ,  t h e  f lo w - c e l l  a p p a r a t u s ,  a n d  
th e  e x p e r im e n ta l  p r o c e d u r e  u s e d  w e r e  t h e  s a m e  a s  t h o s e  r e p o r t e d  e a r l i 
e r  ( S o u r i r a ja n ,  1 9 6 4 ;  1 9 7 0 a ) .  T ire  o p e r a t i n g  p r e s s u re  u s e d  w a s  1 0 0 0  
p s ig  in  a ll  c a s e s . T h e  s p e c i f i c a t io n s  ( S o u r i r a j a n ,  1 9 7 0 b )  o f  t h e  m e m 
b r a n e s  u s e d  a re  g iv e n  in  T a b le  1 in  t e r m s  o f  p u r e  w a t e r  p e r m e a b i l i t y  
c o n s t a n t  A  a n d  s o lu te  t r a n s p o r t  p a r a m e t e r  D Atvj / K 6 ( d e f in e d  a s  s o lu te  
f l u x / d i f f e r e n c e  in  s o lu te  c o n c e n t r a t i o n  o n  e i t h e r  s id e  o f  m e m b r a n e )  fo r  
s o d iu m  c h lo r id e .  T a b le  1 a ls o  in c lu d e s  s o lu te  s e p a r a t i o n  a n d  p r o d u c t  
r a t e  d a t a  f o r  t h e  m e m b r a n e s  u s e d  w i t h  5 0 0 0  p p m  N a C l- H 2 0  f e e d  s o lu 
t i o n s  a t f e e d  f lo w  r a t e s  c o r r e s p o n d in g  t o  m a s s  t r a n s f e r  c o e f f i c i e n t s  (k )  
in  th e  r a n g e  1 5 .5  x  1 0 ~4 t o  3 3 .5  X 1 0 "4 c m /s e c  o n  th e  h ig h  p r e s s u re  
s id e  o f  t h e  m e m b r a n e .

T h e  s o lu te  c o n c e n t r a t i o n  in  t h e  f e e d  s o lu t io n s  u s e d  w a s  in  t h e  r a n g e  
1 0 0 0  p p m  to  a b o u t  4 0 %  b y  w e ig h t  a s  s p e c i f i e d  in  e a c h  c a s e .  A ll e x p e r i 
m e n ts  w e re  o f  t h e  s h o r t - r u n  ty p e ,  a n d  c a r r ie d  o u t  a t  t h e  l a b o r a t o r y  
t e m p e r a t u r e  ( 2 3 - 2 5 ° C ) .  T h e  r e p o r t e d  p r o d u c t  r a t e s  a re  th o s e  c o r r e c te d  
to  2 5 ° C  u s in g  th e  r e la t iv e  v is c o s i ty  a n d  d e n s i t y  d a t a  f o r  p u re  w a te r .  In

Table 1— Specifications of the cellulose acetate membranes used and some performance data“

Film  no. 1 2 3 4 5 6 7 8

Operating pressure, 1000 psig 

Pure water permeability constant

A ,-9 T ' e H * °  X  10 6 
cm sec atm 1.10 2.43 3.47 4.01 0.96 1.50 1.96 1.74

Solute transport parameter 

(D A M /K 5 lNaCl- (cm/sec) X 1 0 5 1.21 21.37 60.62 64.50 1.93 30.83 71.46 108.4

S n (D A M / K S )NaC l - 1 1 . 2 4 -8 .4 3 -7 .5 8 -7 .2 5 - 1 0 . 8 5 - 8 .0 8 -7 .2 4 -6 .8 3

Cn C NaCl -12 .61 -9 . 8 0 -8 .9 5 -8 .6 2 - 1 2 . 2 2 -9 .4 5 -8 .6 1 -8 . 2 0
fin A * 0 -0 .6 3 -0 .9 2 -0 .9 2 0 -0 .9 2 -0 . 9 2 - 0 .9 2

( 6 * S E s)/ (6 *£ E s)lim 1.00 0.850 0.732 0.695 1.00 0.799 0.694 0.659
Solute separation, % 97.7 81.2 65.9 53.3 96.5 75.4 61.1 50.4
Product rate, g/hr 55.74 122.91 177.71 182.72 49.74 81.00 106.5 96.2

a Area of film  surface: 1 3.2 cm 2 ; Feed cone: 5 00 0  ppm  of NaCI; Feed flow  rate: 400  cm 3/min
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,  _  s o lu te  m o la l i ty  in  f e e d  — s o lu te  m o la l i t y  in  p r o d u c t  
s o lu t e  m o la l i t y  in  f e e d

In  e a c h  e x p e r i m e n t ,  t h e  p u re  w a te r  p e r m e a t io n  r a t e  (P W P ) a n d  p r o d u c t  
r a t e  ( P R )  in  g r a m s  p e r  h o u r  p e r  g iv e n  a r e a  o f  f i lm  s u r f a c e  ( 1 3 .2  c m 2 in  
a l l  c a se s  in  th i s  w o r k ) ,  a n d  p e r c e n t  s o lu te  s e p a r a t i o n  w e re  d e t e r m in e d  a t  
th e  o p e r a t i n g  c o n d i t i o n s .

A  B e c k m a n  t o t a l  c a r b o n  a n a l y z e r ,  M o d e l  9 1 5 ,  w a s  u s e d  t o  m e a s u re  
t h e  c o n c e n t r a t i o n s  o f  s u g a r s  p r e s e n t  in  lo w  c o n c e n t r a t i o n s  (1 0 0 0  p p m  
o r  le s s ) . H ig h e r  c o n c e n t r a t i o n s  o f  s u g a r s  w e re  d e t e r m i n e d  b y  r e f r a c t iv e  
i n d e x  m e a s u r e m e n ts  u s in g  a B a u s c h  a n d  L o m b  r e f r a c t o m e t e r .  T h e  c o n 
c e n t r a t i o n s  o f  s o d iu m  c h lo r id e  a n d  c a lc iu m  c h lo r id e  in  a q u e o u s  s o lu 
t i o n s  w e re  m e a s u r e d  b y  u s in g  a  c o n d u c t iv i t y  b r id g e ,  a n d  th e  c o n c e n t r a 
t i o n s  o f  c a l c iu m  c h lo r id e  in  s u g a r  s o lu t io n s  w e re  d e t e r m in e d  b y  th e  
a t o m i c  a b s o r p t io n  m e th o d .  T h e  v is c o s i t ie s  o f  s u c r o s e  s o lu t io n s  w e re  
m e a s u r e d  u s in g  a  U b b e lo h d e  v i s c o m e te r .

RESULTS & DISCUSSION

all ex p erim en ts , th e  term s “ p r o d u ct” and “ p ro d u ct ra te” refer to  m em 
brane perm eated  so lu tio n s. T he fraction  so lu te  separation  f  in each  case
w as ob ta in ed  from  th e rela tion :

B a s i c  e q u a t i o n s

D a t a  n e e d e d  t o  p r e d i c t  r e v e r s e  o s m o s i s  s e p a r a t i o n s .  F o l l o w 

i n g  t h e  K i m u r a - S o u r i r a j a n  e q u a t i o n s  f o r  r e v e r s e  o s m o s i s  t r a n s 
p o r t ,  s o l u t e  s e p a r a t i o n s  i n  r e v e r s e  o s m o s i s  c a n  b e  p r e d i c t e d  i f  
a p p l i c a b l e  d a t a  o n  p u r e  w a t e r  p e r m e a b i l i t y  c o n s t a n t  A ,  s o l u t e  

t r a n s p o r t  p a r a m e t e r  D a m / K S ,  a n d  m a s s  t r a n s f e r  c o e f f i c i e n t  k  
o n  t h e  h i g h  p r e s s u r e  s i d e  o f  t h e  m e m b r a n e  a r e  a v a i l a b l e ,  o r  c a n  

b e  c a l c u l a t e d .  T h i s  p r e d i c t i o n  t e c h n i q u e  h a s  b e e n  e x t e n s i v e l y  
i l l u s t r a t e d  a n d  d i s c u s s e d  ( S o u r i r a j a n ,  1 9 7 0 b ) .  F o r  a  g i v e n  
m e m b r a n e  u n d e r  a  g i v e n  s e t  o f  o p e r a t i n g  c o n d i t i o n s ,  t h e  v a l u e  

o f  A  [ w h i c h  c a n  b e  c a l c u l a t e d  f r o m  t h e  ( P W P )  d a t a ]  i s  i n d e 

p e n d e n t  o f  a n y  s o l u t e  u n d e r  c o n s i d e r a t i o n ,  w h e r e a s  t h e  v a l u e s  
o f  D a m / K 5  a n d  k  d e p e n d  o n  t h e  n a t u r e  o f  t h e  s o l u t e .  F o r  

d i l u t e  f e e d  s o l u t i o n s ,  t h e  a p p l i c a b l e  v a l u e s  o f  D A m / K 5  a n d  k  
f o r  a  g i v e n  s u g a r  s o l u t e  c a n  b e  c a l c u l a t e d  f r o m  t h e  c o r r e 
s p o n d i n g  v a l u e s  o b t a i n e d  f r o m  e x p e r i m e n t a l  r e v e r s e  o s m o s i s  
d a t a  f o r  a  r e f e r e n c e  s o l u t e  s u c h  a s  s o d i u m  c h l o r i d e  ( M a t s u u r a  

e t  a l . ,  1 9 7 5 a ) .

C a l c u l a t i o n  o f  D A m / K 5  v a l u e s  f o r  s u g a r  s o l u t e s  i n  d i l u t e  

s o l u t i o n s .  A l l  t h e  s u g a r s  w i t h  w h i c h  t h i s  r e p o r t  i s  c o n c e r n e d  
e x i s t  e s s e n t i a l l y  a s  n o n i o n i z e d  m o l e c u l e s  i n  a q u e o u s  s o l u t i o n s ;  
f u r t h e r ,  a t  t h e  c e l l u l o s e  a c e t a t e  m e m b r a n e - a q u e o u s  s u g a r  s o l u 

t i o n  i n t e r f a c e ,  w a f e r  i s  p r e f e r e n t i a l l y  s o r b e d  ( M a t s u u r a  a n d  
S o u r i r a j a n ,  1 9 7 1 a ,  1 9 7 3 b ) .  H e n c e  t h e  f o l l o w i n g  r e l a t i o n  is  

a p p l i c a b l e :

Cn(DAM /k5) = CnCjjaCi + SnA* + ^  + 6 * £ E S (1)

A l l  t h e  s y m b o l s  u s e d  a r e  d e f i n e d  a t  t h e  e n d  o f  t h e  p a p e r .  T h e  
b a s i s  o f  E q .  ( 1 ) ,  a n d  t h e  m e a n i n g  o f  t h e  f o u r  q u a n t i t i e s  o n  t h e  
r i g h t  s i d e  o f  E q .  ( 1 )  h a v e  b e e n  d i s c u s s e d  ( M a t s u u r a  e t  a l . ,  

1 9 7 5 a ,  1 9 7 6 ) .

T h e  q u a n t i t y  C n C ^ a O  c a n  b e  c a l c u l a t e d  f r o m  d a t a  o n  
D a m / K .8 f o r  s o d i u m  c h l o r i d e  [ r e p r e s e n t e d  b y  t h e  s y m b o l  

(D A M /K O ) { > ja C l ]  u s i n g  t h e  r e l a t i o n :

8nGN aC l ~ 8n * D A M /K s )N aC l ~

T h e  n u m e r i c a l  v a l u e s  o f  t h e  f r e e  e n e r g y  p a r a m e t e r s  
( —A A G / R T ) N a +  a n d  ( - A A G / R T ) C 1- a t  2 5 ° C  a r e  5 . 7 9  a n d  
—4 . 4 2 ,  r e s p e c t i v e l y ,  f r o m  p r e v i o u s  w o r k  ( M a t s u u r a  e t  a l . ,  

1 9 7 5 b )  f o r  t h e  c e l l u l o s e  a c e t a t e  m e m b r a n e s  u s e d .
T h e  q u a n t i t y  £ n A *  f o r  t h e  m e m b r a n e  c a n  b e  o b t a i n e d  f r o m  

t h e  c o r r e l a t i o n  o f  i n C y j a C i  v e r s u s  2 n A *  e s t a b l i s h e d  e a r l i e r  
( M a t s u u r a  e t  a l . ,  1 9 7 6 )  a s  g i v e n  i n  F i g u r e  1 .

T h e  q u a n t i t y  ( —A A G / R T )  i n  E q .  ( 1 )  r e p r e s e n t i n g  t h e  p o l a r  

f r e e  e n e r g y  p a r a m e t e r  f o r  t h e  s u g a r  s o l u t e  u n d e r  c o n s i d e r a t i o n  

c a n  b e  c a l c u l a t e d  u s i n g  t h e  r e l a t i o n s  ( M a t s u u r a  e t  a l . ,  1 9 7 5 b ,
1 9 7 6 ) :

A A G  — A G j  — A G b  (3)

a G B  = E T B ( s t r u c t u r a l  g r o u p )  +  t b  0  (4 )

A G j =  E 7 j  ( s t r u c t u r a l  g r o u p )  +  7 i  o  (5 )

T h e  a v a i l a b l e  d a t a  o n  t h e  n u m e r i c a l  v a l u e s  o f  7 3  ( s t r u c t u r a l  

g r o u p ) .  7 b  O .  71 ( s t r u c t u r a l  g r o u p ) ,  a n d  71  o  a r e  l i s t e d  in  
T a b l e  2 .

Table 2 — Structural group  contributions for A G B  and A G i  at 

25° C

Structural

groups3

T B ,0  =  - 1 2 . 0 4

Cellulose acetate 

71,0  =  41.21

7 b 71

- C H , 11.07 24.23

> c h 2 0.17 0.24

> c h ; - - 0 . 2 4

- C H -1 0 .6 2 - 2 3 . 6 5
-2 1 .5 0 - 4 7 .3 9

cyclic, f iv e -m e nb e re d 20.60 46.99

cyclic, s ix -m em be red 20.49 47.12

- O H 3.99 17.04

- C O O - - 5 . 1 4 -

> 0 - 4 . 0 3 - 4 . 5 9

- C N 5.19 -

> C = 0 - 5 . 8 0 -6 .3 2

- C H O 5.80 18.84

a > C H 2 refers to m ethy len e  g ro u p s  w h ich  are n o t separated fro m  a 
p o la r fu n c t io n a l g ro u p  b y  m ore  than  tw o  ca rb on  a tom s in a 
stra igh t chain ; > C H 2 refers to  m e thy len e  g ro u p s  w h ich  are separat
ed fro m  a po la r fu n c t io n a l g ro u p  b y  three or m ore  carbon  a tom s 
in a stra igh t chain.

Table 3— Structural group contributions for (6 

utes w ith polyfunctional groups at 25° C
° f SD|-

Structural

Cellulose acetate 

(p0 = - 4 . 8 3

g iou p s3 0

- c h 3 2.90

> c h 2 - 0 .0 2

> c h '2 -0 .0 1

- C H -3 . 1 9

- c -
I

- 6 . 8 8

cyclic, five-membered, single ring 5.22

cyclic, six-membered, single ring 4.70

cyclic, five-membered, two rings 5.99

cyclic, six-membered, two rings 5.47

- O H 2.01

> 0 0.63

>c=o - 1 . 1 5

- C H O 2.14

a See fo o tn o te  to  T ab le  2
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T h e  q u a n t i t y  §*2E S i n  E q .  (1) m a y  b e  t r e a t e d  a s  a  s i n g l e  
q u a n t i t y  f o r  t h e  p u r p o s e  o f  t h i s  d i s c u s s i o n .  T h i s  q u a n t i t y  f o r  
t h e  p a r t i c u l a r  m e m b r a n e - s o l u t e  s y s t e m  c a n  b e  c a l c u l a t e d  b y  
m u l t i p l y i n g  t h e  r a t i o  5*£E s/(5*2E s)ijm b y  t h e  q u a n t i t y  
(5 *LEs)iim . T h e  c o r r e l a t i o n  o f  K n C ^ a C i  v e r s u s  t h e  a b o v e  r a t i o  
f o r  c e l l u l o s e  a c e t a t e  m e m b r a n e s  h a s  b e e n  e s t a b l i s h e d  a s  g i v e n  
i n  F i g u r e  2 ( M a t s u u r a  e t  a l . ,  1976). T h e  q u a n t i t y  (8*£Es)ijm 
c a n  b e  c a l c u l a t e d  f r o m  t h e  r e l a t i o n  ( M a t s u u r a  e t  a l . ,  1976):

( 8 * S E s ) i jm  =  2 0  ( s t r u c t u r a l  g r o u p )  +  0 O ( 6 )

T h e  a v a i l a b l e  d a t a  o n  t h e  n u m e r i c a l  v a l u e s  o f  ip  ( s t r u c t u r a l  

g r o u p )  a n d  <po a r e  g i v e n  i n  T a b l e  3 .
T h u s  E q .  ( 1 )  e n a b l e s  o n e  t o  c a l c u l a t e  v a l u e s  f o r  a

s u g a r  s o l u t e  f o r  c e l l u l o s e  a c e t a t e  m e m b r a n e s  o f  d i f f e r e n t  s u r 

f a c e  p o r o s i t i e s  ( a s  r e p r e s e n t e d  b y  d i f f e r e n t  v a l u e s  o f  £ n C ] \ [ a c i )  

j u s t  f r o m  a p p l i c a b l e  d a t a  o n  ( D a M  / K 5 ) N a C T  

Sample calculations
T h e  n u m e r i c a l  v a l u e s  o f  ( - A A G / R T )  a n d  ( 5 * 2 E s ) i i m  f o r  

u s e  i n  E q .  ( 1 )  w i t h  r e s p e c t  t o  g l u c o s e  a n d  s u c r o s e  s o l u t e s  a r e  

c a l c u l a t e d  b e l o w  f o r  i l l u s t r a t i o n ,  u s i n g  E q .  ( 3 )  t o  ( 6 )  a n d  t h e  
d a t a  f r o m  T a b l e s  2  a n d  3 .

C H , O H

O H  H

O H

S i n c e  9 9 %  o f  g l u c o s e ,  u n d e r  e q u i l i b r i u m  c o n d i t i o n s ,  i s  o f  
t h e  c y c l i c  f o r m  ( B o r d w e l l ,  1 9 6 3 ) ,  t h e  a b o v e  c y c l i c  s t r u c t u r e  i s

c h o s e n  f o r  c a l c u l a t i o n  o f  f r e e  e n e r g y  a n d  s t e r i c  p a r a m e t e r s  f o r  

g l u c o s e .

A G b

A G j

A A G

( - A A G / R T )
(5*2Es)Um

" tB ÌC H i ) +  5 7 B (CH ) +  5 t b (O H ) + 7 B (c y c l ic ,  
s ix -m e m b e re d )  +  7 B (0 )  + 7 B o  = - 2 8 .5 6  
7 i (C H 2 ) +  5 7 i ( C H )  +  5 7 j(O H ) +  7 j ( c y c l i c ,  

s ix - m e m b e r e d )  +  7 j ( 0 )  +  7 i  o  = - 3 1 .4 9  

( -3 1 .4 9 )  -  ( -2 8 .5 6 )  = - 2 .9 3  

- ( -2 .9 3 / 0 .5 9 2 5 )  = 4 .9 5  
0 (C H 2 ) +  5 0 (C H )  +  5 0 ( O H )  +  0 ( c y c l ic ,  

s ix - m e m b e r e d ,  s in g le  r in g )  +  0 O =  —5.42.

S i m i l a r  c a l c u l a t i o n s  s h o w  t h a t  t h e  v a l u e s  o f  ( - A A G / R T )  
a n d  ( 6 * Z E s ) i j m  f o r  D - f r u c t o s e  a r e  t h e  s a m e  a s  t h o s e  f o r  D -  
g l u c o s e .

C H 2 O H

AGb '

A G j

A A G
( - A A G / R T )  

(6 *2ES

3 7 B(CH2) +  8 7 B(CH) +  7 B(C) +  7 B(cyclic, 
six-membered) + 7 B(cyclic, five-membered) + 8 7B(0H) 
+  3 7 b ( ° )  +  7 b ,O  =  - 5 7 . 0 7  
3 7 t (CH2) +  8 7 ](CH) +  7 r(C) +  7 I(cyclic, 
six-membered) + 7 j(cyclic, five-membered) + 8 7 !(OH)
+  3 7 j ( 0 )  +  7 i  o  = —6 0 .4 2  
( - 6 0 . 4 2 )  -  ( - 5 7 . 0 7 )  =  - 3 . 3 5  

- ( - 3 . 3 5 / 0 . 5 9 2 5 )  =  5 .6 5  
3 0 (C H 2 ) +  8 0 (C H )  +  0 (C )  +  0 ( c y c l ic ,  

s ix - m e m b e r e d .  tw o - r in g s )  +  0 ( c y c l ic ,  f iv e - m e m b e r e d .  

tw o - r in g s )  +  8 0 (O H )  +  3 0 ( 0 )  +  0 O =  - 7 . 8 6

acetate membranes. for batch 316(10/301-type cellulose acetate membranes.
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Table 4— Calculated and experimental values of solute transport parameter and solute separation for some food  sugars3

Solutes D-G lucose D -Fructose Sucrose Maltose La ctose

- A A G / R T 4.95 4.95 5.65 5.65 5.65

( S T E s l j im -5 . 4 2 -5 .4 2 - 7 . 8 6 - 7 . 8 6 -7 . 8 6

Film  1

k X  104 , cm/sec 9.6 9.5 7.4 7.4 7.4

e n (D A M /KS) calc - 1 3 . 0 8 -1 3 .0 8 -1 4 .8 2 -1 4 .8 2 -1 4 .8 2
exp -1 3 .2 9 - 1 3 .3 0 - - -

Separation, % calc 99.4 99.4 99.8 99.8 99.8
exp 99.5 99.5 99.3 99.6 99.8

Film  2

k X  104 , cm/sec 17.9 17.7 13.7 13.7 13.7

2 n (D A M / K 6 ) calc - 1 0 . 0 9 -1 0 .0 9 -1 1 .4 6 - 1 1 . 4 6 -1 1 .4 6
exp - 1 0 .0 9 - 1 0 . 0 0 -1 1 .4 6 -1 1 .4 1 -1 1 .6 1

Separation, % calc 93.3 93.2 97.1 97.1 97.1
exp 93.3 92.6 97.1 97.0 97.5

Film  3

k X  10 4 , cm/sec 20.5 20.3 15.7 15.7 15.7

in ( D A M / K i) calc - 8 . 8 9 -8 .8 9 -9 .9 7 -9 .9 7 - 9 .9 7
exp -8 . 7 2 -8 .6 8 - 1 0 .1 3 -9 . 8 2 -9 . 8 5

Separation, % calc 80.5 80.2 86.8 87.3 87.0

exp 77.7 76.6 87.5 85.5 85.6

Film  4

k X  104 , cm/sec 20.8 20.6 15.9 15.9 15.9

2 n ( D ) calc - 8 . 3 6 -8 .3 6 -9 .3 5 -9 . 3 5 -9 .3 5

exp -8 .3 1 -8 .4 1 -9 .5 3 -9 .1 1 -9 .2 8

Separation, % calc 69.3 68.7 75.1 76.8 76.1

exp 68.3 69.8 75.6 72.3 74.8

3 O p e ra tin g  pressure: 1 0 0 0  psig; S o lu te  cone  in feed: 1 0 0 0  ppm

S i m i l a r  c a l c u l a t i o n s  s h o w  t h a t  t h e  v a l u e s  o f  ( A A G / R T )  a n d  
( ô * 2 E s ) i i m  f o r  m a l t o s e  a n d  l a c t o s e  a r e  t h e  s a m e  a s  t h o s e  f o r  

s u c r o s e .

Comparison of calculated and experimental solute 
separation data for sugars

U s i n g  t h e  D a m / K ô  v a l u e s  p r e d i c t e d  b y  E q .  (1  ) ,  t h e  f r a c t i o n  
s o l u t e  s e p a r a t i o n  f  w a s  c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  r e l a t i o n 
s h i p  d e r i v e d  e a r l i e r  ( M a t s u u r a  a n d  S o u r i r a j a n ,  1 9 7 3 b )  f o r  d i 

l u t e  f e e d  s o l u t i o n s :

(P R )  l - f  r f (P R )  Ì  T 1 
Da m /K 6 -  3600Sp ' '  f [_exP 3600Skp j j  (7)

T h e  q u a n t i t y  ( P R )  m a y  b e  a s s u m e d  t o  b e  e s s e n t i a l l y  t h e  s a m e  
a s  ( P W P )  f o r  d i l u t e  f e e d  s o l u t i o n s  w h o s e  o s m o t i c  p r e s s u r e s  a r e  

n e g l i g i b l e  c o m p a r e d  t o  t h e  o p e r a t i n g  p r e s s u r e .  T h e  ( P W P )  f o r  
e a c h  f i l m  c a n  b e  c a l c u l a t e d  f r o m  d a t a  o n  A  g i v e n  i n  T a b l e  1. 
T h e  a p p l i c a b l e  v a l u e s  o f  k  w e r e  d e t e r m i n e d  b y  t h e  m e t h o d  
d e s c r i b e d  e a r l i e r  ( M a t s u u r a  e t  a l . ,  1 9 7 4 b ) .

A  s e t  o f  r e v e r s e  o s m o s i s  e x p e r i m e n t s  o n  s e p a r a t i o n  o f  f o o d  
s u g a r s  w a s  c o n d u c t e d .  F o u r  m e m b r a n e s  o f  d i f f e r e n t  s u r f a c e  

p o r o s i t i e s  ( f i l m s  1 t o  4  s p e c i f i e d  i n  T a b l e  1 )  w e r e  u s e d .  T h e  
s o l u t e  c o n c e n t r a t i o n  i n  t h e  f e e d  s o l u t i o n  w a s  1 0 0 0  p p m  i n  
t h e s e  e x p e r i m e n t s .  T h e  r e s u l t s ,  g i v e n  i n  T a b l e  4 ,  s h o w e d  e x c e l 
l e n t  a g r e e m e n t  b e t w e e n  c a l c u l a t e d  a n d  e x p e r i m e n t a l  d a t a  o n  

s o l u t e  s e p a r a t i o n  a n d  ( D a m / K S ) .

Studies on aqueous sucrose solutions
T h e  v a l u e s  o f  D A m / K 5  c a l c u l a t e d  b y  E q .  ( 1 )  a b o v e  a r e  

a p p l i c a b l e  o n l y  f o r  d i l u t e  f e e d  s o l u t i o n s .  H o w e v e r ,  i t  h a s  b e e n  

s h o w n  ( M a t s u u r a  a n d  S o u r i r a j a n ,  1 9 7 1 b )  t h a t  w i t h  r e s p e c t  t o  
D - g l u c o s e ,  m a l t o s e  a n d  l a c t o s e ,  D A m / K S  i s  i n d e p e n d e n t  o f  
s o l u t e  c o n c e n t r a t i o n ;  i t  w a s  f o u n d  i n  t h i s  w o r k  t h a t  t h i s  w a s  

a l s o  t h e  c a s e  w i t h  r e s p e c t  t o  D - f r u c t o s e .  T h e r e f o r e ,  w i t h  

r e s p e c t  t o  t h e  a b o v e  f o u r  s u g a r s ,  t h e  v a l u e s  o f  D a m  /K .6  o b 
t a i n e d  f r o m  E q .  ( 1 )  a r e  a l s o  a p p l i c a b l e  f o r  c o n c e n t r a t e d  s o l u 

t i o n s .
W i t h  r e s p e c t  t o  s u c r o s e ,  i t  h a s  b e e n  s h o w n  ( K i m u r a  a n d  

S o u r i r a j a n ,  1 9 6 8 ;  S o u r i r a j a n ,  1 9 7 0 b )  t h a t  D ^ ^ / K d  d e c r e a s e s  
w i t h  i n c r e a s e  i n  s u c r o s e  c o n c e n t r a t i o n  i n  t h e  b o u n d a r y  s o l u 
t i o n  a s  g i v e n  b y  t h e  e x p r e s s i o n :

(D A M ^'U sucrose ~ (sucrose exP( Ĉ A 2)

w i t h  e  =  3 3  f o r  b a t c h  1 8 - t y p e  c e l l u l o s e  a c e t a t e  m e m b r a n e s  a t  

1 0 0 0  p s ig .
N a t u r a l  s u g a r  s o l u t i o n s ,  s u c h  a s  c a n e  j u i c e s ,  c o n t a i n  s m a l l  

q u a n t i t i e s  o f  p e c t i n  w h i c h  m a y  b e  e x p e c t e d  t o  i n c r e a s e  s o l u 
t i o n  v i s c o s i t y  a n d  h e n c e  d e c r e a s e  t h e  m a s s  t r a n s f e r  c o e f f i c i e n t  
s i g n i f i c a n t l y  i n  r e v e r s e  o s m o s i s .  H e n c e  i t  w a s  o f  p r a c t i c a l  i n 
t e r e s t  t o  s t u d y  t h e  e f f e c t  o f  s u c r o s e  a n d  p e c t i n  c o n c e n t r a t i o n  

o n  m a s s  t r a n s f e r  c o e f f i c i e n t .
R e v e r s e  o s m o s i s  e x p e r i m e n t s  ( r u n s  1 t o  6 )  .w e r e  c a r r i e d  o u t  

a t  d i f f e r e n t  f e e d  f l o w  r a t e s  u s i n g  f o u r  m e m b r a n e s  ( f i l m s  1 t o
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4 )  o f  d i f f e r e n t  s u r f a c e  p o r o s i t i e s  u s i n g  t h e  f o l l o w i n g  f e e d  s o l u 
t i o n  c o m p o s i t i o n s :

run 1: 0.0032 molal sucrose ('vlOOO ppm)
run 2: 0.61 molal sucrose
run 3: 1.25 molal sucrose
run 4: 0.774 molal sucrose + pectin
ran 5: 1.31 molal sucrose + pectin
run 6: 1.94 molal sucrose + pectin

T h e  w è i g h t  r a t i o  o f  p e c t i n / s u c r o s e  w a s  0 . 0 0 0 7 5  i n  r u n s  4 ,  5  

a n d  6 .  T h e  r e v e r s e  o s m o s i s  d a t a  o b t a i n e d  w e r e  t h e n  a n a l y z e d

t o  d e t e r m i n e  t h e  v a l u e s  o f  X a 2> D a m / K b ,  a n d  k  w i t h  r e s p e c t  
t o  s u c r o s e .  S i n c e  t h e  s o l u t e  c o n c e n t r a t i o n  i n  r u n  1 w a s  v e r y  

d i l u t e ,  E q .  ( 7 )  w a s  u s e d  t o  d e t e r m i n e  D a m / K S .  T h e  g e n e r a l  
K i m u r a - S o u r i r a j a n  e q u a t i o n s  ( S o u r i r a j a n ,  1 9 7 0 b )  w e r e  u s e d  t o  
a n a l y z e  t h e  d a t a  f o r  t h e  o t h e r  r u n s .  T h e  r e s u l t s  o b t a i n e d  a r e  
p l o t t e d  i n  F i g u r e s  3  t o  6 .

F i g u r e  3  g iv e s  t h e  s e m i l o g  p l o t s  o f  X a 2  v e r s u s  D a m / K S  f o r  
s u c r o s e  f o r  t w o  f i l m s ;  t h e  c o r r e l a t i o n s  f o r  t h e  o t h e r  t w o  f i l m s  

w e r e  s i m i l a r .  T h e  s t r a i g h t  l i n e s  s h o w n  c o r r e s p o n d  t o  t h e  c o r r e 
l a t i o n  r e p r e s e n t e d  b y  E q .  ( 8 )  w i t h  e  =  2 6 .  T h e  e f f e c t  o f  v a r i 

a t i o n  o f  k  w i t h  X A i  ( m o l e  f r a c t i o n  o f  s u c r o s e  i n  f e e d  s o l u -

Fig. 3— Correlation o f D  A ^ /K b  vs tor
aqueous sucrose solution with and without 

addition o f pectin. Film, batch 316(10/30)- 
type cellulose acetate membranes; feed sucrose 
molality, 0.0032^1.94; weight ratio o f pectin/ 
sucrose, 0.00075 in runs 4, 5 and 6; feed rate, 
400 cc/m in; operating pressure, 1000 psig.

C\J

Fig. 4 — Mass transfer coefficient k and kinematic viscosity change with sucrose concentration 

X A1. k values for film, batch 316(10/30)-type cellulose acetate membranes; feed sucrose m o
lality, 0.33^1.94; weight ratio o f  pectin /sucrose, 0.00075; feed rate, 400 cc/m in; operating 
pressure, 1000 psig.

Fig. 5— Correlation o f  N s h ^ S c 33 versus /VRe 
for aqueous sucrose solution with and without 
addition of pectin. Film, batch 316(10/30)- 
type cellulose acetate membranes; feed sucrose 

molality, 0.33^1.94; weight ratio of pectin/ 
sucrose, 0.00075 when pectin was added; feed 

flowrate, 400 cc/min; operating pressure, 1000 
psig.

Fig. 6 -M a ss  transfer coefficient k vs Sn (D A M /K8). Film, batch 316 (10/30)-type cellulose 
acetate membranes; feed, aqueous solutions o f (A ) sodium  chloride 5000 ppm ; (B) sucrose 
molality 0.0032; (C) sucrose molality 0.33; (D ) sucrose molality 0.77; (E) sucrose molality 
1.94. Weight ratio o f  pectin /sucrose, 0.00075 in D  and E; feed rate, 400 cc/m in; operating 
pressure, 1000 psig.
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Table 5— Calcium chloride separations from  the sucrose-pectin-
calcium chloride feed solutions3

Separation o f CaCI2 , %

Run M ola lity  of Film Calc
no. sucrose no. at k = “ = Exp

5 96.4 98.8

9 0.816
6 65.1 -
7 48.4 72.3
8 37.2 61.6
5 92.1 98.6

10 1.35 6 43.4 77.2
7 27.8 64.0
8 20.1 52.8
5 64.6 95.1

11 2.00
6 15.7 55.3
7 11.0 43.1
8 8.1 33.7
5 92.1 98.3

12 1.35
6 43.4 76.4
7 27.8 62.0
8 20.1 -

3 C on ce n tra t io n  o f C a C I2 =  0 . 0 0 2 5  m ola l in  all cases; pectin/sucro se  
w t ratio  =  0 . 0 0 0 7 5  in  ru n s  9 , 1 0  and  11; o p e ra t in g  p re ssu re  =  1 0 0 0  
psig

t i o n )  i s  s h o w n  i n  F i g u r e  4  w h i c h  a l s o  g i v e s  e x p e r i m e n t a l  d a t a  

o n  t h e  v i s c o s i t y  o f  a q u e o u s  s u c r o s e  s o l u t i o n s  w i t h  a n d  w i t h o u t  

p e c t i n .  F i g u r e  5  g i v e s  a  l o g - l o g  p l o t  o f  N R e v e r s u s  

N s h / N s c 0 - 3 3 - F i g u r e  6  s h o w s  t h e  e f f e c t  o f  c h a n g e  i n  a v e r a g e  
p o r e  s i z e  o n  t h e  m e m b r a n e  s u r f a c e  [ a s  r e p r e s e n t e d  b y  8 n  

( D a m / K 5 )  f o r  N a C l ]  o n  k .
W h i l e  t h e  v a l u e  o f  k  a l w a y s  t e n d s  t o  i n c r e a s e  w i t h  a n  i n 

c r e a s e  i n  a v e r a g e  p o r e  s i z e  o n  t h e  m e m b r a n e  s u r f a c e ,  t h i s  

t e n d e n c y  i s  p r a c t i c a l l y  i n s i g n i f i c a n t  w i t h  v i s c o u s  s o l u t i o n s  o f  
h i g h  s u c r o s e  c o n t e n t  w i t h  o r  w i t h o u t  p e c t i n  f o r  w h i c h  t h e  
v a l u e s  o f  k  a r e  l o w  b e c a u s e  o f  t h e  v i s c o s i t y  e f f e c t .  C o n s e q u e n t 
l y ,  o n e  c a n  c o n c l u d e  t h a t  t h e  l i n e a r  c o r r e l a t i o n  s h o w n  i n  

F i g u r e  5  c a n  b e  a s s u m e d  t o  b e  p r a c t i c a l l y  i n d e p e n d e n t  o f  p o r e  

s i z e  o n  t h e  m e m b r a n e  s u r f a c e  f o r  v i s c o u s  s u c r o s e  f e e d  s o l u 

t i o n s .  T h e  s t r a i g h t  l i n e  c o r r e l a t i o n s  g i v e n  i n  F i g u r e  5 m a y  b e  
e x p r e s s e d  b y  e i t h e r  o n e  o f  t h e  f o l l o w i n g  e q u i v a l e n t  r e l a t i o n s :

o r

log(Nsh/Nsc33) = 0.946 log NRe -  0.719 (9)

k = 0.191 4 
a

/ Q \0'946 D a‘| 7 
\ h  /  „0.62

( 1 0 )

W h i l e  E q .  ( 9 )  a n d  ( 1 0 )  a r e  a p p l i c a b l e  o n l y  f o r  t h e  p a r t i c u l a r  
a p p a r a t u s  u s e d  i n  t h i s  w o r k ,  s i m i l a r  e x p r e s s i o n s  c a n  b e  

e s t a b l i s h e d  f o r  a n y  o t h e r  a p p a r a t u s  o n e  m a y  u s e  f o r  t h e  r e 
v e r s e  o s m o s i s  t r e a t m e n t  o f  v i s c o u s  s u c r o s e  s o l u t i o n s .

E f f e c t  o f  p r e s e n c e  o f  C a C l 2 i n  a q u e o u s  s u c r o s e  s o l u t i o n s  

w i t h  o r  w i t h o u t  p e c t i n

N a t u r a l  s u c r o s e  s o l u t i o n s ,  s u c h  a s  c a n e  j u i c e s ,  c o n t a i n  s m a l l  

q u a n t i t i e s  o f  i n o r g a n i c  s a l t s  i n  a d d i t i o n  t o  p e c t i n .  I t  i s  o f t e n  
d e s i r a b l e  t o  s e p a r a t e  t h e s e  i n o r g a n i c  s a l t s  i n  t h e  c o n c e n t r a t i o n  

o f  s u c h  n a t u r a l  s u g a r  s o l u t i o n s .  H e n c e  t h e  s e p a r a t i o n  c h a r a c 
t e r i s t i c s  o f  i n o r g a n i c  s a l t s  p r e s e n t  i n  a q u e o u s  s u c r o s e  o r  ( s u 

c r o s e  +  p e c t i n )  f e e d  s o l u t i o n s  a r e  o f  p r a c t i c a l  i n t e r e s t .

T h e  s e p a r a t i o n  c h a r a c t e r i s t i c s  o f  c a l c i u m  c h l o r i d e  ( c h o s e n  

a s  m o d e l  i n o r g a n i c  s a l t )  p r e s e n t  i n  a q u e o u s  s u c r o s e  f e e d  s o l u 

t i o n s  w i t h  o r  w i t h o u t  p e c t i n ,  w e r e  b r i e f l y  s t u d i e d  i n  t h i s  w o r k .  
T h e  c o n c e n t r a t i o n  o f  C a C l 2 u s e d  w a s  0 . 0 0 2 5  m o l a l  i n  a l l  c a s e s .  

W h e n  t h e  f e e d  s o l u t i o n  c o n t a i n e d  p e c t i n  a l s o ,  t h e  c o n c e n t r a 
t i o n  o f  t h e  l a t t e r  w a s  s u c h  t h a t  t h e  w e i g h t  r a t i o  o f  p e c t i n /  
s u c r o s e  w a s  0 . 0 0 0 7 5 .

A  s e t  o f  e x p e r i m e n t s  w a s  c a r r i e d  o u t  o n  v i s c o s i t y  m e a s u r e 
m e n t s .  T h e  r e s u l t s  ( F i g u r e  4 )  s h o w e d  t h a t  w h e r e a s  t h e  v i s c o s 

i t i e s  o f  a q u e o u s  s u c r o s e  s o l u t i o n s  w e r e  n o t  a f f e c t e d  b y  t h e  
p r e s e n c e  o f  C a C l 2 , t h e  v i s c o s i t i e s  o f  s u c r o s e  s o l u t i o n s  c o n t a i n 
i n g  p e c t i n  w e r e  s i g n i f i c a n t l y  r e d u c e d  i n d i c a t i n g  a  c h a n g e  i n  t h e  
s t r u c t u r e  o f  t h e  s u c r o s e - p e c t i n  s o l u t i o n  b r o u g h t  a b o u t  b y  t h e  
p r e s e n c e  o f  c a l c i u m  c h l o r i d e .

A  s e t  o f  r e v e r s e  o s m o s i s  e x p e r i m e n t s  w a s  c a r r i e d  o u t  w i t h  
f i l m s  5 t o  8  ( s p e c i f i e d  i n  T a b l e  1 )  u s i n g  t h e  f o l l o w i n g  f e e d  
s o l u t i o n s :

r u n  7 : s u c r o s e  ( 0 .0 0 3 2  m o la l ) —w a te r
r u n  8 : C a C l2 ( 0 .0 0 2 5  m o l a l ) —w a te r
r u n  9 : [ s u c r o s e ( 0 .8 1 6  m o la l )  +  p e c t in  +  C a C l2 ] - w a t e r
r u n  1 0 :  [ s u c r o s e ( l  .3 5  m o la l )  +  p e c t in  +  C a C l2 ] -  w a te r
r u n  1 1 :  [ s u c r o s e ( 2 .0  m o la l )  +  p e c t in  +  C a C l2 ] —w a te r
r u n  1 2 :  [ s u c r o s e ( 1 .3 5  m o la l )  +  C a C l2 ) - w a t e r

T h e  e x p e r i m e n t a l  d a t a  o n  s u c r o s e  s e p a r a t i o n  a n d  p r o d u c t  r a t e  

a r e  g i v e n  i n  F i g u r e  7  w h i c h  a l s o  s h o w s  ( s o l i d  l i n e s )  t h e  c o r r e 
s p o n d i n g  d a t a  c a l c u l a t e d  f r o m  t h e  K i m u r a - S o u r i r a j a n  t r a n s p o r t  

e q u a t i o n s  t o g e t h e r  w i t h  E q .  ( 8 ) .  T h e  a g r e e m e n t  b e t w e e n  t h e  
e x p e r i m e n t a l  a n d  c a l c u l a t e d  r e s u l t s  i s  v e r y  g o o d .

T h e  c a l c u l a t e d  v a l u e s  o f  ( D A ] y / K 5 ) s u c r o s e  X 1 0 5 ( i n  
c m / s e c )  f o r  t h e  f i l m s  5 ,  6 ,  7  a n d  8  w e r e  0 . 0 5 ,  0 . 5 5 ,  1 . 2 3 ,  a n d

2 . 0 ,  r e s p e c t i v e l y .  A s s u m i n g  e  =  0  [ i . e . ,  ( D A j q / K 8 ) s u c r o s e  is  
i n d e p e n d e n t  o f  X A 2 l ,  a  s e t  o f  c a l c u l a t i o n s  o n  s o l u t e  s e p a r a 
t i o n s  a n d  p r o d u c t  r a t e s  w a s  m a d e  f o r  f i l m  6 .  T h e  r e s u l t s  o f  
t h e s e  c a l c u l a t i o n s ,  g i v e n  i n  F i g u r e  7  b y  d o t t e d  O n e s ,  s h o w e d  
t h a t  t h e r e  w a s  p r a c t i c a l l y  n o  d i f f e r e n c e  b e t w e e n  t h e  a b o v e  
r e s u l t s  a n d  t h o s e  o b t a i n e d  f o r  t h e  c a s e  e  =  2 6 .  T h i s  m e a n s  t h a t  

w h e n  t h e  v a l u e  o f  ( D A [ q / K 8 ) s u c r o s e  i s  s u f f i c i e n t l y  s m a l l ,  t h e  
v a l u e  o f  e  m a y  b e  t a k e n  t o  b e  z e r o  f o r  p u r p o s e s  o f  p r a c t i c a l  
c a l c u l a t i o n s .

T h e  e x p e r i m e n t a l  d a t a  o n  s o l u t e  s e p a r a t i o n  w i t h  r e s p e c t  t o  
C a C l 2 o b t a i n e d  w i t h  t h e  f o u r  m e m b r a n e s  t e s t e d  a r e  g i v e n  i n  
T a b l e  5 .  T h e s e  d a t a  s h o w  t h a t  t h e  e x t e n t  o f  C a C l 2 s e p a r a t i o n  
d e c r e a s e d  s i g n i f i c a n t l y  w i t h  i n c r e a s e  i n  s u c r o s e  c o n c e n t r a t i o n  
i n  t h e  f e e d  s o l u t i o n .

A n  a t t e m p t  w a s  m a d e  t o  p r e d i c t  s e p a r a t i o n s  o f  C a C l 2 p r e s 
e n t  i n  a q u e o u s  s u c r o s e  f e e d  s o l u t i o n s  f o l l o w i n g  t h e  m e t h o d  
i d e n t i c a l  t o  t h a t  u s e d  e a r l i e r  ( M a t s u u r a  e t  a l . ,  1 9 7 4 b )  f o r  p r e 
d i c t i n g  s e p a r a t i o n s  o f  t - b u t y l  a l c o h o l  p r e s e n t  i n  a q u e o u s  s u 
c r o s e  f e e d  s o l u t i o n s .  T h i s  m e t h o d  i n v o l v e s  t h e  u s e  o f  E q .  ( 7 )  
a n d  t h e  e x p e r i m e n t a l  ( o r  c a l c u l a t e d )  d a t a  o n  ( D A m / K 8 )  f o r  
C a C l 2 o b t a i n e d  i n  r u n  8 ,  a n d  t h e  ( P R )  d a t a  o b t a i n e d  f o r  a q u e 
o u s  s u c r o s e  o r  ( s u c r o s e  +  p e c t i n )  f e e d  s o l u t i o n s .  F o r  u s i n g  E q .
( 7 )  t o  c a l c u l a t e  f ,  t h e  d a t a  o n  a p p l i c a b l e  v a l u e s  o f  k  f o r  C a C l 2 
a r e  n e e d e d  f o r  t h e  c a l c u l a t i o n  o f  w h i c h  d a t a  o n  d i f f u s i v i t i e s  o f  
C a C l 2 i n  a q u e o u s  s u c r o s e  o r  ( s u c r o s e  +  p e c t i n )  s o l u t i o n s  a r e  
n e e d e d .  N o  p r e c i s e  d a t a  o n  s u c h  d i f f u s i v i t i e s  a r e  a v a i l a b l e  i n  
t h e  l i t e r a t u r e .  T h e r e f o r e  s o l u t e  s e p a r a t i o n s  w e r e  c a l c u l a t e d  f o r  
t h e  l i m i t i n g  c a s e  o f  k  =  ° ° .  T h e  r e s u l t s  o b t a i n e d  a r e  g i v e n  i n  
T a b l e  5 .  T h e s e  r e s u l t s  r e p r e s e n t  t h e  m a x i m u m  l i m i t i n g  v a l u e s  
f o r  C a C l 2 s e p a r a t i o n  a c c o r d i n g  t o  E q .  ( 7 ) ;  t h e  a c t u a l  v a l u e s  
s h o u l d  b e  c o n s i d e r a b l y  l o w e r .  H o w e v e r  t h e  e x p e r i m e n t a l  r e 
s u l t s  s h o w e d  t h e  o p p o s i t e  t e n d e n c y ;  t h e  a c t u a l  C a C l 2 s e p a r a 
t i o n s  w e r e  c o n s i d e r a b l y  h i g h e r  w i t h  a l l  t h e  f i l m s  t e s t e d  i n  b o t h  
a q u e o u s  s u c r o s e  a n d  a q u e o u s  ( s u c r o s e  +  p e c t i n )  f e e d  s o l u t i o n s .  
T h i s  r e s u l t  i n d i c a t e s  t h a t  i n  a q u e o u s  s u c r o s e  s o l u t i o n s ,  C a C l 2 
d o e s  n o t  e x i s t  a s  a n  i n d e p e n d e n t  e n t i t y .  P r o b a b l y ,  C a C l 2 i s  

b o u n d  t o  t h e  s u c r o s e  m o l e c u l e  t o  f o r m  s o m e  c o m p l e x  c o m 

p o u n d .
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Improved mass transfer coefficients in the reverse osm osis 
treatment o f viscous sugar solutions

L o w  m a s s  t r a n s f e r  c o e f f i c i e n t s  o n  t h e  h i g h  p r e s s u r e  s i d e  o f  
t h e  m e m b r a n e  c o n s t i t u t e  a  g e n e r a l  p r o b l e m  i n  t h e  r e v e r s e  o s 

m o s i s  t r e a t m e n t  o f  v i s c o u s  f o o d  s u g a r  s o l u t i o n s  ( M a t s u u r a  e t  
a l . ,  1 9 7 3 a ;  1 9 7 4 a ) .  R e c e n t l y  a  n e w  l a b o r a t o r y  a p p a r a t u s  h a s  
b e e n  d e v e l o p e d  ( T h a y e r  e t  a l . ,  1 9 7 5 )  f o r  i m p r o v i n g  m a s s  t r a n s 
f e r  c o e f f i c i e n t s  i n  c o n f i n e d  l i q u i d  r e v e r s e  o s m o s i s  o p e r a t i o n s  

w h i c h  c a n  b e  u s e d  i n  f o o d  p r o c e s s i n g  a p p l i c a t i o n s .  I n  t h i s  
a p p a r a t u s ,  t h e  m a s s  t r a n s f e r  c o e f f i c i e n t  o n  t h e  h i g h  p r e s s u r e  
s i d e  o f  t h e  m e m b r a n e  i s  i n c r e a s e d  b y  s w e e p i n g  t h e  m e m b r a n e  

s u r f a c e  a t  a  p r e d e t e r m i n e d  f r e q u e n c y  b y  a  b a c k - a n d - f o r t h  
m o v e m e n t  o f  t h e  f e e d  l i q u i d  i t s e l f  t h r o u g h  a n  a d j u s t a b l e  n a r 
r o w  c h a n n e l  i n  t h e  c e l l .

A  f e w  r e v e r s e  o s m o s i s  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h  
( s u c r o s e  +  p e c t i n )  f e e d  s o l u t i o n s  u s i n g  t h e  a b o v e  a p p a r a t u s ,  
s e t t i n g  t h e  c h a n n e l  w i d t h  a t  0 . 0 1 5  c m ,  d i f f e r e n t i a l  p r e s s u r e  a t  

3 0  p s i  a n d  s w e e p i n g  f r e q u e n c y  a t  6 0  m i n ' 1 . T h e  c o n c e n t r a 
t i o n s  o f  s u c r o s e  i n  t h e  f e e d  s o l u t i o n s  u s e d  w e r e  i n  t h e  r a n g e  

2 0 - 4 0  w t  % ;  a n d ,  t h e  w e i g h t  r a t i o  o f  p e c t i n / s u c r o s e  w a s  
0 . 0 0 0 7 5  i n  a l l  c a s e s .  T h e  v a l u e s  o f  k  o b t a i n e d  i n  t h e  a b o v e  
r e v e r s e  o s m o s i s  e x p e r i m e n t s  w e r e  c o m p a r e d  w i t h  t h o s e  o b 

t a i n e d  i n  a  n o n f l o w  t y p e  r e v e r s e  o s m o s i s  c e l l  p r o v i d e d  w i t h  a  
m e c h a n i c a l  s t i r r e r  ( M a t s u u r a  e t  a l . ,  1 9 " ? 4 a )  u s i n g  a q u e o u s  s u 
c r o s e  a n d  ( s u c r o s e  +  p e c t i n )  f e e d  s o l u t i o n s  u n d e r  t h e  s a m e  
e x p e r i m e n t a l  c o n d i t i o n s  o f  o p e r a t i n g  p r e s s u r e  a n d  r a n g e  o f  
s o l u t e  c o n c e n t r a t i o n  i n  f e e d  s o l u t i o n s .  T h e  r e s u l t s  o b t a i n e d  a r e  
g i v e n  i n  F i g u r e  8  w h i c h  s h o w s  a  t h r e e f o l d  i m p r o v e m e n t  i n  t h e  
v a l u e s  o f  k  w i t h  t h e  n e w  a p p a r a t u s ,  i n  t h e  e n t i r e  r a n g e  o f  
s u c r o s e  c o n c e n t r a t i o n s  s t u d i e d .

Application o f physicochem ical criteria approach for 
process design calculations — an illustration

T h e  o b j e c t  o f  t h i s  s e c t i o n  i s  t o  g i v e  a  p r a c t i c a l  i l l u s t r a t i o n  
o f  s o m e  r e s u l t s  o f  p r o c e s s  d e s i g n  c a l c u l a t i o n s  r e l e v a n t  t o  
b a t c h w i s e  c o n c e n t r a t i o n  o f  f o o d  s u g a r s .  F i l m  1 w a s  c h o s e n  f o r

t h i s  i l l u s t r a t i o n .  F r o m  d a t a  o n  s p e c i f i c a t i o n s  f o r  f i l m  1 g i v e n  i n  

T a b l e  1 , t h e  v a l u e s  o f  ( D ^ m / K S )  X 1 0 5 ( i n  c m / s e c )  f o r  t h e  
f i l m  w i t h  r e s p e c t  t o  D - g l u c o s e ,  D - f r u c t o s e ,  s u c r o s e ,  m a l t o s e ,  

a n d  l a c t o s e  c a n  b e  c a l c u l a t e d  t o  b e  2 . 1 ,  2 . 1 ,  0 . 4 ,  0 . 4  a n d  0 . 4 ,  

r e s p e c t i v e l y .  T h e  a b o v e  v a l u e s  w e r e  c o n s i d e r e d  t o  b e  i n d e p e n 
d e n t  o f  f e e d  c o n c e n t r a t i o n  f o r  t h e  p u r p o s e  o f  t h e s e  c a l c u 

l a t i o n s .
T w o  c o n c e n t r a t i o n  p r o b l e m s  a r e  c o n s i d e r e d  i n  t h i s  i l l u s t r a 

t i o n .  I n  t h e  f i r s t  p r o b l e m ,  t h e  o b j e c t  : s  t o  c o n c e n t r a t e  a q u e o u s  

s u g a r  s o l u t i o n s  f r o m  1 - 1 0  w t  % ;  a l l  t h e  s u g a r  s o l u t e s  c o n 
s i d e r e d  a r e  i n c l u d e d  in  t h i s  p r o b l e m .  I n  t h e  s e c o n d  p r o b l e m ,

Fig. 8 — Mass transfer coefficient k vs feed concentration. Film, batch 
316(10/30)-type cellulose acetate membranes; feed sucrose solution, 

2 0 ^ 4 0 % ; weight ratio o f pectin to sucrose, 0.00075 when pectin was 
added; operating pressure, WOO psig.

° 100 
f  O 99.8

Oin < 99.4
99.2

-
7/

SUCROSE+ PECTIN SOLUTION (NEW APPARATUS)
LACTOSE SUCROSE SOLLTION (STIRRED CELL)

GLUCOSE 
FRUCTOSE 

___________________ L____ !< -

SUCROSE + PECTIN SOLUTION (STIRRED CELL)

__________ I___________________ l___________________

FOOD SUGARS 
CONCENTRATED 
FROM I TO 10 %

SUCROSE 
CONCENTRATED 
FROM 20 TO 4 0 %

Fig. 7— Sucrose separation and product rate data from reverse os
mosis experiments with sucrose or sucrose + pectin + CaCI2 solu
tions. Film, batch 316(10/30)-type cellulose acetate membranes; 
feed sucrose molality, 0.0032^2.0; weight ratio of pectin to su
crose, 0.00075 in runs 9, 10 and 11; CaCI2 molality, 0.0025; feed 
rate, 400 cc/min; operating pressure, 1000 psig.

F E E D  M O L A L I T Y

Fig. 9-Separation of food sugars and product rate data. Film, batch 
316(10/30)-type cellulose acetate membranes; weight ratio o f pectin 
to suc'ose, 0.00075 when pectin was added; operating pressure, 
1000 psig.
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t h e  o b j e c t  i s  t o  c o n c e n t r a t e  a q u e o u s  s u c r o s e  s o l u t i o n s  w i t h  o r  

w i t h o u t  p e c t i n  f r o m  2 0 —4 0  w t  %  s u c r o s e .  I n  o r d e r  t o  p r e d i c t  

m e m b r a n e  p e r f o r m a n c e  i n  t h e  a b o v e  r a n g e  o f  s u g a r  c o n c e n t r a 

t i o n s ,  t h e  a p p l i c a b l e  v a l u e s  o f  k  a r e  n e e d e d .  T h e s e  v a l u e s  w e r e  
b a s e d  o n  d a t a  g i v e n  i n  F i g u r e s  6  a n d  8 .

F i g u r e  6  s h o w 's  t h a t  f o r  f i l m  1 , t h e  v a l u e s  o f  k  a r e  e s s e n t i a l l y  

t h e  s a m e  ( 7 . 4  X  10 ^*  c m / s e c )  f o r  a q u e o u s  s u c r o s e  f e e d  s o l u 

t i o n s  i n  t h e  c o n c e n t r a t i o n  r a n g e  1 t o  1 0  w t  % .  F o l l o w i n g  t h e

CM

Fig. 10— Results o f reverse osmosis system analysis for the concen

tration o f some food sugars from 1^10%. Film, batch 

316( 10/301-type cellulose acetate membranes.

CONCENTRATION RATIO ( m) f / ( m) |

Fig. 11-R esu lts  o f reverse osmosis system analysis for the concen
tration of sucrose from 20— 40%. Film, batch 316(10/301-type cellu

lose acetate membranes. Weight ratio of pectin to sucrose, 0.00075  

when pectin was added.

m e t h o d  g i v e n  e a r l i e r  ( M a t s u u r a  e t  a l . ,  1 9 7 4 b )  t h e  c o r r e s p o n d 
i n g  v a l u e s  o f  k  X 1 0 4 f o r  D - g l u c o s e ,  D - f r u c t o s e ,  m a l t o s e ,  a n d  

l a c t o s e  a r e  9 . 5 ,  9 . 5 ,  7 . 4  a n d  7 . 4 ,  r e s p e c t i v e l y .  T h e s e  v a l u e s  
w e r e  u s e d  i n  t h e  s o l u t e  c o n c e n t r a t i o n  r a n g e  1 - 1 0  w t  % .  F o r  
a q u e o u s  s u c r o s e  s o l u t i o n s  w i t h  o r  w i t h o u t  p e c t i n  i n  t h e  s u 
c r o s e  c o n c e n t r a t i o n  r a n g e  2 0  t o  4 0  w t  % ,  t h e  d a t a  g i v e n  i n  
F i g u r e  8  w e r e  u s e d .

U s i n g  t h e  B a m / K 5  a n d  k  v a l u e s  g i v e n  a b o v e  f o r  t h e  v a r i o u s  

s o l u t e s ,  a n d  t h e  v a l u e s  o f  A  f o r  f i l m  1 g i v e n  i n  T a b l e  1 , s o l u t e  
s e p a r a t i o n  a n d  p r o d u c t  r a t e  d a t a  w e r e  c a l c u l a t e d  i n  t h e  c o n 
c e n t r a t i o n  r a n g e  1 — 1 0  w t  %  f o r  e a c h  o f  t h e  a q u e o u s  s u g a r  

s o l u t i o n s ,  a n d  2 0 —4 0  w t  %  f o r  a q u e o u s  s u c r o s e  s o l u t i o n s  b y  
t h e  m e t h o d  d e s c r i b e d  i n  t h e  l i t e r a t u r e  ( S o u r i r a j a n ,  1 9 7 0 c ) .  

T h e  r e s u l t s  o b t a i n e d  a r e  g i v e n  i n  F i g u r e  9  w h i c h  s h o w s  t h a t  
p r o d u c t  r a t e s  d e c r e a s e  w i t h  i n c r e a s e  i n  f e e d  c o n c e n t r a t i o n ,  a n d  
s o l u t e  s e p a r a t i o n s  r e m a i n  e s s e n t i a l l y  c o n s t a n t  i n  t h e  e n t i r e  

r a n g e  o f  c o n c e n t r a t i o n s  s t u d i e d .

U s i n g  t h e  r e s u l t s  g i v e n  i n  F i g u r e  9 ,  t h e  v o l u m e  c h a n g e  d u r 

i n g  c o n c e n t r a t i o n ,  ( V ) j / ( V ) f ,  f r a c t i o n  s o l u t e  r e c o v e r y ,  F  =  
( W s ) f / ( W s ) i ,  a n d  p r o c e s s i n g  c a p a c i t y  o f  t h e  m e m b r a n e ,  d u r i n g  

a  b a t c h w i s e  c o n c e n t r a t i o n  p r o c e s s  w e r e  c a l c u l a t e d  u s i n g  t h e  
r e l a t i o n s  d e r i v e d  i n  t h e  l i t e r a t u r e  ( S o u r i r a j a n ,  1 9 7 0 c ) .  T h e  r e 

s u l t s  o b t a i n e d  a r e  s h o w n  i n  F i g u r e s  1 0  a n d  1 1 .

CONCLUSIONS
T H I S  P A P E R  i l l u s t r a t e s  t h e  a p p l i c a t i o n  o f  a  f u n d a m e n t a l  
p h y s i c o c h e m i c a l  c r i t e r i a  a p p r o a c h  t o  t h e  p r o b l e m  o f  r e v e r s e  
o s m o s i s  c o n c e n t r a t i o n  o f  f o o d  s u g a r  s o l u t e s  u s i n g  p o r o u s  c e l l u 

l o s e  a c e t a t e  m e m b r a n e s .  W i t h  a p p r o p r i a t e  a d d i t i o n a l  r e s e a r c h ,  
t h i s  a p p r o a c h  c a n  b e  e x t e n d e d  t o  i n c l u d e  a  w i d e  v a r i e t y  o f  
s u c h  s o l u t e s  a n d  m e m b r a n e s .  W i t h  r e f e r e n c e  t o  t h e  p r o b l e m  
c o n s i d e r e d  i n  t h i s  p a p e r ,  i f  t h e  o b j e c t  i s  t o  r e c o v e r  t o  a  s p e c i f i c  
e x t e n t  a n y  p a r t i c u l a r  s u g a r  s o l u t e  b y  r e v e r s e  o s m o s i s ,  t h e  
a b o v e  a p p r o a c h  is  c a p a b l e  o f  p r e d i c t i n g  w h a t  m e m b r a n e  s p e c i 
f i c a t i o n s  a n d  o p e r a t i n g  c o n d i t i o n s  c a n  a c c o m p l i s h  t h e  d e s i r e d  

o b j e c t i v e .

LIST OF SYMBOLS

A

d

d a b
D a m /KS

( B  a m / ^ ^ 1 s u c ro s e

f
F

AG
( - A A G / R T )

h
k

^ n l-N a C l

CnA*

m

N A
N R e
N S c
N Sh
(PR)

(PWP)

Q

= p u re  w a te r  p e r m e a b i l i t y  c o n s t a n t ,  g  m o le  
w a t e r / c m 2 s e c  a tm

= m o la r  d e n s i t y  o f  s o lu t i o n ,  g  m o l e / c m 3 
=  d i a m e te r  o f  f l a t  m e m b r a n e  u s e d ,  c m  
=  d i f f u s iv i ty  o f  s o lu t e  in  w a te r ,  c m 2 /s e c  
= s o lu te  t r a n s p o r t  p a r a m e te r  ( t r e a t e d  a s  a  s in g le  

q u a n t i t y ) ,  =  N A / ( c 2 X A 2  -  c 3 X A 3 ) ,  c m /s e c .
=  l im i t in g  v a lu e  o f  ( D A m /K S )  f o r  s u c r o s e  

a t  X A 2  =  0 , c m /s e c  
= f r a c t i o n  s o lu t e  s e p a r a t io n  
=  f r a c t i o n  s o lu t e  r e c o v e r y  in  t h e  b a tc h w is e  

c o n c e n t r a t i o n  p ro c e s s  
=  f r e e  e n e r g y  o f  h y d r a t i o n ,  k c a l /g  m o le  
=  p o la r  f r e e  e n e r g y  p a r a m e te r  
=  d e p t h  o f  c e l l  (=  1 .4 3  c m  in  th is  w o rk )
=  m a s s  t r a n s f e r  c o e f f i c i e n t  o n  h ig h  p r e s s u re  

s id e  o f  m e m b r a n e ,  c m /s e c  
=  c o n s t a n t  r e p r e s e n t i n g  th e  a v e r a g e  p o re  s iz e  

o n  m e m b r a n e  s u r f a c e
= a d j u s t m e n t  p a r a m e t e r  t o  c a n c e l  t h e  o v e r la p p in g  

e f f e c t  o f  p o r e  s iz e  o n  th e  q u a n t i t i e s  
S n C N a C l a n d  6 * S E s 

= s o lu t e  m o la l i ty  
=  s o lu te  f lu x ,  g  m o le / c m 2 sec  
=  R e y n o l d ’s n u m b e r  = Q /h v  
=  S c h m id t  n u m b e r  =  v /D A B  
=  S h e r w o o d  n u m b e r  = k d / D A B  
= p r o d u c t  r a t e ,  g r a m s /h o u r  p e r  g iv e n  a r e a  o f  

m e m b r a n e  s u r f a c e
=  p u r e  w a te r  p e r m e a t io n  r a t e ,  g r a m s /h o u r  p e r  

g iv e n  a re a  o f  m e m b r a n e  s u r f a c e  
=  fe e d  f lo w  r a t e ,  c m 3 /s e c



680-J O U R N A L  O F FOOD SC/ENCE-Vo/ume 41 (1976)

R = g a s  c o n s t a n t
S = e f f e c t iv e  a re a  o f  m e m b r a n e  s u r f a c e ,  c m 2
T = a b s o lu t e  t e m p e r a t u r e ,  ° K

V v o lu m e  o f  s o lu t io n  o n  th e  h ig h  p r e s s u re  
s id e  o f  m e m b r a n e  d u r in g  b a tc h w is e  
c o n c e n t r a t i o n  p r o c e s s ,  c m 3

w s = w t  o f  s o lu t e  in  t h e  a b o v e  s o lu t io n ,  g ra m s

X A
= m o le  f r a c t i o n  o f  s o lu te

G r e e k  l e t t e r s

7 ( s t r u c t u r a l = in c r e m e n t a l  f r e e  e n e r g y  o f  h y d r a t i o n
g r o u p ) f o r  t h e  s t r u c t u r a l  g r o u p  c o n c e r n e d ,  

k c a l /g  m o le

T o = c h a r a c t e r i s t i c  c o n s t a n t  a p p l ic a b le  t o  
a l l  s t r u c t u r a l  g r o u p s ,  k c a l /g  m o le

« * ^ E S = c o n t r i b u t i o n  o f  m o le c u la r  s te r ic  
p a r a m e te r  t o  t h e  q u a n t i t y  Sn ( D ^ m / ^ 5 )

( « • z E , ) , , , , , = l im i t in g  v a lu e  o f  t h e  q u a n t i t y  6 * £ E S

e = c o n s t a n t  d e f in e d  b y  E q . (8 )
V = k in e m a t i c  v is c o s i ty  o f  s o lu t io n  (b a s e d  

o n  d a ta  in  F ig . 4 ) ,  c m 2 /s e c

P d e n s i t y  o f  s o lu t io n ,  g r a m / c m 3

^ ( s t r u c t u r a l - i n c r e m e n t a l  q u a n t i t y  o f  s t e r ic  p a r a m e te r
g r o u p ) f o r  t h e  s t r u c t u r a l  g r o u p  c o n c e r n e d

<t>o

S u b s c r ip t s

c h a r a c t e r i s t i c  c o n s t a n t  a p p l ic a b le  to  
a ll  s t r u c t u r a l  g r o u p s

B
1 
1
2

3

b u lk  s o lu t io n  p h a s e  
m e m b r a n e - s o lu t io n  in t e r f a c e
b u lk  s o lu t io n  o n  t h e  h ig h  p r e s s u r e  s id e  o f  t h e  m e m b r a n e  
c o n c e n t r a t e d  b o u n d a r y  s o lu t io n  o n  t h e  h ig h  p r e s s u r e  s id e  

o f  t h e  m e m b r a n e
m e m b r a n e  p e r m e a te d  p r o d u c t  s o lu t io n  o n  t h e  a tm o s p h e r i c  

p r e s s u r e  s id e  o f  t h e  m e m b r a n e

S u f f ix e s
i =  i n i t i a l  s t a t e  o f  f e e d  s o lu t io n
f  =  f in a l  s t a t e  o f  f e e d  s o lu t io n

REFERENCES
B ord w ell, F .G . 1 9 6 3 . “ Organic C h em istry ,”  p. 6 7 3 . M acm illan , N ew  

Y ork.
Kim ura, S. and Sourirajan, S. 1 9 6 8 . T ransport characteristics  o f  p orou s  

cellu lose  aceta te  m em b ran es for reverse o sm osis  sep aration  o f su
crose in  aq u eou s so lu tio n s. Ind. Eng. C hem . Process D esign  D evelop . 
7: 548 .

M atsuura, T ., B axter, A .G . and Sourirajan, S. 1 9 7 3 a . C on cen tra tion  of 
fru it ju ices b y  reverse o sm osis  using p orou s ce llu lo se  a ceta te  m em 
branes. A cta  A lim entaria  2 (2 ):  109 .

M atsuura, T ., B axter, A .G . and Sourirajan, S. 1 9 7 4 a . S tu d ies  on  reverse  
osm osis  for co n cen tra tio n  o f fru it ju ices. J. F o o d  S ci. 39 : 7 0 4 .

M atsuura, T ., B axter, A .G . and Sourirajan, S. 1 9 7 5 a . R everse o sm osis  
recovery  o f  flavor c o m p o n en ts  from  apple ju ice  w aters. J. F o o d  Sci. 
40: 1 0 3 9 .

M atsuura, T ., B ednas, M .E. and Sourirajan, S. 1 9 7 4 b . R everse o sm o sis  
separation  o f single and m ixed  a lcoh o ls  in aq u eou s so lu tio n s  using  
p orou s cellu lose  acetate  m em branes. J. A ppl. P o lym . S ci. 18 : 567 .

M atsuura, T ., D ick so n , J.M. and Sourirajan, S. 1 9 7 6 . F ree energy  
param eters for reverse o sm osis  sep arations o f  u n d issoc ia ted  polar  
organic so lu tes  in d ilu te  aq u eou s so lu tio n s. Ind . Eng. C hem . P rocess  
D es. D evelop . 15: 149.

M atsuura, T ., Pageau, L. and Sourirajan, S. 1 9 7 5 b . R everse o sm osis  
sep aration  o f  inorganic so lu te s  in aq u eou s so lu tio n s  u sin g  porous  
ce llu lo se  aceta te  m em branes. J. A ppl. P o lym . S ci. 19 : 1 7 9 .

M atsuura, T. and Sourirajan, S. 1 9 7 1 a . P h y sico ch em ica l criteria for  
reverse osm osis  sep aration  o f a lco h o ls , p h en o ls, and m o n o ea rb o x y lic  
acids in  aq u eou s so lu tio n s  using p orou s ce llu lo se  aceta te  m em 
branes. J. A ppl. P o lym . Sci. 15: 2 9 0 5 .

M atsuura, T. and Sourirajan, S. 1 9 7 1 b . R everse o sm o sis  sep aration  o f  
so m e organic so lu tes  in aq u eou s so lu tio n s  u sin g  p orou s cellu lo se  
aceta te  m em branes. Ind. Eng. C hem . Process D es. D evelop . 10 : 102 .

M atsuura, T. and Sourirajan, S. 1 9 7 3 b . P h y sico ch em ica l criteria  for 
reverse o sm osis  sep aration  o f m o n o h y d r ic  and p o ly h y d r ic  a lco h o ls  
in  aq u eou s so lu tio n s  using p orou s ce llu lo se  a ceta te  m em b ran es. J. 
A ppl. P o lym . Sci. 1 7 : 1 0 4 3 .

Pageau, L. and Sourirajan, S. 1 9 7 2 . Im p rovem en t o f  p orou s ce llu lo se  
aceta te  reverse osm osis  m em branes b y  change o f  castin g  co n d it io n s . 
J. A ppl. P o lym . Sci. 16: 3 1 8 5 .

Sourirajan, S. 1 9 6 4 . S eparation  o f  so m e inorganic sa lts in aq u eo u s so lu 
t io n  b y  flow  un der pressure through porous ce llu lo se  aceta te  m em 
branes. Ind. Eng. Chem . F u ndam en ta ls  3: 206 .

Sourirajan, S. 1 9 7 0 . “ R everse O sm osis,”  (a) Ch 1; (b ) Ch 3 ; (c ) Ch 5. 
A cad em ic  Press, N ew  York.

T hayer, W .L., Pageau, L. and Sourirajan, S. 1 9 7 5 . Im p rovem en t o f  m ass  
transfer c o e ffic ie n ts  in reverse osm osis  by  oscilla tory  flo w . Can. J. 
C hem . Eng. 53 : 422 .

Ms received  6 /2 5 /7 5 ;  revised 1 0 /2 8 /7 5 ;  accep ted  1 1 /5 /7 5 ._______________
Issued as N R C  N o. 1 5 2 1 8 .



D. G G U A D A G N I,  /. P. M A IE R '  and J. G. T U R N  B A U G H  

U S D A  Western Regional Research Laboratory, A R S ,  Berkeley, C A  94710

EFFECT OF NEODIOSMIN ON THRESHOLD AND BITTERNESS OF LIMONIN
IN WATER AND ORANGE JUICE

----------------------------- ABSTRACT -----------------------------
T h e  t h r e s h o ld s  o f  l im o n in  a n d  n a r in g in  in  w a t e r  a n d  l im o n in  in  o r a n g e  
ju i c e  w e re  d e t e r m in e d  in  t h e  p r e s e n c e  o f  v a r y in g  a m o u n t s  o f  n e o d io s -  
m in  ( N E O ) ,  th e  f la v o n e  a n a lo g  o f  t h e  b i t t e r  f la v a n o n e  n e o h e s p e r id in .  
U p  to  4 0  p p m  o f  N E O  in  w a te r  s o lu t io n  w a s  e s s e n t ia l ly  t a s t e le s s ,  b u t  a s  
l i t t l e  a s  1 0  p p m  in  w a te r  i n c r e a s e d  t h e  t h r e s h o l d  o f  n a r in g in  a n d  l im o 
n in  3 .5 -  a n d  4 .0 - f o ld ,  r e s p e c t iv e ly .  R e g r e s s io n  a n a ly s i s  s h o w e d  t h e  r e 
la t i o n  b e tw e e n  l im o n in  a n d  n a r in g in  t h r e s h o ld  a n d  N E O  c o n c e n t r a t i o n  
in  w a te r  w a s  b e s t  d e s c r ib e d  b y  a  p o w e r  f u n c t i o n  w i t h  s im ila r  s lo p e  
e x p o n e n t s  f o r  n a r in g in  a n d  l im o n in .  T h is  i n d i c a t e d  t h a t  in c r e a s in g  c o n 
c e n t r a t i o n s  o f  N E O  h a d  a  s im i la r  b i t t e r  s u p p re s s iv e  e f f e c t  f o r  b o t h  
c o m p o u n d s .  T h e  d a t a  f o r  l im o n in  t h r e s h o ld  a n d  N E O  c o n c e n t r a t i o n  in  
o ra n g e  ju ic e  w a s  a ls o  d e s c r ib e d  b e s t  b y  a  p o w e r  f u n c t i o n  b u t  w i t h  a 
m u c h  s m a l le r  s lo p e  e x p o n e n t .  N e v e r th e le s s ,  N E O  w a s  e f f e c t iv e  in  s ig 
n i f i c a n t ly  r e d u c in g  b i t t e r n e s s  i n  o r a n g e  ju i c e  a t  t h r e s h o l d  a n d  s u p ra -  
t h r e s h o ld  le v e ls  o f  l im o n in .  T h e  a d d i t i o n  o f  6 0 - 1 0 0  p p m  o f  N E O  t o  
o r a n g e  ju ic e  c o n ta in in g  1 0  p p m  o f  a d d e d  l im o n in  r e d u c e d  l im o n in  
b i t t e r n e s s  t o  t h e  e q u iv a l e n t  o f  4 - 5  p p m  o f  l im o n in  in  o ra n g e  ju ic e .

INTRODUCTION
T H E  T H R E S H O L D S  o f  l i m o n i n  a n d  n a r i n g i n ,  a n d  t h e  e f f e c t  

o f  v a r i o u s  s w e e t e n e r s  o n  t h e  t h r e s h o l d  o f  t h e s e  b i t t e r  c o n s t i t u 
e n t s  h a v e  b e e n  r e p o r t e d  ( G u a d a g n i  e t  a l . , 1 9 7 3 ,  1 9 7 4 a ) .  S u b 
t h r e s h o l d  i n t e r a c t i o n s  b e t w e e n  l i m o n i n  a n d  n a r i n g i n  a n d  t h e s e  

b i t t e r  m a t e r i a l s  a n d  v a r i o u s  s w e e t e n i n g  a g e n t s  h a v e  a l s o  b e e n  
s t u d i e d  ( G u a d a g n i  e t  a l . ,  1 9 7 4 b ) .  T h e s e  s t u d i e s  i n d i c a t e  t h a t  
t h e  t h r e s h o l d s  o f  l i m o n i n  a n d  n a r i n g i n  w e r e  i n c r e a s e d  b y  a d 

d i t i o n  o f  s u c r o s e ,  d i h y d r o c h a l c o n e s  a n d  o t h e r  s w e e t e n e r s ,  a n c k  
t h a t  t h e  s u p r a t h r e s h o l d  b i t t e r n e s s  o f  t h e s e  s u b s t a n c e s  w a s  s ig 
n i f i c a n t l y  r e d u c e d  b y  s o m e  o f  t h e s e  s w e e t e n e r s .  E a r l i e r  

H o r o w i t z  a n d  G e n t i l i  ( H o r o w i t z ,  1 9 6 4 )  f o u n d  t h a t  a  s o l u t i o n  

o f  n a r i n g i n  c o n t a i n i n g  a  l a r g e  a m o u n t  o f  r h o i f o l i n  ( t h e  f l a v o n e  
a n a l o g  o f  n a r i n g i n )  i s  l e s s  b i t t e r  t h a n  n a r i n g i n  a l o n e .  T h e y  
s u g g e s t e d  t h a t  r h o i f o l i n  c o m p e t e s  w i t h  n a r i n g i n  f o r  s i t e s  o n  
t h e  t a s t e  r e c e p t o r s  e v e n  t h o u g h  i t  i s  a  t a s t e l e s s  c o m p o u n d .  T h i s  
o b s e r v a t i o n  s u g g e s t e d  t h a t  o t h e r  t a s t e l e s s  c i t r u s  c o n s t i t u e n t s  
w h i c h  h a v e  s t r u c t u r a l  s i m i l a r i t i e s  t o  n a r i n g i n  o r  l i m o n i n  m i g h t  

a l s o  h a v e  t h e  a b i l i t y  t o  s u p p r e s s  b i t t e r n e s s .
T h i s  p a p e r  d e a l s  w i t h  t h e  e f f e c t  o f  t h e  c i t r u s  c o n s t i t u e n t  

n e o d i o s m i n  ( N E O )  o n  t h e  t h r e s h o l d  a n d  b i t t e r n e s s  o f  n a r i n g i n  
a n d  l i m o n i n  i n  w a t e r  a n d  o n  l i m o n i n  i n  o r a n g e  j u i c e .  N e o 
d i o s m i n  is  t h e  t a s t e l e s s  f l a v o n e  a n a l o g  o f  t h e  b i t t e r  f l a v a n o n e  

n e o h e s p e r i d i n  ( H o r o w i t z ,  1 9 6 4 ) .

MATERIALS & METHODS
A L L  S O L U T IO N S  o f  l im o n in ,  n a r in g in  a n d  N E O  w e r e  m a d e  b y  w e ig h 
in g  th e  d r y  c r y s ta l s  t o  t h e  n e a r e s t  0 .1  m g  a n d  d is s o lv in g  in  t h e  r e q u i r e d  
a m o u n t  o f  t r i p l e  d i s t i l l e d  w a te r .  T h e  o r a n g e  ju i c e  w a s  r e c o n s t i t u t e d  
w i t h  t r i p le  d i s t i l l e d  w a te r  f r o m  a  u n i f o r m  lo t  o f  c o m m e r c ia l ly  p r e p a r e d  
f r o z e n  c o n c e n t r a t e .  T h e  a d d e d  l im o n in  a n d  N E O  w e re  d is s o lv e d  in  t h e  
w a te r  u s e d  f o r  r e c o n s t i t u t i n g  t h e  ju i c e .

1 U SD A  F ru i t  & V eg e tab le  C h em is try  L a b ., A R S , P a sad e n a , CA 
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S e n s o r y  e v a l u a t io n

T h r e s h o ld s  o f  l im o n in  a n d  n a r in g in  w e r e  d e t e r m i n e d  e x a c t l y  a s  d e 
s c r ib e d  p r e v io u s ly  ( G u a d a g n i  e t  a l . ,  1 9 7 3 ) .  T h e  e f f e c t  o f  N E O  o n  
th r e s h o ld  o f  t h e  b i t t e r  s u b s t a n c e s  w a s  d e t e r m i n e d  b y  a d d in g  s p e c i f i e d  
a m o u n t s  o f  N E O  t o  b o t h  c o n t r o l  a n d  l im o n in - c o n t a in i n g  s a m p le  a n d  
th e n  d e t e r m in in g  th r e s h o ld  o f  l im o n in  i n  t h e  u s u a l  w a y .  B r ie f ly ,  t h e  
p a n e l i s t s  w e re  p r e s e n te d  a  s e r ie s  o f  s a m p le  p a i r s  in  w h ic h  o n e  s a m p le  
c o n t a i n e d  d i s t i l l e d  w a te r  a n d  N E O  o r  o r a n g e  ju i c e  a n d  N E O ,  a n d  th e  
o t h e r  s a m p le  c o n ta in e d  t h e  s a m e  c o n s t i t u e n t s  p lu s  in c r e a s in g  a m o u n t s  
o f  t h e  b i t t e r  s u b s t a n c e .  T h e  ta s k  w a s  t o  d e t e r m i n e  w h ic h  s a m p le  in  e a c h  
p a i r  c o n t a i n e d  t h e  b i t t e r  m a te r ia l .  T h e  d a t a  w e re  c o r r e c t e d  f o r  c h a n c e  
b y  s u b t r a c t in g  5 0  f r o m  p e r c e n t a g e  c o r r e c t  r e s p o n s e s  a b o v e  c h a n c e  a n d  
m u l t ip l y in g  th e  r e s u l t  b y  2 . T h is  f ig u r e  w a s  p l o t t e d  a g a in s t  c o n c e n 
t r a t i o n  o n  lo g - p r o b a b i l i ty  p a p e r ,  a n d  t h e  t h r e s h o ld  w a s  t a k e n  a t  5 0 %  
d e t e c t i o n .  T h is  c o r r e s p o n d s  t o  t h e  f a m i l ia r  L D 50 c o m m o n ly  u s e d  in  
d o s e - r e s p o n s e  e x p e r i m e n t s  ( L i t c h f i e ld  a n d  W i lc o x o n ,  1 9 4 9 ) .  T h e  
th r e s h o ld s  w e re  d e t e r m in e d  w i th  2 0 - 2 5  t r a i n e d  p a n e l i s t s  w h o  e v a lu 
a t e d  f iv e  s u c c e ss iv e  c o n c e n t r a t i o n s  w i th  t h r e e  r e p l i c a t i o n s  e a c h  g iv in g  a 
m in im u m  o f  6 0  ju d g m e n t s  f o r  e a c h  c o n c e n t r a t i o n .

T h e  e f f e c t  o f  N E O  o n  s u p r a th r e s h o ld  b i t t e r n e s s  w a s  d e t e r m i n e d  b y  
a d d in g  s u p r a th r e s h o ld  a m o u n t s  o f  l im o n in  t o  o r a n g e  j u i c e .  T h is  ju ic e  
w a s  p a i r e d  w i th  a n o t h e r  s a m p le  o f  t h e  s a m e  ju i c e  c o n ta in in g  a  s p e c i f i e d  
a m o u n t  o f  N E O . T h e  p a ir  o f  s a m p le s  w a s  p r e s e n te d  to  t h e  p a n e l  w h ic h  
w a s  i n s t r u c t e d  to  c h e c k  th e  c o d e  o f  t h e  m o r e  b i t t e r  s a m p le .  In  s o m e  
c a s e s  o n e  s a m p le  in  t h e  p a i r  c o n t a i n e d  o r a n g e  ju i c e  w i t h o u t  l im o n in  o r  
N E O  a n d  t h e  o t h e r  s a m p le  c o n ta in e d  a  c o n s t a n t  a m o u n t  o f  l im o n in  a n d  
v a ry in g  a m o u n t s  o f  N E O . A s  a b o v e ,  t h e  t a s k  w a s  t o  d e t e r m i n e  w h ic h  
s a m p le  in  e a c h  p a i r  w a s  m o re  b i t t e r .  S ig n i f ic a n c e  o f  t h e  r e s u l t s  w a s  
d e t e r m in e d  b y  t h e  s ig n  t e s t  (G a c u la  e t  a l . ,  1 9 7 1 ) .

RESULTS & DISCUSSION 
Taste of added compounds

I n  p r e v i o u s  w o r k ,  i t  w a s  f o u n d  t h a t  b i t t e r n e s s  o f  l i m o n i n  

a n d  n a r i n g i n  i r .  w a t e r  a n d  o r a n g e  j u i c e  w a s  r e d u c e d  b y  a d d i 
t i v e s  w h i c h  p o s s e s s e d  a  c h a r a c t e r i s t i c  t a s t e .  S u c r o s e  a n d  d i h y -  
d r o c h a l c o n e  s w e e t e n e r s  w e r e  e f f e c t i v e  i n  i n c r e a s i n g  t h e  t h r e s h 
o l d  o f  l i m o n i n  a n d  n a r i n g i n  a n d  i n  r e d u c i n g  t h e  a p p a r e n t  b i t 

t e r n e s s  o f  l i m o n i n  o r  n a r i n g i n  s o l u t i o n s .  H o w e v e r ,  t h e s e  e f f e c t s  
w e r e  o n l y  a c h i e v e d  a t  s w e e t e n e r  l e v e l s  w e l l  a b o v e  t h e  t h r e s h 

o l d s  o f  t h e  s w e e t e n e r s  i n d i c a t i n g  t h e  c h a r a c t e r i s t i c  s w e e t  t a s t e  

m a y  h a v e  i n t e r f e r e d  w i t h  t h e  p e r c e p t i o n  o f  b i t t e r n e s s .  R e l a 
t i v e l y  l a r g e  a m o u n t s  o f  c i t r i c  a c i d  a l s o  i n c r e a s e d  t h e  t h r e s h o l d  

o f  l i m o n i n  a n d  n a r i n g i n ,  b u t  t h i s  w a s  p r o b a b l y  d u e  t o  t h e  
“ n o i s e ”  e f f e c t  o f  t h e  i n t e n s e  s o u r n e s s  o f  t h e  m i x t u r e .  O b v i 
o u s l y  e x c e s s i v e  s o u r n e s s  i s  n o t  a  p r a c t i c a l  s u p p r e s s a n t  f o r  b i t 
t e r n e s s  b e c a u s e  i t  i s  e q u a l l y  o b j e c t i o n a b l e ,  b u t  a  c e r t a i n  
a m o u n t  o f  s w e e t e n i n g  i s  n o t  o n l y  t o l e r a b l e  b u t  i n  s o m e  c a s e s  
d e s i r a b l e .  I d e a l l y ,  a  b i t t e r n e s s  s u p p r e s s o r  s h o u l d  h a v e  n o  t a s t e  
o f  i t s  o w n  a n d  n o t  i n t e r f e r e  w i t h  t h e  c h a r a c t e r i s t i c  t a s t e  o f  

o r a n g e  j u i c e  e x c e p t  t o  r e d u c e  l i m o n i n  b i t t e r n e s s .  N e o d i o s m i n  
w a s  e s s e n t i a l l y  t a s t e l e s s  t o  p r a c t i c a l l y  a l l  o f  t h e  p a n e l  m e m 
b e r s .  A  f e w  p a n e l i s t s  o c c a s i o n a l l y  d e s c r i b e d  t h e  t a s t e  o f  4 0  
p p m  s o l u t i o n s  i n  w a t e r  a s  b i t t e r ;  s o m e  d e s c r i b e d  t h e  t a s t e  a s  

s w e e t  a n d  o t h e r s  a s  a s t r i n g e n t .  A t t e m p t s  t o  d e t e r m i n e  t h e  
t h r e s h o l d  o f  N E O  i n  w a t e r  a r e  s h o w n  i n  T a b l e  1 . I t  i s  r e a d i l y  
a p p a r e n t  t h a t  u p  t o  4 0  p p m  o f  t h i s  c o m p o u n d  i n  d i s t i l l e d  
w a t e r  d i d  n o t  h a v e  a  t a s t e  d i s t i n g u i s h a b l e  f r o m  w a t e r .  F u r t h e r 
m o r e ,  t h e  s e n s o r y  d a t a  d o  n o t  s h o w  a n y  t r e n d  o f  i n c r e a s i n g
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c o r r e c t  r e s p o n s e s  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o v e r  t h e  r a n g e  

1 . 2 5 - 4 0  p p m .  T h i s  s u g g e s t s  t h a t  t h e  t h r e s h o l d  is  w e l l  b e y o n d  

4 0  p p m .

E f f e c t  o f  N E O  o n  t h r e s h o l d  o f  l i m o n i n  a n d  n a r i n g i n

T h e  e f f e c t  o f  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  N E O  o n  t h e  
t h r e s h o l d s  o f  l i m o n i n  a n d  n a r i n g i n  i n  w a t e r  a n d  o f  l i m o n i n  i n  

o r a n g e  j u i c e  i s  s h o w n  i n  F i g u r e  1 . R e g r e s s i o n  a n a l y s i s  f o r  t h e  
v a l u e s  o b t a i n e d  f r o m  N E O  c o n c e n t r a t i o n  a n d  l i m o n i n  t h r e s h 
o l d  i n d i c a t e d  t h e  b e s t  f i t  f o r  t h e  d a t a  w a s  g i v e n  b y  a  p o w e r

Table 1—Detectability of neodiosmin in water solution (Taste 
threshold)

Judgments indicating more 
bitter sample was:

(ppm) N Neodiosmin Water

1.25 20 10 10
2.5 61 27 34
5 61 33 28

10 61 27 34
20 20 11 9
40 20 9 11

Table 2—Effect of neodiosmin on threshold of limonin in water 
and orange juice

Neodiosmin Limonin 95%
(ppm) Medium threshold (ppm) confidence limits

0 water 1.0 0.8-1.3
10 water 4.0 3.4—4.8
0 juice 3.4 2.7-4.2

10 juice 5.2

COCDIq

Fig. 1 — Relation between lim onin an d  naringin threshold a n d  neo 
diosm in (N E O ) concentration in water an d  in orange juice, o  =  

water, • =  orange juice, 7"N = threshold o f naringin, T L =  threshold 
o f  limonin, -  concentration o f  N EO .

r a t h e r  t h a n  a  l i n e a r  o r  e x p o n e n t i a l  f u n c t i o n .  T h e  e x p o n e n t s  i n  

t h e  e q u a t i o n s  f o r  t h e  p o w e r  f u n c t i o n s  i n d i c a t e  v e r y  s i m i l a r  
s l o p e s  f o r  b o t h  l i m o n i n  a n d  n a r i n g i n  t h r e s h o l d s  i n  w a t e r  s o 
l u t i o n .  T h i s  i n d i c a t e s  t h a t  i n c r e a s i n g  a m o u n t s  o f  N E O  r e d u c e d  
t h e  p a n e l ’s  s e n s i t i v i t y  t o  l i m o n i n  a n d  n a r i n g i n  b i t t e r n e s s  a t  a  
s i m i l a r  r a t e  a s  i s  a p p a r e n t  b y  t h e  e s s e n t i a l  p a r a l l e l i s m  b e t w e e n  

t h e  l i n e s  f o r  l i m o n i n  a n d  n a r i n g i n  t h r e s h o l d s  i n  w a t e r .  N e o 
d i o s m i n  i n c r e a s e d  t h e  t h r e s h o l d  o f  l i m o n i n  f r o m  1 . 0  t o  4 . 0  

p p m  a n d  t h a t  o f  n a r i n g i n  f r o m  2 0  t o  6 5  p p m  g i v i n g  a  3 . 5 -  t o

4 - f o l d  i n c r e a s e  i n  t h r e s h o l d  w i t h  o n l y  1 0  p p m  o f  N E O .  T h i s  
s u g g e s t s  t h a t  t h e  k i n e t i c s  o f  t h e  b i t t e r  s u p p r e s s i o n  r e a c t i o n  c r  

p r o c e s s  i s  s i m i l a r  f o r  b o t h  b i t t e r  s u b s t a n c e s .

A s  s h o w n  i n  T a b l e  1 , a  c o n c e n t r a t i o n  o f  1 0  p p m  i s  f a r  
b e l o w  t h e  t h r e s h o l d  o f  N E O  i n  w a t e r ,  s o  t h a t  i t s  e f f e c t i v e n e s s  

i n  s u p p r e s s i n g  b i t t e r n e s s  i s  n o t  a s s o c i a t e d  w i t h  a  t a s t e  o f  i t s  
o w n  s u c h  a s  m a y  o c c u r  w i t h  s w e e t e n i n g  a g e n t s .  A t  a  l e v e l  c f  

1 0  p p m ,  N E O  i s  f a r  m o r e  e f f e c t i v e  t h a n  t h e  d i h y d r o c h a l c o n e s  
i n  i n c r e a s i n g  t h e  t h r e s h o l d s  o f  l i m o n i n  a n d  n a r i n g i n  i n  w a t e r  

s o l u t i o n  ( G u a d a g n i  e t  a h ,  1 9 7 4 a ) .  T h i s  s u g g e s t s  t h e  p o s s i b i l i t y  
t h a t  N E O  m a y  p r e v e n t  b i t t e r n e s s  p e r c e p t i o n  b y  s o m e  t y p e  o f  
c h e m i c a l  o r  p h y s i c a l  r e a c t i o n  o r  a s s o c i a t i o n  w i t h  t h e  b i t t e r  

r e c e p t o r  s i t e s .  T h e  r e l a t i v e  d e g r e e  o f  p e r c e i v e d  b i t t e r n e s s ,  a s  
m e a s u r e d  b y  t h r e s h o l d  c o n c e n t r a t i o n s ,  w o u l d  d e p e n d  o n  t h e  
c o m p e t i t i o n  b e t w e e n  N E O  a n d  t h e  b i t t e r  s u b s t a n c e s  f o r  t h e  

r e c e p t o r  s i t e s  a n d  o n  t h e  k i n e t i c s  o f  t h e  p r o c e s s .

W i t h i n  t h e  r a n g e  o f  c o n c e n t r a t i o n s  s t u d i e d  f o r  N E O  i n  

w a t e r ,  t h e  i n t e n s i t y  o f  b i t t e r n e s s  r e m a i n s  a t  t h e  t h r e s h o l d  l e v e l  

w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o f  l i m o n i n  p r o v i d e d  t h e  c o n c e n 
t r a t i o n  o f  N E O  a n d  l i m o n i n  a r e  w i t h i n  t h e  l i m i t s  d e s c r i b e d  b y :  
T L  =  1 . 0 2 7  C N E O 0 . 6 1  w h e r e  T L  =  t h r e s h o l d  c o n c e n t r a t i o n  o f  

l i m o n i n  a n d  C N E O  =  c o n c e n t r a t i o n  o f  N E O .  F o r  e x a m p l e ,  4 . 2  
p p m  o f  l i m o n i n  i n  w a t e r  c o n t a i n i n g  1 0  p p m  N E O  w o u l d  b e  
j u s t  p e r c e p t i b l y  a n d  e q u a l l y  b i t t e r  t o  a  s o l u t i o n  c o n t a i n i n g  2 . 5  
p p m  N E O  a n d  1 .8  p p m  l i m o n i n .

I n  o r a n g e  j u i c e ,  t h e  s i t u a t i o n  i s  c o n s i d e r a b l y  m o r e  c o m p l i 
c a t e d  w i t h  m a n y  m o r e  k n o w n  a n d  u n k n o w n  c o n s t i t u e n t s  
e x e r t i n g  a n  e f f e c t  o n  b i t t e r n e s s  p e r c e p t i o n  ( G u a d a g n i  e t  a l . ,
1 9 7 3 )  T h e  r e l a t i o n  b e t w e e n  l i m o n i n  t h r e s h o l d  a n d  N E O  c o n 
c e n t r a t i o n  i s  s t i l l  d e s c r i b e d  b e s t  b y  a  p o w e r  f u n c t i o n ,  b u t  t h e  

s l o p e  e x p o n e n t  o f  0 . 1 5  i s  o n l y  a b o u t  1 / 4  o f  t h e  e x p o n e n t  
o b t a i n e d  f o r  w a t e r .  T h i s  i n d i c a t e s  t h a t  b i t t e r n e s s  s u p p r e s s i o n  

i n  t e r m s  o f  i n c r e a s e d  l i m o n i n  t h r e s h o l d  p e r  u n i t  c o n c e n t r a t i o n  
o f  N E O  i s  m u c h  l e s s  i n  o r a n g e  j u i c e  t h a n  i n  w a t e r  ( F i g .  1 )  

A p p r o x i m a t e l y  6 0  p p m  o f  N E O  w a s  r e q u i r e d  t o  d o u b l e  t h e  
t h r e s h o l d  o f  l i m o n i n  i n  o r a n g e  j u i c e ,  w h e r e a s  o n l y  1 0  p p m  o f  

t h e  s a m e  c o m p o u n d  i n c r e a s e d  l i m o n i n  t h r e s h o l d  i n  w a t e r  4 -  
f o l d .  N e v e r t h e l e s s ,  l i m o n i n  t h r e s h o l d  s t e a d i l y  i n c r e a s e d  f r o m

3 . 4  t o  6 . 8  p p m  o v e r  a  r a n g e  o f  1 —6 0  p p m  o f  a d d e d  N E O .  T h i s  
r e p r e s e n t s  a  s i g n i f i c a n t  i n c r e a s e  i n  b i t t e r n e s s  s u p p r e s s i o n  i n  a n  
i m p o r t a n t  r a n g e  o f  l i m o n i n  c o n c e n t r a t i o n .  T a b l e  2  c o m p a r e s  

l i m o n i n  t h r e s h o l d s  i n  w a t e r  a n d  o r a n g e  j u i c e  w i t h  a n d  w i t h o u t  
1 0  p p m  o f  N E O .  E v e n  t h i s  s m a l l  a m o u n t  o f  a d d i t i v e  s i g n i f i 
c a n t l y  i n c r e a s e d  t h e  l i m o n i n  t h r e s h o l d  o v e r  t h e  c o n t r o l  
s a m p l e .  A s  m e n t i o n e d  a b o v e ,  t h e  i n c r e a s e  i n  w a t e r  w a s  m u c h  
h i g h e r  t h a n  i n  o r a n g e  j u i c e .  T h e  l i m o n i n  c o n c e n t r a t i o n  i n  t h e  
j u i c e  w a s  r a i s e d  1 .8  p p m  w i t h o u t  i n c r e a s i n g  a p p a r e n t  b i t t e r 
n e s s .  T h i s  a m o u n t s  t o  a n  i n c r e a s e  o f  a p p r o x i m a t e l y  5 3 %  b a s e d  
o n  t h e  l i m o n i n  t h r e s h o l d  o f  t h e  c o n t r o l  j u i c e .  T h e r e f o r e ,  i t  i s  
a p p a r e n t  t h a t  N E O  w a s  e f f e c t i v e  i n  r e d u c i n g  l i m o n i n  b i t t e r n e s s  
i n  o r a n g e  j u i c e  a s  w e l l  a s  i n  w a t e r  s o l u t i o n s .

T h e  r e s u l t s  s o  f a r  h a v e  d e a l t  w i t h  e f f e c t s  o f  N E O  o n  t h e  
t h r e s h o l d  c o n c e n t r a t i o n  o f  l i m o n i n  o r  t h e  a m o u n t  t h a t  5 0 %  o f  
t h e  p a n e l  c a n  d i s t i n g u i s h  f r o m  n o r m a l  c o n t r o l  j u i c e .  T h i s  i s  a n  
i m p o r t a n t  c o n c e p t  b e c a u s e  o b v i o u s l y  b i t t e r n e s s  d o e s  n o t  
r e p r e s e n t  a  p r o b l e m  i f  i t  i s  n o t  p e r c e i v e d .  H o w e v e r ,  t h e r e  a r e  
s i t u a t i o n s  w h e r e  b i t t e r n e s s  i s  p r e s e n t  a b o v e  t h r e s h o l d  l e v e l s  f o r  

m a n y  c o n s u m e r s  a n d  p o t e n t i a l  c o n s u m e r s  o f  c i t r u s  j u i c e s .  
U n d e r  t h e s e  c o n d i t i o n s  i t  w o u l d  b e  u s e f u l  t o  k n o w  i f  N E O  
c o u l d  r e d u c e  b i t t e r n e s s  a t  s u p r a t h r e s h o l d  l e v e l s  o f  l i m o n i n  i n  
c i t r u s  j u i c e s .
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F i g u r e  2  s h o w s  t h e  r e l a t i o n  b e t w e e n  r e l a t i v e  b i t t e r n e s s  a n d  

N E O  c o n c e n t r a t i o n  i n  o r a n g e  j u i c e  c o n t a i n i n g  6  p p m  a d d e d  

l i m o n i n .  T h i s  a m o u n t  o f  l i m o n i n  i s  a l m o s t  t w i c e  t h e  t h r e s h o l d  

l e v e l ,  a n d  h e n c e  8 5 %  o f  t h e  r e s p o n s e s  i n d i c a t e d  t h e  s a m p l e  
c o n t a i n i n g  6  p p m  l i m o n i n  a n d  n o  N E O  w a s  m o r e  b i t t e r  t h a n  

t h e  c o n t r o l  j u i c e  w i t h o u t  a d d i t i v e s .  A s  t h e  c o n c e n t r a t i o n  o f  
N E O  w a s  i n c r e a s e d  i n  t h e  s a m p l e  c o n t a i n i n g  6  p p m  l i m o n i n ,  
t h e  p e r c e n t a g e  o f  c o r r e c t  r e s p o n s e s  ( i n d i c a t i n g  s a m p l e  w i t h  6  

p p m  a s  m o r e  b i t t e r )  s t e a d i l y  d e c r e a s e d  f r o m  8 5  t o  5 0 %  o v e r

Table 3— Relative bitterness o f orange juice containing varying 
am ounts of added lim onin and neodiosm in

Judgm ents indicating more bitter 
sample was:

Com parison N
L im on in

alone

L im on in  plus 
neodiosm in

4  ppm  lim onin vs:

4  ppm  lim onin plus 
10 ppm  neodiosm in 40 16 24

6 ppm lim onin vs:
6 ppm lim onin plus 

10 ppm neodiosm in 20 8 12

8 ppm  lim onin vs:
8 ppm  lim onin plus 

10 ppm  neodiosm in 38 15 23

10 ppm  lim onin vs: 
10 ppm  lim onin plus 
60  ppm  neodiosm in 40 26 14

10 ppm  lim onin vs: 

10 ppm  lim onin plus 
100  ppm  neodiosm in 40 30 10a

3 S ig n if ic a n t  at P <  0.01

t h e  r a n g e  o f  0 - 4 0  p p m  N E O .  W i t h  4 0  p p m  N E O  t h e  s a m p l e  

c o n t a i n i n g  6  p p m  l i m o n i n  w a s  u n d i s t i n g u i s h a b l e  f r o m  t h e  c o n 
t r o l ,  i n d i c a t i n g  t h a t  N E O  h a d  n e u t r a l i z e d  t h e  b i t t e r  e f f e c t  o f  
L i m o n i n .  T h i s  i s  e s s e n t i a l l y  t h e  s a m e  v a l u e  f o r  l i m o n i n  t h r e s h 

o l d  p r e d i c t a b l e  f r o m  t h e  e q u a t i o n :  T L =  3 . 4 5  C N E O °  ' 5 
w h e r e  T L  =  t h r e s h o l d  o f  l i m o n i n  a n d  C  =  4 0  p p m  N E O  ( F i g .

1 ) .  I n  o n e  c a s e  ( t h r e s h o l d )  6  p p m  l i m o n i n  i n  t h e  p r e s e n c e  o f  
4 0  p p m  N E O  w a s  r e q u i r e d  f o r  s i g n i f i c a n t  b i t t e r n e s s  p e r c e p 
t i o n ,  a n d  i n  t h e  o t h e r  4 0  p p m  N E O  w a s  r e q u i r e d  t o  n e u t r a l i z e  

t h e  b i t t e r n e s s  o f  j u i c e  c o n t a i n i n g  6  p p m  o f  l i m o n i n .  T h e  c o n 

f i r m a t i o n  o f  t h e  e f f e c t i v e n e s s  o f  N E O  b y  t h e  t w o  d i f f e r e n t  
s e n s o r y  p r o c e d u r e s  a d d s  v a l i d i t y  t o  t h e  r e l a t i o n  s h o w n  i n  
F i g u r e  1.

T a b l e  3  s h o w s  t h e  e f f e c t  o f  N E O  i n  r e d u c i n g  b i t t e r n e s s  i n  

o r a n g e  j u i c e  c o n t a i n i n g  v a r i o u s  a m o u n t s  o f  a d d e d  l i m o n i n .  I t  

w i l l  b e  n o t e d  t h a t  b o t h  s a m p l e s  i n  e a c h  c o m p a r i s o n  c o n t a i n e d  

t h e  s a m e  a m o u n t  o f  a d d e d  l i m o n i n ,  b u t  v a r y i n g  a m o u n t s  o f  

N E O  w e r e  a d d e d  t o  o n e  o f  t h e  s a m p l e s  i n  e a c h  p a i r .  T h i s  is  a  
r a t h e r  d i f f i c u l t  t e s t  i n  t h a t  b o t h  s a m p l e s  a r e  a b o v e  t h e  b i t t e r 
n e s s  t h r e s h o l d ,  a n d  t h e  p a n e l i s t  m u s t  d i s t i n g u i s h  b e t w e e n  t w o  
r e l a t i v e l y  b i t t e r  s a m p l e s  r a t h e r  t h a n  a  n o n b i t t e r  c o n t r o l  s a m p l e  

a n d  o n e  t h a t  is  j u s t  p e r c e p t i b l y  b i t t e r  a s  i n  t h e  t h r e s h o l d  t e s t .  
F i g u r e  3 s h o w s  t h a t  t h e  l i m o n i n  d i f f e r e n c e  t h r e s h o l d  f o r  j u i c e s  
w i t h  v a r y i n g  a m o u n t s  o f  a d d e d  l i m o n i n  v a r i e s  l i n e a r l y  o v e r  t h e  

r a n g e  2 . 4 - 2 0 . 4  p p m  L i m o n i n .  T h u s  f o r  a  r a n g e  o f  4 - 1 0  p p m  
o f  l i m o n i n  i n  j u i c e ,  t h e  l i m o n i n  d i f f e r e n c e  t h r e s h o l d  w o u l d  
v a r y  f r o m  a b o u t  4 . 9  t o  5 . 3  p p m .  T h i s  m e a n s  t h a t  t h e  N E O  

m u s t  r e d u c e  b i t t e r n e s s  b y  a n  a m o u n t  e q u i v a l e n t  t o  t h a t  o f  4 . 9  
t o  5 . 3  p p m  o f  l i m o n i n  f o r  t h e  p a n e l  t o  s i g n i f i c a n t l y  d i s t i n g u i s h  
b e t w e e n  s a m p l e s  w i t h  a n d  w i t h o u t  N E O .  F o r  e x a m p l e ,  a b o u t
5 . 3  p p m  o f  l i m o n i n  w o u l d  h a v e  t o  b e  n e u t r a l i z e d  i n  a  j u i c e  
c o n t a i n i n g  1 0  p p m  f o r  t h e  p a n e l  t o  f i n d  a  s t a t i s t i c a l l y  s i g n i f i 
c a n t  r e d u c t i o n  i n  b i t t e r n e s s .  T a b l e  3  s h o w s  t h e  b i t t e r n e s s  o f  

j u i c e s  w i t h  4 —8 p p m  o f  l i m o n i n  w a s  n o t  s i g n i f i c a n t l y  a f f e c t e d  
b y  1 0  p p m  o f  N E O .  W i t h  1 0  p p m  o f  a d d e d  l i m o n i n ,  6 0 - 1 0 0  
p p m  N E O  w e r e  r e q u i r e d  t o  c a u s e  a  s t a t i s t i c a l l y  s i g n i f i c a n t  
r e d u c t i o n  i n  l i m o n i n  b i t t e r n e s s .  A s  m e n t i o n e d  a b o v e ,  t h i s  

r e p r e s e n t s  a  b i t t e r n e s s  r e d u c t i o n  r o u g h l y  e q u i v a l e n t  t o  5 —6  

p p m  o f  a d d e d  l i m o n i n .
N e o d i o s m i n  w a s  e f f e c t i v e  i n  r e d u c i n g  L i m o n i n  b i t t e r n e s s  i n  

w a t e r  a n d  o r a n g e  j u i c e  u n d e r  a l l  t h e  s e n s o r y  c o n d i t i o n s  u s e d  t o
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Fig. 2— Effect o f neodiosmin on relative bitterness o f orange juice 

containing 6 ppm  of added limonin.

Fig. 3— Effect o f limonin concentration in orange juice on the difference 
threshold for limonin. A7 "l  =  difference threshold for limonin in orange 

juice. C|_ =  concentration o f  limonin in orange juice.
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m e a s u r e  c h a n g e s  i n  b i t t e r n e s s .  I t  w a s  e f f e c t i v e  i n  i n c r e a s i n g  
l i m o n i n  t h r e s h o l d  i n  w a t e r  a n d  o r a n g e  j u i c e ;  i t  w a s  e f f e c t i v e  i n  

r e d u c i n g  b i t t e r n e s s  o f  s u p r a t h r e s h o l d  l e v e l s  o f  l i m o n i n  w h e n  
c o m p a r e d  a g a i n s t  c o n t r o l  j u i c e s ;  a n d  i t  w a s  e f f e c t i v e  i n  r e 

d u c i n g  b i t t e r n e s s  o f  h i g h  l i m o n i n  j u i c e s  w h e n  b o t h  s a m p l e s  
c o m p a r e d  c o n t a i n e d  h i g h  l e v e l s  o f  l i m o n i n .  B y  i t s  a b i l i t y  t o  
r e d u c e  b i t t e r n e s s  u n d e r  a l l  o f  t h e s e  c o n d i t i o n s ,  i t  i s  p r o b a b l e  

t h a t  N E O  c o u l d  s i g n i f i c a n t l y  i n c r e a s e  t h e  a c c e p t a b i l i t y  o f  
j u i c e s  c o n t a i n i n g  r e l a t i v e l y  h i g h  l e v e l s  o f  l i m o n i n ,  e s p e c i a l l y  

f o r  c o n s u m e r s  w h o s e  l i m o n i n  t h r e s h o l d s  a r e  l o w e r  t h a n  a v e r 
a g e .
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----------------------------- ABSTRACT------------------------------
T h e  a u t h o r  p r o p o s e s  a  c la s s i f i c a t io n  o f  c y l in d r ic a l  a n d  r e c t a n g u la r  c a n s  
in  c a n - s h a p e -g ro u p s  in  o r d e r  t o  r e d u c e  t h e  n u m b e r  o f  t e m p e r a t u r e  
r e s p o n s e  c u rv e s  n e c e s s a r y  t o  c a r r y  o u t  a n  a c c u r a t e  e s t i m a t i o n  o f  t h e  
c e n t r a l  t e m p e r a t u r e  o f  t h e r m a l l y  c o n d u c t iv e  f o o d s .

INTRODUCTION
T H E  I M P O R T A N C E  o f  t h e  a c c u r a t e  c a l c u l a t i o n  o f  t h e  c e n t r a l  

t e m p e r a t u r e  i n  a  c a n n e d  f o o d  d u r i n g  h e a t  p r o c e s s i n g  h a s  b e e n  

p o i n t e d  o u t  i n  s e v e r a l  p a p e r s .  I n  t h i s  r e s p e c t ,  t h e o r e t i c a l  e q u a 
t i o n s  w e r e  a p p l i e d  b y  G i l l e s p y  ( 1 9 5 3 ) ,  H i c k s  ( 1 9 5 1 )  a n d  

R i e d e l  ( 1 9 4 7 ) .
N e w m a n n  ( 1 9 3 6 )  s t a t e d  t h a t ,  b y  m e a n s  o f  t h e  m u l t i p l i c a 

t i o n  r u l e  a p p l i e d  t o  e q u a t i o n s  v a l i d  f o r  i n f i n i t e  b o d i e s ,  i t  i s  
p o s s i b l e  t o  o b t a i n  s o l u t i o n s  f o r  f i n i t e  b o d i e s .  A s  a  c o n s e 

q u e n c e ,  f r o m  t h e  g r a p h i c  s o l u t i o n s  p r o p o s e d  b y  G u r n e y  a n d  
L u r i e  ( 1 9 2 3 )  f o r  i n f i n i t e  c y l i n d e r  a n d  i n f i n i t e  s l a b ,  i t  i s  p o s s i 
b l e  t o  o b t a i n  t e m p e r a t u r e  r e s p o n s e  c h a r t s  f o r  c y l i n d r i c a l  a n d  
r e c t a n g u l a r  c a n s .  H a y a k a w a  ( 1 9 6 9 )  p r o p o s e d  t e m p e r a t u r e  r e 
s p o n s e  c h a r t s  f o r  f i n i t e  c y l i n d e r s ,  p r e s e n t i n g  a  c u r v e  f o r  e a c h  
c a n  s h a p e  f a c t o r ,  i n  o r d e r  t o  e s t i m a t e  t h e  c e n t r a l  t e m p e r a t u r e  

o f  t h e r m a l l y  c o n d u c t i v e  f o o d .  A l l e s  a n d  C o w e l  ( 1 9 7 1 )  p o i n t e d  
o u t  a  t h e o r e t i c a l  e q u a t i o n  f o r  t h e  e v a l u a t i o n  o f  t h e  c e n t r a l  
t e m p e r a t u r e  i n  r e c t a n g u l a r  f o o d  c o n t a i n e r s .  W e  d i d  n o t  f i n d  
a n y  g r a p h i c a l  s o l u t i o n  f o r  t h e  c a l c u l a t i o n  o f  s u c h  t e m p e r a t u r e .

T h e  m a i n  p u r p o s e  o f  t h i s  p a p e r  i s  t o  p r o p o s e  a n  a d e q u a t e  
d e f i n i t i o n  o f  c a n - s h a p e - g r o u p s  t o  e n a b l e  r e p r e s e n t i n g  e a c h  
g r o u p  b y  a  u n i q u e  t e m p e r a t u r e  r e s p o n s e  c u r v e  f o r  t h e  e v a l u a 

t i o n  o f  t h e  c e n t r a l  t e m p e r a t u r e .

o n ly  o f  c a n  d im e n s io n s ,  w e  h a v e  t o  d e f in e  a  n e w  p a r a m e t e r  R y ,  so  t h a t :

s i n \ j C o s ( 2 \ j x / l )<x> oo

U = 4  £  £
i = l  j = l  \ ¡  +  sinX ¡ • c o s \ ¡  

J „ ( 2 d j r / d )
(3 )

[1  +  G S j / m H í í j J . d J j )
• e x p ( - 4 \ ?  RyL)

w h e re :

R ij
_  ( d / 1 ) 2 + ( |3 j A i ) 2 

( d / i ) 2 +  0 0 / M 2
(4 )

olQ
L

= 1 T
(5 )

S
d 2

(6 )
( d / 1 ) 2 +  03, / x ,  ) 2

S in c e  t h e  v a lu e  o f  u  is  m a in ly  i n f l u e n c e d  b y  t h e  f i r s t  t e r m  o f  t h e  
s e r ie s  ( E q .  1 ) , t h e  S =  S t j d e f i n i t i o n  is  t h e  b e s t  o n e .

A s s u m in g  m  =  <*> (H a y a k a w a ,  1 9 6 9 ;  H a y a k a w a  a n d  B a ll ,  1 9 6 9 ) ,  t h e  
c e n t r a l  t e m p e r a t u r e  c a n  b e  e s t i m a t e d  a s  fo l lo w s :

u
oo oo

4  £  £
s i n \ j

i = l  j = l  'MÆjJi (0 j)
e x p  ( - 4 \ J  R y L ) (7 )

w h e re :

d 2

( d / 1 ) 2 +  2 .3 4 4
(8 )

PROCEDURE TO DEFINE CAN-SHAPE-GROUPS
C y l in d r ic a l  c a n s

T h e  a p p l i c a t i o n  o f  t h e  m u l t i p l i c a t i o n  r u le  t o  t h e  e q u a t io n s  p r o p o s e d  
b y  C h a r m  ( 1 9 7 1 )  p e r m i t s  e v a lu a t in g  t h e  t e m p e r a t u r e  in  a  g iv e n  p o i n t  o f  
a  f i n i t e  c y U n d e r  ( E q .  1 ):

u = 4
"  °° s i n \ ;  • c o s ( 2 \ : x / l )
£  £  --------1---------------- ---------

i = l j = l  X, +  s in X ¡c o s \¡

Jq (2ffjf/d)
[ 1 + Oj/m)3 ] (3jJ, ((3j)

• e x p  [ —4 a ? (< *0 /S y )]

w h e re

’ij ( d / 1 ) 2 +  ( d j / k i ) 2

(1 )

(2 )

( D e f in i t i o n s  f o r  s y m b o ls  u s e d  a re  g iv e n  u n d e r  N o m e n c l a tu r e . )

I n  o r d e r  t o  d e f in e  a  g iv e n  F o u r i e r  n u m b e r  (L )  f o r  a l l  t h e  t e r m s  o f  
t h e  s e r ie s  (E q .  1) a n d  t o  d e f in e  a  p a r a m e te r  S t h a t  w il l  b e  a  f u n c t i o n

C o m p a r in g  t h e  r e s u l t s  g iv e n  b y  E q .  ( 7 )  w i t h  t h e  r e s u l t s  g iv e n  b y  t h e  
e q u a t i o n s  f o r  t h e  i n f i n i t e  c y U n d e r  a n d  in f i n i t e  s la b  (B aU  a n d  O ls o n ,  
1 9 5 7 ) ,  w e  c a n  e a s i ly  v e r i f y  t h a t :
( a )  W h e n  t h e  s h a p e  f a c to r  is  d / h  <  0 .2 5 ,  t h e  e q u a t i o n  v a lid  f o r  a n  

i n f i n i t e  c y l in d e r  p e r m i t s  e s t i m a t i n g  t h e  c e n t r a l  t e m p e r a t u r e .
( b )  W h e n  th e  s h a p e  f a c to r  is d / h  >  4 .0 0 ,  t h e  e q u a t i o n  vaU d f o r  a n  

i n f i n i t e  s la b  c a n  b e  u s e d  t o  e s t i m a te  t h e  c e n t r a l  t e m p e r a t u r e .
T h e n ,  E q .  (7 )  w il l  b e  a p p U e d  w h e n  0 .2 5  <  d / h  <  4 .0 0

C o m p u t in g  t h e  c e n t r a l  t e m p e r a t u r e  b y  E q .  (7 )  a n d  a s s u m in g  t h a t  a 
d i f f e r e n c e  s m a l le r  t h a n  2 ° C  b e t w e e n  tw o  e s t i m a t e d  t e m p e r a t u r e s  f o r  
d i f f e r e n t  v a lu e s  o f  t h e  c a n  s h a p e  f a c t o r  is  n e g l ig ib le ,  11 c a n -  
s h a p e -g r o u p s  w e re  d e f in e d  w h e n  T 0 = 5 0 ° C  a n d  T ,  =  1 2 1 ° C  b y  m e a n s  
o f  a  s u i t a b le  c o m p u t e r  p r o g r a m .  T a b le  1 s h o w s  t h e  t e m p e r a t u r e  h i s to r y  
f o r  t h e  s m a l le s t  a n d  th e  la rg e s t  s h a p e  f a c t o r  o f  e a c h  c a n - s h a p e -g ro u p .  
T h e  U m it o f  e r r o r  o c c u r s  w h e n  t h e  v a lu e  o f  L  is  s m a l l  ( <  0 .1 1 )  a n d ,  in  
th i s  r a n g e ,  t h e  o b s e r v e d  t e m p e r a t u r e  d i f f e r e n c e s  d o  n o t  in f l u e n c e  
m a r k e d ly  t h e  l e t h a l  r a t e  v a lu e s .  I n  f a c t ,  a s s u m in g  z  = ‘1 3 ° C , t h e  
m a x im u m  t e m p e r a t u r e  d i f f e r e n c e  o b s e r v e d  in  t h e  c a n - s h a p e -g ro u p  N o .  
2  (T a b le  1 ) , le a d s  t o  a  l e t h a l  r a t e  v a lu e  v a r ia t io n  f r o m  
0 . 0 0 0 6 6 0 7 - 0 . 0 0 0 4 6 6 9 .

I f  w e  d e f in e  a n  a v e ra g e  v a lu e  o f  Ry (Ry) f o r  e a c h  c a n - s h a p e -g ro u p  
t h e  t e m p e r a t u r e s  d i f f e r e n c e s  o b t a i n e d  w il l  b e  s m a l le r  t h a n  1 ° C . S in c e  
t h e  e r r o r  o b t a i n e d  o c c u r s  f o r  lo w  t e m p e r a t u r e s  ( s m a l le r  t h a n  8 0 ° C ) ,  t h e  
a s s u m e d  u p p e r  l im i t  o f  t e m p e r a t u r e  e r r o r  ( < 2 ° C )  is  a  p r o p e r  o n e ,  b e 
c a u s e  in  th i s  r a n g e  t h e  e r r o r  o b t a i n e d  in  t h e  l e th a l  r a t e s  is  n e g lig ib le .
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Table 1— Temperature history for the smallest and the largest shape factor of each can-shape-group (T, = 121°C  and T 0 =  50°C)

Temperature (°C)
Can-shape- -----------------------------------------------------------------------------------------------------------
group No. (d/1) L  = 0.01 L  =  0.03 L  = 0.05 L  = 0.07 L  =  0.09 L  = 0.11 L  =  0 .13 L  =  0 17 L  =  0.21 L  = 0.25

1 0.25 38.23a 45.23 52.39 62.22 71.92 80.44 87.62 98.44 105.73 110.65
0.42 38.85 47.18 53.91 62.97 71.80 79.77 86.59 97.17 104.57 109.72

2 0.43 38.89 47.28 53.96 62.84 71.72 79.66a 86.48 97.C7 104.44 109.65
0.58 39.39 48.54 54.08 61.79 69.99 77.70 84.58 95.62 103.52 109.06

3 0.59 39.42 48.60 54.05 61.69 69 .86a 77.57 84.46 95.54 103.48 109.03
0.75 39.72 49.24 53.37 60.05 67.03 75.78 82.97 94.67 103.02 108.80

4 0.76 39.73a 49.26 53.32 59.95 67.83 75.70 82.90 94.63 103.01 108.80
1.45 37.79 48.97 53.26 59.54 67.24 75.11 82.41 94.37 102.88 108.74

5 1.46 37.73 48.95 53.30 59.59a 67.28 75.14 82.44 94.37 102.88 108.74
1.76 36.06 48.48 54.74 61.58 69.04 76.46 83.35 94.76 103.03 108.80

6 1.77 36.00 48.46 54.79 6 1 .65a 69.11 76.52 83.39 94.77 103.04 108.80
2.06 34.35 47.75 56.03 63.63 71.03 78.07 84.53 95.32 103.28 108.90

7 2.07 34.29 47.72 56.07 63.70 71 .09a 78.12 84.58 95.35 103.29 108.91
2.39 32.61 46.68 56.95 65.53 73.08 79.87 85.97 96.12 103.67 109.09

8 2.40 32.56 46.65 56.97 65.58 73.13a 79.92 86.02 96.14 103.69 109.09
2.80 30.76 45.12 57.32 67.11 75.10 81.86 87.71 97.22 104.30 109.42

9 2.81 30.72 45 .08a 57.32 67.14 75.14 81.90 87.75 97.25 104.32 109.43
3.31 28.92 43.10 56.90 67.98 76.66 83.67 89.48 98.56 105.16 109.94

10 3.32 28.89 43 .06a 56.89 67.99 76.69 83.69 89.50 98.58 105.18 109.95
3.86 27.42 41.09 55.88 67.97 77.27 84.77 90.74 99.72 106.03 110.52

11 3.87 27.40 4 1 .06a 55.86 67.96 77.37 84.78 90.75 99.74 106.05 110.53
4.00 27.11 40.62 55.58 67.87 77.42 84.93 90.95 99.98 106.23 110.66

a M a x im u m  tem peratu re  d iffe rence  ob ta in ed  a p p ly in g  Eq . (7).

T h e  a p p l i c a t i o n s  o f  E q .  ( 7 )  t o  a _ g iv e n  c a n - s h a p e - g r o u p  is  c a r r i e d  o u t  
r e p la c in g  R ¡j b y  t h e  a v e r a g e  v a lu e  R y ,  c a l c u l a t e d  b y  E q .  ( 9 ) :

R ij =  — "------  ' <  t x  - ' / P j K  a rc  tg  (x - sA i /iS ,) ]  X*
x 2 Xj ^ X,

(9 )

+  V ^ j/X i (nA i /01 • a r c  tg  (xnA i /P i ) ]  I **  >
I * . J

w h e r e  x  =  d / 1 ;  x ,  =  ( d / 1 ) ,  =  t h e  s m a l le s t  s h a p e  f a c t o r  o f  t h e  c a n - s h a p e -  
g r o u p ;  x 2 =  ( d / l ) 2 =  th e  la r g e s t  s h a p e  f a c t o r  o f  t h e  c a n - s h a p e -g ro u p .

F r o m  t h e  c a l c u l a t e d  v a lu e s  o f  R y  ( T a b l e  2 ) ,  i t  is  p o s s ib le  t o  p r e p a r e  
t h e  T e m p e ra tu re  r e s p o n s e  c u rv e s  f o r  t h e  e s t i m a t i o n  o f  t h e  c e n t r a l  t e m 
p e r a t u r e  in  c y l in d r ic a l  c a n s .  F ig u r e  1 is  a n  e x a m p le  o f  t h e  c u rv e s  o b 
t a in e d .

T a b le  1 s h o w s  t h a t  w h e n  L  >  0 .2 5  t h e  t e m p e r a t u r e  d i f f e r e n c e s  a re  
s m a l le r  t h a n  2 ° C ,  w h a te v e r  w il l  b e  t h e  c a r . s h a p e  f a c to r .  I t  t h e n  s e e m s  
p o s s ib le  t o  d e f in e  a  c r i t i c a l  v a lu e  L c  =  0 .2 5  f o r  a l l  t h e  c a n  s h a p e  f a c to r s ,  
w h e n  T ,  =  1 2 1 ° C  a n d  T 0 =  5 0 ° C .  S in c e  L  is  a  d im e n s io n le s s  n u m b e r ,  in  
t h i s  c a s e ,  w h e n  L  >  0 .2 5 ,  E q .  ( 1 0 )  c a n  b e  a p p l i e d  w h a te v e r  t h e  c a n  
s h a p e  f a c t o r  v a lu e :

u  =  2 .0 4 0  e x p  ( - 7 r 2 L )  (1 0 )

Table 2 -A ve ra ge  values of R y  for the 11 can-shape-groups of cylindrical cans (T, = 121°C and T 0 = 50°C)

Can-shape-
group No. (d/1), (d/1)2

1 0.25 0.42
2 0.43 0.58
3 0.59 0.75
4 0.76 1.45
5 1.46 1.76
6 1.77 2.06
7 2.07 2.39
8 2.40 2.80
9 2.81 3.31

10 3.32 3.86
11 3.87 4.00

Average values o f  R y

R .* R 13 ^2 1 R 33 «33

5.070 12.392 0.152 0.604 1.418
4.848 11.770 0.198 0.626 1.395
4.581 11.024 0.254 0.652 1.367
3.817 8.885 0.413 0.726 1.289
3.030 6.683 0.577 0.802 1.208
2.667 5.666 0.652 0.838 1.171
2.370 4.835 0.714 0.866 1.140
2.102 4.085 0.770 0.892 1.113
1.858 3.401 0.820 0.916 1.088
1.659 2.845 0.862 0.935 1.067
1.561 2.571 0.883 0.945 0.057

(d/1)! -  the smallest shape factor of can-shape-group; (d/1 )3 = the largest shape factor of can-shape-group; R , ,

0.084
0.134

0.194
0.366
0.543

0.625
0.691
0.752
0.807

0.851
0.873

R 3 2

0.247
0.288
0.337
0.479
0.624
0.691
0.746
0.796
0.841

0.878
0.896

R 33

0.540
0.565
0.595
0.681
0.770
0.811
0.845

0.875
0.903

0.925
0.936

= 1.0 for all can shape factors
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R e c ta n g u la r  c a n s

I n  a  s im ila r  w a y ,  w e  c a n  s ta t e :

= 8 “  “  “  s i n \ ai • c o s (2 A a , x / a ) _ s i n \ b j • c o s ( 2 k b j y / b )

i— 1 j — 1 k = l  ^ a i  +  s in k a jc o s k a i  \ b j  +  s i n \ b j c o s \ b j

sin¡\.c k c o s ( 2 k c k z / c ) 

\ c k +  s i n \ c j<c o s \ c jc
e x p  ( - R j j k L )

( 1 1 )

w h e re :

e a c h  c a n - s h a p e -g ro u p .  A g a in  th e  r e s u l t s  o b t a i n e d  s h o w  t h a t  t h e  a s s u m e d  
u p p e r  l im i t  o f  t e m p e r a t u r e  e r r o r  ( < 2 ^ C )  is  a  p r o p e r  o n e .

D e f in in g  a n  a v e ra g e  v a lu e  R j jk  ( R y k ) f o r  e a c h  c a n - s h a p e -g ro u p ,  w e  
c a n  s t a t e  t h a t  t h e  e r r o r  is  s m a l le r  t h a n  1 °C . T h e  a p p l i c a t i o n  o f  E q .  ( 1 5 )  
t o  a  g iv e n  c a n - s h a p e -g ro u p  is c a r r i e d  o u t  r e p la c in g  R j j k b y  R j jk c a l
c u l a t e d  b y  t h e  a r i t h m e t i c  m e a n  o f  R j jk  f o r  e a c h  c a n  o f  t h e  c o n s id e r e d  
c a n - s h a p e - g r o u p .  T a b le  5 g iv e s  t h e  v a lu e s  R jjk  f o r  e a c h  c a n - s h a p e -g ro u p .

A s  s t a t e d  in  th e  c a s e  o f  c y l in d r i c a l  c a n s ,  w h e n  L  is  la rg e r  t h a n  L c = 
0 .2 5 ,  E q .  ( 1 7 )  c a n  b e  a p p l ie d  w h a te v e r  t h e  c a n  d im e n s io n s  a re :

6 4
u  = —: e x p  ( - r r 2 L )  ( i 7 )

7r

R ijk
\ l , b 2 c 2 +  \ £ , i a 2 c 2 +  \ £ p 2 b 2

( 1 2 ) COMPARISON WITH EXPERIMENTALS RESULTS

L
a d

~ <T
( 1 3 )

F I G U R E  2  s h o w s  t h e  e x p e r i m e n t a l  a n d  t h e  c a l c u l a t e d  c e n t r a l  

t e m p e r a t u r e  c f  a  3 0 0  X 4 0 6  c a n  o f  p o t a t o  p u r e e .  I n  t h i s

S
a 2 b 2 c 2

( 1 4 )
\ 2 l b 2 C2 +  \ £ j a 2 c 2 +  \ £ i a 2 b 2

A s s u m in g  m  = ~  a n d  ( x / a )  =  ( y / b )  =  ( z / c )  = 0 :

u  = 8 £  S  £  
i = l  j = l  k = l

s i n \ a ¡ s i n \ b ¡ s i n \ c ¡

^ a i^ -b j^ c k
e x p  ( - it2 R jji< L ) ( 1 5 )

w h e re :

S =  ■
a 2 b 2 c 2

b 2 c 2 +  a 2 c 2 +  a 2 b 2
( 1 6 )

B y  a n a ly s is  o f  E q . ( 1 5 )  w e  c a n  e a s i ly  v e r i f y  t h a t :
(a )  t h e  s a m e  e q u a t i o n  is  v a lid  f o r  t h e  c a n s  ( a ,b ,c ) ;  ( a ,c ,b ) ;  ( b , a , c ) ;  

( b , c , a ) ;  ( c ,a ,b )  a n d  ( c ,b , a ) ;
( b )  th e  v a lu e  o f  R j jk  ( E q .  1 2 )  f o r  t h e  c a n  ( n a ,n b ,n c )  is i n d e p e n d e n t  o f  

t h e  v a lu e  o f  n ( n  >  0 ) .
T h e n ,  w e  c a n  d e f in e  a  g e n e r ic  c a n  c o l l e c t i o n  b a s e d  o n  th e i r  r e la t iv e  

d im e n s io n s :

A  =  a / a  = 1 ; B =  b / a ;  a n d  C  =  c /a  

w h e re  a  is  t h e  s m a l le s t  d im e n s io n .
A s s u m in g  a g a in  t h a t  a  d i f f e r e n c e  s m a l le r  t h a n  2 ° C  b e tw e e n  tw o  

e s t i m a te d  t e m p e r a t u r e s  f o r  d i f f e r e n t  v a lu e s  o f  t h e  d im e n s io n s  A , B a n d  
C  is n e g lig ib le ,  11 c a n - s h a p e - g r o u p s  w e re  d e f in e d  w h e n  T 0 =  5 0 ° C  a n d  
T ,  = 1 2 1 ° C ,  b y  m e a n s  o f  a n o t h e r  s u i t a b le  c o m p u t e r  p ro g r a m  (T a b le  3 ) . 
T a b le  4  s h o w s  t h e  h i s to r y  t e m p e r a t u r e  f o r  t h e  f i r s t  a n d  th e  la s t  c a n  o f

Fig. 1 — Temperature response chart for the can-shape-group No. 8 

(2.40 <  d/1 <  2.801 o f cylindrical cans.

Table 3— Defin ition  of the rectangular can-shape-groups (T, = 

121°C  and T„ = 5 0 ° C )

Can-shape- 
group No.

Can-shape 
group No.

1 .0

1.1

1 .2

1.3

1.4

1.5

1 .6

1.7

1 .8

1.9

1 . 0 - 1 . 5 1 2.0 2.0 -  2.7 7

1.6 -  1.9 2 2.8 -  4.0 8

2.0 - 2 . 7 3 2.1 2.1 - 2 . 4 7

2 . 8 - 4 . 0 4 2.5 -  3.9 8

1.1 -  1.5 1 3.9 - 4 . 0 9

1 . 6 - 2 . 0 2 2.2 2.2 -  2.3 7
2.1 -  2.8 3 2.4 - 3 . 5 8

2.9 - 4 . 0 4 3.6 -  4.0 9

1.2 -  1.5 1 2.3 2.3 -  2.4 8

1.6 -  2.0 2 2.5 -  3.8 9

2.1 -  2.8 3 3.9 -  4.0 '0

2.9 - 4 . 0 4 2.4 2.4 - 3 . 5 9

1.3 -  1.5 1 3.6 -  4.0 "0

1.6 -  2.0 2 2.5 2.5 -  3.3 9
2.1 -  2.9 3 3 . 4 - 4 . 0 10
3.0 - 4 . 0 4 2.6 2.6 -  3.0 9

1.4 1 3.1 - 4 . 0 10
1.5 2 2.7 2.7 -  2.9 9
2.0 -  2 2 5 3.0 -  4.0 10
2.3 -  2 8 3

2.8
2.9 -  3 6 6

2.8 9
102.9 - 4 . 0

3 . 7 - 4 0 4

1.5 -  1 9
2.9 2.9 - 4 . 0 10

2
3.0 -  4.0 10

2.0 -  2 5
3.0

b
3.1 - 3 . 9 10

2.6 - 4 . 0
3.1

6
4.0 11

1.6 -  1.8 2 3.2 3.2 - 4 . 0 11
1.9 -  2.4 5 3 .3 3.3 - 4 . 0 11

2.5 7 3 .4 3.4 -  4.0 11
2.6 - 4 . 0 6 3.5 3.5 - 4 . 0 11

1.7 2 3.6 3.6 - 4 . 0 11
1 . 8 - 2 . 3 5 3.7 3.7 - 4 . 0 11
2.4 -  2.9 7 3.8 3.8 - 4 . 0 11
3 . 0 - 4 . 0 6 3.9 3.9 - 4 . 0 11

1.8 -  2.1 5 4.0 4.0 11

2.2 -  3.0 7
3.1 - 4 . 0 8

1.9 -  2.0 5

2.1 -  2.8 7
2.9 -  4.0 8

a/a; B = b/a and C = c/a; where a, b and c are the recrangu

c a n  d im e n s io n s
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Table 4 — Temperature history for the first and last can of each can-shape-group (T, = 121°C  and T 0 = 50°C)

Temperature °C
Can-shape- ----------------------------------------------------------------------------------------------------

group No. B C L  = 0.01 L  = 0 .03 L  = 0.05 L = 0.07 L  = 0.09 L = 0.11 L = 0.13 L  =  0.17 L  =  0.21 L  =  0.25

1 1.0 1.0 43.88 49.89 52.59 58.43a 66.15 74.19 81.69 93.93 102.63 108.58

1.4 1.4 43.29 49.93 53.89 60.11 67.64 75.30 82.45 94.25 102.74 108.62

2 1.0 1.6 43.10 49.38 53.85 60 .67a 68.74 76.16 83.20 94.70 102.97 108.73

1.7 1.7 42.42 49.96 55.60 62.39 69.72 76.93 83.63 94.68 102.96 108.71

3 1.0 2.0 42.51 48.61 54.22 61.98 70.18a 77.86 84.69 95.66 103.52 109.03

1.4 2.8 41.53 48.23 55.27 63.69 72.03 79.61 86.23 96.72 104.20 109.44

4 1.0 2.8 41.73a 47.13 53.75 62.69 71.66 79.70 86.59 97.24 104.64 109.77

1.4 4.0 40.85 46.82 54.34 63.53 72.53 80.55 87.41 97.97 105.25 110.23

5 1.4 2.0 42.41 49.47 55.18 62 .36a 70.01 77.38 84.10 95.14 103.18 108.83

1.9 2.0 41.65 49.87 56.90 64.25 71.55 78.47 84.81 95.40 103.25 108.84

6 1.4 2.9 41.45 48.08 55.21 63 .75a 72.16 79.77 86.41 96.88 104.32 109.52

1.7 4.0 40.28 47.53 55.99 65.10 73.66 81.26 87.81 98.02 105.18 110.14

7 1.6 2.5 41.50 49.11 56.31 64 .25a 72.04 79.23 85.65 96.11 103.73 109.13

2.2 2.3 40.75 49.60 58.10 66.17 73.56 80.23 86.28 96.25 103.71 109.07

8 1.8 3.1 40.59 48.62 57.06 65 .69a 73.71 80.87 87.13 97.17 104.42 109.55

2.3 2.4 40.48 49.48 58.40 66.71 74.16 80.83 86.76 96.56 103.88 109.16

9 2.1 3.9 39.55 48.04 57.76a 67.05 75.28 82.43 88.43 98.27 105.19 110.08

2.8 2.8 39.37 48.79 59.25 68.53 76.36 83.01 88.73 97.92 104.72 109.65

10 2.3 3.9 39.21 48.06 58.33 67 .82a 76.02 83.04 89.04 98.50 105.30 110.12

3.3 3.4 38.32 47.83 59.45 69.63 77.97 84.82 90.52 99.38 105.74 110.31

11 3.1 4.0 38.12 47.51 59.23 69.56 78.04 85.00a 90.77 99.68 106.01 110.13

4.0 4.0 37.43 46.77 59.12 70.00 78.84 85.98 91.31 100.60 106.72 110.53

a M a x im u m  tem peratu re  d iffe rence  ob ta in ed  a p p ly in g  Eq . (15).

Table 5 — Average values of for the 11 can-shape-groups of rectangular cans (T , = 121°C  and T-, =  50°C)

Can-Shape-Group

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9 No. 10 No. 11

R 1 12 2.986 2.364 1.718 1.370 2.147 1.495 1.933 1.592 1.689 1.544 1.483

R 1 l 3 6.957 5.093 3.153 2.109 4.442 2.485 3.800 2.776 3.067 2.631 2.449

3.644 3.525 4.040 4.271 2.899 3.199 2.558 2.475 2.091 1.855 1.573

5.630 4.890 4.758 4.641 4.046 3.694 3.492 3.067 2.780 2.399 2.056

^123 9.601 7.618 6.193 5.380 6.341 5.684 5.358 4.251 4.158 3.486 3.022

R  1 3 1 8.933 8.576 10.120 10.814 6.697 7.698 5.675 5.425 4.273 3.566 2.718
10.918 9.940 10.837 11.184 7.844 8.G93 6.608 6.017 4.962 4.109 3.201

^133 14.890 12.669 12.273 11.923 10.139 9.C82 8.475 7.201 6.340 5.196 4.167

R 2 1 1 3.370 5.110 5.242 5.359 5.954 6.306 6.508 6.933 7.220 7.601 7.944

R 2 1 2 6.356 6.475 5.960 5.729 7.101 6.801 7.442 7.525 7.909 8.145 8.427

^2 1 3 10.327 9.203 7.395 6.468 9.396 7.790 9.308 8.709 9.287 9.232 9.393

^2 2 1 7.014 7.636 8.282 8.630 7.853 8.505 8.067 8.408 8.311 8.456 8.517

^223 12.971 11.728 10.435 9.739 11.295 9.990 10.866 10.184 10.378 10.087 9.966

^2 3 1 12.303 12.686 14.362 15.173 11.650 12.904 11.183 11.358 10.493 10.167 9.663

^232 14.288 14.051 15.080 15.543 12.798 13.399 12.117 11.950 11.182 10.710 10.147

^2 3 3 18.260 16.779 16.515 16.282 15.093 14.388 13.983 13.134 12.560 11.796 11.111

^3 1 1 11.110 13.331 13.727 14.077 15.861 16.917 17.525 18.799 19.660 20.804 21.833

^3 1 2 13.096 14.696 14.445 14.447 17.008 17.412 18.458 19.391 20.349 21.347 22.316

^3 1 3 17.067 17.424 15.880 15.186 19.303 18.402 20.325 20.575 21.727 22.434 23.282

^3 2 1 13.754 15.857 16.767 17.349 17.760 19.117 19.084 20.274 20.751 21.659 22.406

^322 15.740 17.221 17.485 17.718 18.907 19.612 20.017 20.866 21.440 22.202 22.889

^3 2 3 19.711 19.949 18.920 18.457 21.202 20.601 21.883 22.050 22.818 23.290 23.854

^3 3 1 19.043 20.907 22.847 23.891 21.558 23.515 22.200 23.224 22.933 23.369 23.551

^3 3 2 21.029 22.271 23.565 24.261 22.705 24.010 23.133 23.816 23.622 23.913 24.034

R j , i = 1 ,0 ; R 2 2 2 = 9 and R 3 3 3 = 25, whatever the can-shape group is
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e x p e r i m e n t  t h e  p u r e e  i n i t i a l  t e m p e r a t u r e  w a s  2 7 . 5 ° C ,  t h e  r e 

t o r t  t e m p e r a t u r e  w a s  1 2 1 . 1 ° C  a n d  t h e  c o o l i n g  w a t e r  t e m p e r a 
t u r e  w a s  2 5 . 0 ° C .  F i g u r e  3  s h o w s  t h e  e x p e r i m e n t a l  a n d  
c a l c u l a t e d  c e n t r a l  t e m p e r a t u r e  o f  a n  8 0  m m  X 9 4  m m  X 1 6 8  

m m  c a n  o f  p o t a t o  p u r e e .  I n  t h i s  e x p e r i m e n t  t h e  p u r e e  i n i t i a l  

t e m p e r a t u r e  w a s  2 0 . 0 ° C ,  t h e  r e t o r t  t e m p e r a t u r e  w a s  1 2 1 . 1 ° C  

a n d  t h e  c o o l i n g  w a t e r  t e m p e r a t u r e  w a s  2 5 . 0 ° C .

T o  c a l c u l a t e  t h e  t h e o r e t i c a l  t e m p e r a t u r e  a n d  t o  r e p r e s e n t  
t h e  e x p e r i m e n t a l  t e m p e r a t u r e  i n  F i g u r e s  2  a n d  3 ,  t h e  e f f e c t  o f  
t h e  r e t o r t  c o m e - u p  t i m e  ( 2  m i n )  w a s  c o r r e c t e d  a c c o r d i n g  t o  
B a l l  a n d  O l s o n  ( 1 9 5 7 ) .  T h e  a v e r a g e  t h e r m a l  d i f f u s i v i t y  o f  t h e  

p u r e e ,  c a l c u l a t e d  b y  t h e  m e t h o d  p r o p o s e d  b y  H a y a k a w a
( 1 9 6 9 ) ,  w a s  0 . 0 9 2  c m 2 / m i n .

T h e  t e m p e r a t u r e  d u r i n g  t h e  c o o l i n g  p h a s e  w a s  c a l c u l a t e d  b y  

m e a n s  o f  E q .  ( 1 8 ) ,  p r o p o s e d  b y  H a y a k a w a  ( 1 9 6 9 )  a n d  H a y a 

k a w a  a n d  B a l l  ( 1 9 6 9 ) :

T -  Tw T, -  Tw
i ------- t ~  = t T t "  '  u ( L )  _  u ( L  +  L b )  ( 1 8 )

w h e r e :  L  =  o t 9 \ , l  S ;  9 \ ,  =  c o r r e c t e d  l e n g t h  o f  t i m e  f o r  h e a t 
i n g  p h a s e .

F i g u r e  4  p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  w h e n  t h e  3 0 0  X 4 0 6  
c a n  w a s  h e a t e d  i n  a  n o n a g i t a t e d  w a t e r  b a t h  a t  9 6 . 6 ° C .  I n  t h i s  

c a s e ,  m  c a n n o t  b e  a s s u m e d  t o  b e  g o o d  a g r e e m e n t  b e t w e e n  
e x p e r i m e n t a l  a n d  e s t i m a t e d  t e m p e r a t u r e s  w a s  o b t a i n e d  a s s u m 
i n g  m  =  2 0 .  T h e  a v e r a g e  t h e r m a l  d i f f u s i v i t y  o f  t h e  p u r e e  w a s ,  

i n  t h i s  t e s t ,  0 . 1 0 6  c m 2 / m i n .

CONCLUSIONS
H A Y A K A W A  ( 1 9 6 9 )  p r o p o s e d  t e m p e r a t u r e  r e s p o n s e  c u r v e s  t o  
e s t i m a t e  t h e  c e n t r a l  t e m p e r a t u r e  i n  c y l i n d r i c a l  c a n s  f o r  2 0  

c a n - s h a p e  f a c t o r s  i n  t h e  r a n g e  0 . 2  <  ( d / 1 )  <  4 . 0 0 .  I f  w e  c o n 
s i d e r  a  s h a p e  f a c t o r  d i f f e r e n t  f r o m  t h o s e  p r e s e n t e d  b y  H a y a 
k a w a  ( 1 9 6 9 ) ,  t h e  a c c u r a c y  o f  t h e  r e s u l t s  w i l l  b e  c e r t a i n l y  a f 
f e c t e d .  I n  t h i s  p a p e r  t h e  p r o p o s e d  c l a s s i f i c a t i o n  o f  c y l i n d r i c a l  
o r  r e c t a n g u l a r  c a n s  i n  c a n - s h a p e - g r o u p s  c o n s i d e r a b l y  r e d u c e  
t h e  n u m b e r  o f  t e m p e r a t u r e  r e s p o n s e  c u r v e s  ( 1 1  i n  e a c h  c a s e ) ,  

a n d  t h e  d e f i n i t i o n  o f  a v e r a g e  v a l u e s  o f  Rjj a n d  Rjjk l e a d s  t o  
b e t t e r  a g r e e m e n t  b e t w e e n  t h e  e s t i m a t e d  a n d  t h e  e x p e r i m e n t a l  

c e n t r a l  t e m p e r a t u r e  o f  t h e r m a l l y  c o n d u c t i v e  f o o d .

W h e n  t h e  v a l u e  o f  L  i s  l a r g e r  t h a n  a  c r i t i c a l  v a l u e ,  o n l y  o n e

Fig. 2 -E x p e r lm e n ta l  a n d  c a lc u la te d  cen tra l tem p era tu re s  o f  p o ta to  
p u re e  in a 3 0 0  X  4 0 0  can. T t = 1 2 1 .1°C; T0 =  2 7 .5 °  C a n d  Tw  =  

2 5 .CT C.

c u r v e ,  i n  e a c h  c a s e ,  i s  s u f f i c i e n t  t o  e v a l u a t e  t h e  c e n t r a l  t e m 

p e r a t u r e  w h a t e v e r  t h e  c a n  d i m e n s i o n s  a r e .

NOMENCLATURE
a.b,c = rectangular can dimensions (m) 
d = cylindrical can diameter (m)
h = individual heat-transfer coefficient

(kcal/h • m2 • °C)
J0 (x) = zeroth order Bessel function of first kind
J , (x) = first order Bessel function of first kind
k = thermal conductivity (kcal/h • m- °C)
1 = cylindrical can height (m)
m = dimensionless resistence (m = hrm/k) 
r = cylindrical can radius (m)
rm = infinite cylinder and infinite slab 

characteristic dimension (m)
T = temperature at the center of conductive food in 

cylindrical and rectangular cans (°C)

Fig. 3 —E x p e rim en ta l a n d  c a lc u la te d  cen tra l tem p era tu re s  o f  p o ta to  
p u re e  in a 8 0  m m  X  9 4  m m  X  1 68  m m  rec tan gu lar can. T 1 = 
1 2 1 .1°C; T 0 = 2 0 ° C a n d  Tw = 2 5 .0 ° C.

Fig. 4 —E x p e r im en ta l a n d  c a lcu la ted  c e n tra l te m p e ra tu re s  o f  p o ta to  
p u re e  in a 3 0 0  X  4 0 6  can h e a te d  in  a n o n a g ita te d  w a te r  b a th  a t  
9 6 .6 °  C. T0 = 3 3 .0 °  C.
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T 0
T ,

u

u ( L )
u ( L  +  L b )

x ,y ,z

f t
^•ai
^■bj
^ c k
e

= t e m p e r a t u r e  o f  f o o d  a t  z e r o  t im e  o f  h e a t in g  ( ° C )  
=  h o ld in g  t e m p e r a t u r e  o f  h e a t in g  m e d iu m .  I f  th e  

h e a t  t r e a t m e n t  is  c a r r i e d  o u t  in  a  r e t o r t ,
T j  is t h e  r e t o r t  t e m p e r a t u r e  (° C ) .

=  t e m p e r a t u r e  o f  c o o l in g  w a te r  ( ° C )
=  d im e n s io n le s s  t e m p e r a t u r e  o f  c o n d u c t iv e  f o o d  

[ u  =  ( T j  -  T ) / ( T 1 -  T 0 )]
=  s a m e  w i th  u
= F o r m u l a  o b t a in e d  b y  e n te r in g  L  =  L  +  in  

E q . ( 7 )  a n d  ( 1 5 ) .
=  r e c t a n g u la r  c o o r d in a t e s .  D i r e c t io n s  o f  

h e a t  f lu x .
=  th e r m a l  d i f f u s iv i ty  ( m 2 /h )
=  J t h  p o s i t iv e  r o o t  o f  e q u a t io n :  x (/3) = m J 0 (p )
= i t h  p o s i t iv e  r o o t  o f  e q u a t i o n :  A.a = (h a /2 k )c o tA .a 
=  J t h  p o s i t iv e  r o o t  o f  e q u a t i o n :  = ( h b / 2 k ) c o t \ b
=  k t h  p o s i t iv e  r o o t  o f  e q u a t i o n :  \ c =  ( h c / 2 k ) c o t \ c 
=  t im e  v a r ia b le  (h )
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ESTIMATION OF THE AVERAGE  TEMPERATURE OF 
TH ERM ALLY  CONDUCTIVE FOOD IN CYL INDR ICAL  

AND RECTANGULAR CANS DURING HEAT PROCESSING

----------------------------  ABSTRACT -----------------------------
A  c la s s i f ic a t io n  o f  c y l in d r ic a l  a n d  r e c t a n g u la r  c a n s  in  c a n - s h a p e -g ro u p s  
is  p r o p o s e d  in  o r d e r  t o  r e d u c e  t h e  n u m b e r  o f  t e m p e r a t u r e  r e s p o n s e  
c u rv e s  n e c e s s a ry  t o  c a r r y  o u t  a n  a c c u r a t e  e s t i m a t i o n  o f  th e  a v e ra g e  
t e m p e r a t u r e  o f  t h e r m a l ly  c o n d u c t iv e  f o o d s .

INTRODUCTION
I N  A  P R E V I O U S  P A P E R  ( L e o n h a r d t ,  1 9 7 6 )  a  c l a s s i f i c a t i o n  o f  
c y l i n d r i c a l  a n d  r e c t a n g u l a r  c a n s  i n  c a n - s h a p e - g r o u p s  i s  p r o 
p o s e d  i n  o r d e r  t o  b e  a b l e  t o  r e p r e s e n t  e a c h  f a m i l y  b y  a  u n i q u e  
t e m p e r a t u r e  r e s p o n s e  c u r v e  f o r  t h e  e v a l u a t i o n  o f  t h e  c e n t r a l  
t e m p e r a t u r e  o f  a  c o n d u c t i v e  c a n n e d  f o o d .  S i m i l a r  r e s u l t s  c a n  
b e  o b t a i n e d  i f  w e  a r e  i n t e r e s t e d  i n  c a l c u l a t i n g  t h e  a v e r a g e  
t e m p e r a t u r e .

T h e  a v e r a g e  t e m p e r a t u r e  o f  c o n d u c t i v e  f o o d  i n  c y l i n d r i c a l  
c a n s  w a s  c a l c u l a t e d  b y  B a l l  a n d  O l s o n  ( 1 9 5 7 ) ,  C h a r m  ( 1 9 6 1 )  
a n d  S t u m b o  ( 1 9 6 4 ) .  N e w m a n n  ( 1 9 3 6 )  s t a t e d  t h a t ,  a p p l y i n g  

t h e  m u l t i p l i c a t i o n  r u l e  t o  t h e  e q u a t i o n s  v a l i d  f o r  i n f i n i t e  
b o d i e s ,  i t  i s  p o s s i b l e  t o  o b t a i n  s o l u t i o n s  f o r  f i n i t e  b o d i e s .  A s  a  
c o n s e q u e n c e ,  f r o m  t h e  t e m p e r a t u r e  r e s p o n s e  c u r v e s  p r o p o s e d  

b y  J a k o b  ( 1 9 6 2 )  a n d  M c C a b e  a n d  S m i t h  ( 1 9 6 7 )  f o r  a n  i n f i n i t e  
c y l i n d e r  a n d  i n f i n i t e  s l a b ,  i t  i s  p o s s i b l e  t o  o b t a i n  g r a p h i c  s o l u 

t i o n s  f o r  c y l i n d r i c a l  a n d  r e c t a n g u l a r  c a n s .  H a y a k a w a  a n d  B a l l  
( 1 9 6 9 )  p r o p o s e d  t e m p e r a t u r e  r e s p o n s e  c h a r t s  t h a t  p e r m i t  o b 
t a i n i n g  a  d i m e n s i o n l e s s  p a r a m e t e r  c u r v e  f o r  a n y  c a n  s h a p e  
f a c t o r ,  i n  o r d e r  t o  e s t i m a t e  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e r 

m a l l y  c o n d u c t i v e  f o o d .  W e  d i d  n o t  f i n d  t e m p e r a t u r e  r e s p o n s e  
c u r v e s  f o r  t h e  e v a l u a t i o n  o f  t h e  a v e r a g e  t e m p e r a t u r e  o f  f o o d  i n  

r e c t a n g u l a r  c a n s .

T h e  m a i n  p u r p o s e  o f  t h i s  p a p e r  i s  t o  p r o p o s e  a n  a d e q u a t e  

d e f i n i t i o n  o f  c a n - s h a p e - g r o u p s  t o  e n a b l e  r e p r e s e n t i n g  e a c h  
g r o u p  b y  a  u n i q u e  t e m p e r a t u r e  r e s p o n s e  c u r v e  f o r  t h e  e v a l u 
a t i o n  o f  t h e  a v e r a g e  t e m p e r a t u r e .

PROCEDURE TO DEFINE CAN-SHAPE-GROUPS
C y lin d r ic a l  c a n s

T h e  a p p l ic a t i o n  o f  t h e  m u l t i p l i c a t i o n  r u le  t o  t h e  e q u a t io n s  p r o p o s e d  
b y  C a r s la w  a n d  J a e g e r  ( 1 9 5 9 )  p e r m i t s  e v a lu a t in g  th e  a v e ra g e  t e m p e r a 
t u r e  o f  a  f i n i t e  c y l in d e r  ( E q .  1 ) :

8  ï  E  
i = l  j = l \ 2 d?

exp | - 4 \ ?  M/Sjj)] (1 )

w h e re :

S ij
d 2

(d /1 )2 +  G ? j / \ ) 2
(2 )

(D e f in i t io n s  f o r  s y m b o ls  u s e d  a r e  g iv e n  u n d e r  N o m e n c l a tu r e . )

E q . (1 )  is v a lid  f o r  m  = °° ( H a y a k a w a ,  1 9 6 9 ;  H a y a k a w a  a n d  B a ll, 1 9 6 9 ) .

I n  o r d e r  t o  d e f in e  a  g iv e n  F o u r i e r  n u m b e r  (L )  f o r  a l l  th e  t e r m s  o f  th e  
s e r ie s  (E q .  1) a n d  t o  d e f in e  a  p a r a m e te r  S t h a t  w il l  b e  a  f u n c t i o n  o n ly  
o f  t h e  c a n  d im e n s io n s ,  w e  h a v e  t o  d e f in e  a  n e w  p a r a m e te r  R ,.  (L e o n 
h a r d t ,  1 9 7 6 ) ,  so  t h a t :

u  = 8 2  E  
i = l  j = l

1

\ 2 0,?
■ exp (—4k? RjjL) (3 )

w h e r e  :

(d /1 )2 +  ( d j / x p 2 

(d /1 )2 +  2 .3 4 4
(4 )

L
08
~S

(5 )

S
d 2

(d /1 )2 +  2 .3 4 4
(6 )

C o m p a r in g  t a e  r e s u l t s  g iv e n  b y  E q . ( 3 )  w i t h  t h e  r e s u l t s  g iv e n  b y  th e  
e q u a t io n s  f o r  t h e  in f i n i t e  c y l in d e r  a n d  in f i n i t e  s la b  (C a rs la w  a n d  J a e g e r ,  
1 9 5 9 ) ,  w e  c a n  e a s i ly  v e r i f y  t h a t :

(a )  W h e n  th e  d ia p e  f a c to r  is d /1  <  0 .2 5 ,  t h e  e q u a t i o n  f o r  a n  i n f i n i t e  
c y l in d e r  p e r m i t s  e s t i m a t i n g  t h e  a v e r a g e  t e m p e r a tu r e .

(b )  W h e n  th e  s h a p e  f a c to r  is  d /1  >  4 .0 0 ,  t h e  e q u a t i o n  f o r  a n  i n f i n i t e  
s la b  c a n  b e  u s e d  to  e s t i m a te  t h e  a v e ra g e  t e m p e r a tu r e .

E q . (3 )  t h e n  w il l  b e  a p p l ie d  w h e n  0 .2 5  <  d /1  <  4 .0 0 .
C o m p u t in g  th e  a v e ra g e  t e m p e r a t u r e  b y  E q . (3 )  a n d  a s s u m in g  t h a t  a  

d i f f e r e n c e  s m a l le r  t h a n  2 ° C  b e tw e e n  tw o  e s t i m a te d  t e m p e r a t u r e s  f o r  
d i f f e r e n t  v a lu e s  o f  t h e  c a n  s h a p e  f a c t o r  is n e g lig ib le ,  tw o  c a n - s h a p e -  
g r o u p s  w e re  d e f in e d  w h e n  T 0 = 5 0 ° C  a n d  T ,  = 1 2 1 ° C ,  b y  m e a n s  o f  a  
c o m p u t e r  p ro g r a m . T a b le  1 s h o w s  t h e  t e m p e r a t u r e  h i s to r y  f o r  t h e  
s m a l le s t  a n d  th e  la rg e s t  s h a p e  f a c t o r  o f  e a c h  c a n - s h a p e -g ro u p .  T h e  
r e s u l t s  o b t a i n e c  s h o w  t h a t  t h e  a s s u m e d  u p p e r  l im i t  o f  t e m p e r a tu r e  
e r r o r  ( <  2 ° C )  is a  p r o p e r  o n e .

I f  w e  d e f in e  a n  a v e ra g e  v a lu e  o f  R y  ( R y )  f o r  e a c h  c a n - s h a p e -g ro u p

Table 1— Temperature history for the smallest and largest can 
shape factor o f each can-shape-group (T, = 121°C and T 0 = 50°C)

Can-

s h a p e -  _Temperature ( C)
group
No. (d/l) r ii p b L  =  0 .03  L  =  0.05 L  =  0.07 L  = 0.09 L  =  0.11

1 0.25 73.43a 83.35 92.85 98.35 102.63 106.05
3.28 73.48 85.13 92.75 98.43 102.84 106.33

2 3.29 73.48 85 .12a 92.74 98.42 102.84 106.33
4.00 73.32 84.65 92.18 97.89 102.37 105.94

a V a lu e  o f L  w h e re  m ax ¡m um  tem pe ratu re  d iffe ren ce  w a s  fo u n d
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t h e  t e m p e r a t u r e  d i f f e r e n c e s  w il l  b e  s m a l le r .  T h e  a p p l i c a t i o n  o f  E q . (3 )  
t o  a  g iv e n  c a n - s h a p e -g ro u p  is c a r r ie d  o u t  r e p la c in g  R y  b y  t h e  a v e ra g e  
v a lu e  R y ,  c a l c u la te d  b y  E q . (7 ) .

R ij [X -  V / 3 i / * i a r c  tg  ( x V  /0 !  )]
x 2

x ,

+  V/ (3j A i [ A / d .  a r c  tg  ( x V ^ i  IPi )] (7 )

w h e r e :  x  =  d /1 ; x ,  = ( d / l ) I =  t h e  s m a l le s t  s h a p e  f a c to r  o f  t h e  c a n - s h a p e -  
g r o u p ;  x 2 = ( d / l ) 2 = th e  la rg e s t  s h a p e  f a c t o r  o f  t h e  c a n - s h a p e -g ro u p .

F r o m  th e  c a l c u la te d  a v e ra g e  v a lu e s  o f  R y  ( T a b le  2 ) i t  is p o s s ib le  t o  
p r e p a r e  t h e  t e m p e r a t u r e  r e s p o n s e  c u rv e s  f o r  t h e  e s t i m a t i o n  o f  t h e  a v e r 
a g e  t e m p e r a t u r e  in  c y l in d r ic a l  c a n s  (F ig .  1 a n d  2 ) .

T h u s  w e  o b s e r v e  (T a b le  1 ) t h a t  w h e n  L  is  la rg e r  t h a n  a  c r i t i c a l  v a lu e  
( L c ) , o n l y  t h e  f i r s t  t e r m  o f  t h e  s e r ie s  (E q . 3 ) a f f e c t s  t h e  v a lu e  o f  u . 
W h e n  T 0 = 5 0 °  C  a n d  T j  =  1 2 1 ° C ,  th e  c r i t i c a l  v a lu e  o f  L  is  L c  = 0 .0 9 .  I n  
th i s  c a s e , w h e n  L  >  0 .0 9 ,  E q . (8 )  c a n  b e  a p p l ie d  w h a te v e r  w il l  b e  th e  
s h a p e  f a c t o r  v a lu e :

u  = 0 . 5 6 1  e x p  (-7T 2 L ) (8 )

R e c ta n g u la r  c a n s

I n  a  s im ila r  w a y ,  w e  c a n  s t a t e :

u  -  8  2  E  2  e x p  (  n ^ R y ^ E )
i = l  j = l  k = l

(9)

w h e r e :

4 ( X ? b 2 c 2 +  a 2 c 2 + .X j.a 2 b 2 )_  ____£____ ______ J___________^ _______
Ü k  rr2 ( b 2 c 2 + a 2 c 2 + a 2 c 2 )

(1 0 )

L
a d

~S
( I D

S
a 2 b 2 c 2

b 2 c 2 +  a 2 c 2 +  a 2 b 2
(1 2 )

E q . (9 )  is  v a l id  f o r  m  = °°.

3 y  a n a ly s is  o f  E q . ( 9 )  w e  c a n  e a s i ly  v e r i f y  t h a t :

(a )  T h e  s a m e  e q u a t i o n  is  v a l id  f o r  t h e  c a n s  ( a ,b , c ) ;  ( a ,c ,b ) ;  ( b ,a ,c ) ;  
( b , c , a ) ;  ( c ,a ,b )  a n d  ( c ,b ,a ) .

Table 2 —Average values of R y  for the two can-shape-groups o f cylindrical cans (T; =  1 2 1 ° C  and T 0 = 5 0 °C )

Average values of R ÿ

Can-shape-
group No. (d/l)1 (d/l)2 R 12 ^1 3 ^2 1 ^2 2 ^2 3 r 31 ^32 ^33

1 0.25 3.28 3.029 6.689 0.563 0.796 1.215 0.528 0.612 0.763

2 3.29 4.00 1.644 2.803 0.865 0.937 1.066 0.855 0.880 0.927

(d/l) j = the smallest can shape factor of the can-shape-group 
(d/l)2 = the largest can shape factor of the can-shape-group 
R j j = 1 . 0  whatever the can shape factor is

Table 3— Defin ition  of the rectangular can -shape-groups (T, = 121°C  and T 0 = 50° C)

Can-shape- Can-shape- Can-shape- Can-shape-
B C group No. B C group No. B C group No. B C group No.

1.0 1 .0 -4 .0 1 1.8 1 .8 -4 .0 1 2.5 2.5— 2.9 1 3.2 3.2— 4.0 2
3.0— 4.0 2

1.1 1 .1 -4 .0 1 1.9 1 .9 -4 .0 1

2.6 2.6— 2.8 1
3.3 3 .3 -4 .0 2

2.9— 4.0 2
1.2 1 .2 -4 .0 1 2.0 2 .0 -3 .7 1 3.4 3.4— 4.0 2

3 .8 -4 .0 2
2.7 2.7 1

1.3 1 .3 -4 .0 1
2.1 2.1— 3.5 

3.6— 4.0
1

2.8— 4.0 2 3.5 3.5— 4.0 2

1.4 1 .4 -4 .0 1
2.2 2.2— 3.3 1

2.8 2.8— 4.0 2 3.6 3.6— 4.0 2

1.5 1 .5 -4 .0 1 3.4— 4.0 2 2.9 2.9— 4.0 2 3.7 3.7— 4.0 2
1.6 1 .6 -4 .0 1 2.3 2.3— 3.2 1 3.0 2.0— 4.0 2 3.8 3.8— 4.0 2

3.3— 4.0 2
1.7 1 .7 -4 .0 1

2.4 2 .4 -3 .0 1
3.1 3 .1 -4 .0 2 3.9 3.9— 4.0 2

3 .1 -4 .0 2

4.0 4.0 2

A  -  a/a -  1; 3 -  b/a and C = c/a; where a, b and c are the rectangular can dim ensions
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T h e n  w e  c a n  d e f in e  a  g e n e r ic  c a n  c o l l e c t i o n  b a s e d  o n  th e i r  r e la t iv e  
d im e n s io n s :

A  =  a / a  =  1 ; B  =  b / a ;  a n d  C  =  c /a  

w h e r e  a is  t h e  s m a l le s t  d im e n s io n .

A s s u m in g  a g a in  t h a t  a  d i f f e r e n c e  s m a l le r  t h a n  2 ° C  b e tw e e n  tw o  
e s t i m a te d  t e m p e r a tu r e s  f o r  d i f f e r e n t  v a lu e s  o f  t h e  d im e n s io n s  A , B a n d  
C  is  n e g lig ib le ,  tw o  c a n - s h a p e -g ro u p s  w e r e  d e f in e d  w h e n  T 0 =  5 0 ° C  a n d  
T ,  =  1 2 1 ° C ,  b y  m e a n s  o f  a n o t h e r  c o m p u t e r  p r o g r a m  ( T a b le  3 ) . T a b le  4  
s h o w s  th e  h i s to r y  t e m p e r a t u r e  f o r  t h e  f i r s t  a n d  t h e  la s t  c a n  o f  e a c h  
c a n - s h a p e -g ro u p .  A g a in  t h e  r e s u l t s  o b t a i n e d  s h o w  t h a t  t h e  a s s u m e d  
u p p e r  l im i t  o f  t e m p e r a t u r e  e r r o r  ( <  2 ° C )  is  a  p r o p e r  o n e .

( b )  T h e  v a lu e s  o f  R y k  (E q . 8 )  f o r  t h e  c a n  ( n a ,n b ,n c )  is  i n d e p e n d e n t  o f
t h e  v a lu e s  o f  n  ( n  >  0 ).

D e f in in g  a n  a v e ra g e  v a lu e  o f  R y k  ( R y k )  f ° r  e a c h  c a n - s h a p e -g ro u p ,  
w e  c a n  s t a t e  t h a t  t h e  e r r o r  is  s m a l le r  t h a n  1 °C . T h e  a p p l i c a t i o n  o f_ E q . 
(9 )  t o  a  g iv e n  c a n - s h a p e - g r o u p  is  c a r r i e d  o u t  r e p la c in g  R y k  b y  R y k  
c a l c u l a t e d  b y  t h e  a r i t h m e t i c  m e a n  o f  R y k  f o r  each_  c a n  o f  t h e  c o n 
s id e r e d  c a n - s h a p e -g ro u p .  T a b le  5  g iv e s  t h e  v a lu e s  o f  R i jk  f o r  e a c h  c a n -  
s h a p e - g r o u p .  T e m p e r a t u r e  r e s p o n s e  c u rv e s  f o r  t h e  e v a l u a t io n  o f  th e  
a v e r a g e  t e m p e r a t u r e  in  r e c t a n g u la r  c a n s  a r e  g iv e n  in  F ig u r e s  3 a n d  4 .

A s  s t a t e d  in  t h e  c a s e  o f  c y l in d r ic a l  c a n s ,  w h e n  L  is  la rg e r  t h a n  L c , 

o n l y  t h e  f i r s t  t e r m  o f  t h e  s e r ie s  (E q .  9 )  a f f e c t s  t h e  v a lu e  o f  u . W h e n  T 0 
=  5 0 ° C  a n d  T ,  =  1 2 1 ° C ,  t h e  c r i t i c a l  v a lu e  o f  L  is  L c = 0 .1 1 .  I n  th i s  c a se , 
w h e n  L  >  0 .1 1 ,  E q . ( 1 3 )  c a n  b e  a p p l i e d  w h a te v e r  t h e  s h a p e  f a c t o r  is :

u  = 0 .5 3 3  e x p  (—jr2 L )  ( 1 3 )

D u r in g  t h e  c o o l in g  p h a s e  t h e  d im e n s io n le s s  t e m p e r a t u r e  [ ( T  —

L

Fig. 1— Temperature response chart for can-shape-group No. 1 (0.25 

<  d/h <  3.28) o f  cylindrical cans.

I

CAN-SHAPE-GROUP N2 I

X

N.
X

0 .0 0  0 05 0  10 0.15 0 20

L

Fig. 3 — Temperature response chart for the can-shape-group No. 1 of 
rectangular cans

Fig. 2 — Temperature response chart for the can-shape-group No. 2  

(3.29 <  d/h  <  4.00) of cylindrical cans.

L

Fig. 4— Temperature response chart for the can-shape-group No. 2 of 

rectangular cans.
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T W) / ( T  -  T 0 )]  c a n  b e  e s t i m a te d  b y  E q . ( 1 4 ) ,  w h a te v e r  t h e  c a n  d im e n 
s io n s  a r e  (H a y a k a w a  a n d  B a ll,  1 9 6 9 ) .

T - T w

T ,  - T 0
• u  ( L  -  L b )  -  u  (L ) (1 4 )

W h e re  L b  is  t h e  L  v a lu e  c o r r e s p o n d in g  to  t h e  e n d  o f  t h e  h e a t in g  p h a s e .

COMPARISON WITH EXPERIMENTALS RESULTS
F I G U R E  5  s h o w s  t h e  e x p e r i m e n t a l  v a l u e s  o b t a i n e d  b y  H a y a 
k a w a  a n d  B a l l  ( 1 9 6 9 )  i n  t e s t s  c a r r i e d  o u t  w i t h  a  9 . 0 9 %  b e n t o 
n i t e  a q u e o u s  s u s p e n s i o n  i n  a  4 1 4  X  3 0 7  c a n ,  a n d  t h e  a v e r a g e  

t e m p e r a t u r e s  c a l c u l a t e d  b y  t h e  m e t h o d  p r o p o s e d  i n  t h i s  p a p e r .
W e  d i d  n o t  f i n d ,  i n  t h e  c a s e  o f  r e c t a n g u l a r  c a n s ,  e x p e r i 

m e n t a l  d a t a  t o  c o m p a r e  w i t h  t h e  c a l c u l a t e d  v a l u e s .

Fig. 5 — Experimental and calculated average temperatures o f  9.09%  

bentonite aqueous suspension in a 414  x  307 cans.

Table 4 — Temperature h istory fo r the first and the last can of each 

can-shape-group (T, = 121°C  and T 0 = 50°C)

Can-

shape-

group

No. B C

Temperature (°C)

L  =  0.01 L  = 0 .03 L  = 0.05 L =  0.07 L  = 0.09 L  =  0.11

1 1.0 1.0 74.92 88.02 95 .71a 101.00 104.94 107.98

2.7 2.7 74.08 86.05 93.73 99.33 103.64 107.01

2 2.0 3.8 74.13 86.10 a 93.70 99.25 103.52 109.56
4.0 4.0 73.66 84.93 92.44 98.15 102.60 108.98

a V a lu e  o f  L  w here  the  m a x im u m  tem pe ratu re  d iffe ren ce  w a s  fo u n d

CONCLUSIONS
T O  E V A L U A T E  t h e  a v e r a g e  t e m p e r a t u r e  i n  c y l i n d r i c a l  c a n s  

b y  t h e  t e m p e r a t u r e  r e s p o n s e  c h a r t s  p r o p o s e d  b y  H a y a k a w a  
a n d  B a l l  ( 1 9 6 9 ) ,  w e  h a v e  t o  o b t a i n  a  d i m e n s i o n l e s s  p a r a m e t e r  
c u r v e  f o r  t h e  c o n s i d e r e d  c a n  s h a p e  f a c t o r .  I n  t h i s  p a p e r ,  t h e  
p r o p o s e d  c l a s s i f i c a t i o n s  o f  c y l i n d r i c a l  o r  r e c t a n g u l a r  c a n s  i n t o  
c a n - s h a p e - g r o u p s  c o n s i d e r a b l y  r e d u c e s  t h e  n u m b e r  o f  t e m p e r a 
t u r e  r e s p o n s e  c u r v e s  ( t w o  i n  e a c h  c a s e ) ,  a n d  t h e  d e f i n i t i o n  o f  
a v e r a g e  v a l u e s  o f  R y  a n d  R y ^  l e a d s  t o  a n  a c c u r a t e  e s t i m a t i o n  
o f  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e r m a l l y  c o n d u c t i v e  f o o d .

W h e n  t h e  v a l u e  o f  L  i s  l a r g e r  t h a n  a  c r i t i c a l  v a l u e ,  o n l y  o n e  
c u r v e ,  i n  e a c h  c a s e ,  i s  s u f f i c i e n t  t o  e v a l u a t e  t h e  a v e r a g e  t e m 
p e r a t u r e  w h a t e v e r  t h e  c a n  d i m e n s i o n s  a r e .

NOMENCLATURE
a ,b ,c = r e c t a n g u la r  c a n  d im e n s io n s  (m )
d = c y l in d r ic a l  c a n  d i a m e te r  (m )
h = in d iv id u a l  h e a t - t r a n s f e r  c o e f f i c i e n t  

( k c l /h  • m 2 - ° C )

J o = z e r o t h  o r d e r  B e s s e l f u n c t i o n  o f  f i r s t  k in d
k = th e r m a l  c o n d u c t iv i t y  ( k c a l /h  • m  • ° C )
1 = c y l in d r ic a l  c a n  h e ig h t  (m )
m = d im e n s io n le s s  r e s i s te n c e  ( m  =  h r m / k )

r m
=

in f i n i t e  s la b  c h a r a c t e r i s t i c  d im e n s io n s ,  
a c c o r d i n g  t o  t h e  h e a t  f lu x  d i r e c t i o n  (m )

T ~ a v e ra g e  t e m p e r a t u r e  o f  c o n d u c t iv e  f o o d  in  

c y l in d r ic a l  a n d  r e c t a n g u la r  c a n s  ( ° C )

T c
=

t e m p e r a t u r e  o f  f o o d  a t  z e r o  t i m e  o f  
h e a t in g  (° C )

T , h o ld in g  t e m p e r a t u r e  o f  h e a t in g  m e d iu m .

I f  t h e  h e a t  t r e a t m e n t  is  c a r r i e d  o u t  i n  a  r e t o r t ,  
T ,  is  t h e  r e t o r t  t e m p e r a t u r e  ( ° C )

T w = t e m p e r a t u r e  o f  c o o l in g  w a t e r  ( ° Q
u ~ d im e n s io n le s s  t e m p e r a t u r e  o f  c o n d u c t iv e  f o o d  

[u  =  ( T j  — T ) / ( T j -  T 0 )]

s a ) = s a m e  w i t h  u

Table 5— Average values of R y b for the two can-shape-groups of rectangular cans (T, =  121°C  and T 0 = 50°C)

Can-shape-
Average values of R y b

^112 R 1 1 3 R 1 2 1 ^122 ^123 a  3 1 R 1 32 R 1 3 3 R 2 1 1 R 2 1 2 R 2 1 3 R 2 2 1group No.

1 1.816 3.447 3.224 4.040 5.671 7.672 8.488 10.119 5.960 6.776 8.407 8.184
2 1.528 2.583 1.859 2.387 3.442 3.577 4.105 5.160 7.613 8.141 9.196 8.472

Can-shape-
Average values of R y b

R 2 2 3 R 2 3 1 R 2 3 2 R 2 3 3 R 3 1 1 R 3 1 2 R 3 1 3 R 3 2 1 R 3 2 2 R 3 2 3 R 3 3 1 R 3 32group No.

1 10.631 12.632 13.448 15.079 15.871 16.696 18.328 18.105 18.920 20.522 22.553 23.368
2 10.055 10.190 10.718 11.773 20.840 21.367 22.423 21.697 22.226 23.282 24.417 23.944

R l u  = 1 ; R 2 j j = 9 and R 3 3 3 = 25 whatever w ill be the fam ily
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u ( L  -  L b )

OL

f t

^ i A j A k

e

=  f o r m u la  o b t a i n e d  b y  e n t e r in g  L  =  L  — L b  in  
E q . (3 )  a n d  (9 )

=  th e r m a l  d i f f u s iv i ty  ( m 2 /h )
=  j t h  p o s i t iv e  r o o t  o f  e q u a t i o n :  J 0 (J3) =  0  

=  i th ,  j t h  a n d  k t h  p o s i t iv e  r o o t  o f  
e q u a t i o n  c o t  \  =  0  

=  t im e  v a r ia b le  (h )
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----------------------------- ABSTRACT--------------------------- -
A n  in v e s t ig a t i o n  w a s  i n i t i a t e d  t o  o b t a i n  d a t a  o n  b a s ic  d r y in g  r a t e s  f o r  
d e s ig n  o f  s e c o n d a r y  d r ie r s  w h ic h  c a n  h a n d le  f r u i t  p r o d u c t s  b e tw e e n  
d r u m  d r y in g  a n d  f in a l  f in i s h in g .  I t  w a s  f o u n d  t h a t  b y  u s in g  t h e  s ta g e d -  
d r y in g  p r in c ip le ,  i t  is  p o s s ib le  t o  s u c c e s s fu l ly  d r u m  d r y  f o o d s  t h a t  a re  
lo w  m e l t in g ,  t h e r m o p la s t i c ,  o r  h e a t  s e n s i t iv e .  R a t e  d a t a  o b t a i n e d  in  th is  
i n v e s t ig a t i o n  m a y  n o w  b e  u s e d  a s  a  r a t i o n a l  b a s is  f o r  t h e  d e s ig n  o f  
s e c o n d a r y  d r ie r s  t o  s u p p le m e n t  d r u m - d r y in g  o p e r a t i o n s .

INTRODUCTION
D R U M - D R I E D  F O O D S  a r e  w e l l  k n o w n —c e r e a l s ,  m i l k ,  s t a r c h ,  

i n s t a n t  m a s h e d  p o t a t o e s ,  s o u p  m i x e s ,  y e a s t s ,  a n d  s o  o n .  F r u i t s  
a r e  n o t  d r u m  d r i e d  b e c a u s e  o f  s e r i o u s  d r y i n g  p r o b l e m s  t h a t  a r e  
e n c o u n t e r e d  w i t h  m a t e r i a l s  w h o s e  s o l i d s  a r e  p r e d o m i n a n t l y  
l o w - m e l t i n g  s u g a r s .  S u c h  p r o d u c t s  b e c o m e  t h e r m o p l a s t i c ,  i f  

n o t  m o l t e n  m a s s e s ,  u p o n  t h e  d r y i n g  s u r f a c e s  a n d  t h e  d o c t o r  
b l a d e s .  T h e  t e m p e r a t u r e  a t t a i n e d  b y  t h e  p r o d u c t  o n  t h e  d r u m s  
d e p e n d s  u p o n  t h e  h e a t  t r a n s f e r  r a t e ,  t h e  e v a p o r a t i o n  r a t e ,  a n d  

t h e  c o n c e n t r a t i o n  o f  t h e  s o l u b l e s  t h a t  e l e v a t e  t h e  b o i l i n g  p o i n t  
( o r  t h e  t e m p e r a t u r e  o f  e v a p o r a t i o n ) .  A s  t h e  f i l m  d r i e s  o n  t h e  
d r u m s ,  c o n c e n t r a t i o n s  i n c r e a s e  r a p i d l y  t o  s a t u r a t i o n  a n d  
p r o d u c t  t e m p e r a t u r e s  a p p r o a c h  t h a t  o f  t h e  d r u m  s u r f a c e .  

T h e r m a l  d e c o m p o s i t i o n s  a c c e l e r a t e ,  a s  d o  M a i l l a r d - t y p e  r e a c 

t i o n s  b e t w e e n  a m i n o  a c i d s  a n d  s u g a r s  ( G e e  e t  a l . ,  1 9 6 7 ) ,  
p r o d u c i n g  d a r k e n e d  c o l o r  a n d  m o d i f i e d  f l a v o r .  I n  a  d r y i n g  
t i m e  o f  o n l y  1 5 — 3 0  s e c  o n  t h e  d r u m s ,  a  s o r t  o f  r a c e  d e v e l o p s  
b e t w e e n  t h e  d r y i n g  a n d  t h e  d e t e r i o r a t i v e  a c t i o n s ,  w h i c h  h a s  
r e s i s t e d  r a t i o n a l i z a t i o n .

E a r h e r  r e s e a r c h  ( L a z a r  a n d  M o r g a n ,  1 9 6 6 ;  L a z a r  a n d  M i e r s ,  

1 9 7 1 ;  B o l i n  e t  a l . ,  1 9 7 3 )  h a s  s h o w n  t h a t ,  i n  d r u m  d r y i n g  
f r u i t s ,  a  h i g h - v e l o c i t y  a i r s t r e a m  u s e d  o n  t h e  l o w e r  h a l f  o f  t h e  
d r u m  s u r f a c e s ,  s w e e p i n g  c o u n t e r c u r r e n t l y  a c r o s s  t h e  d r y i n g  
f i l m  o f  p r o d u c t ,  a c c e l e r a t e d  d r y i n g ,  i m p r o v e d  p r o d u c t  p e e l i n g ,  
a n d  r e d u c e d  h e a t  d a m a g e .  T h e  r e c o m m e n d e d  p r o c e d u r e  o f  
e a r l y  p r o d u c t  t a k e o f f  ( a t  5 - 8 %  m o i s t u r e )  a n d  f i n i s h i n g  d r y i n g  
i n  b i n s  o r  c o n v e y o r s  w i t h  t h r o u g h - f l o w  w a r m  a i r  w a s  v a l i d  f o r  
m a n y  p r o d u c t s ,  b u t  w i t h  o t h e r s ,  t h e  s t i l l - d a m p  s h e e t  l a c k e d  
f r i a b i l i t y  t o  b e  f l a k e d  o r  g r o u n d  f o r  f i n i s h i n g  d r y i n g .  T h e  
p a t e n t  l i t e r a t u r e  d e s c r i b e s  s o m e  t y p e s  o f  e q u i p m e n t  f o r  h a n 
d l i n g  p r o d u c t s  l e a v i n g  t h e  d r u m  d r i e r  ( E o l k i n  e t  a l . ,  1 9 6 4 ;  
L o r a n t  e t  a l . ,  1 9 6 1 )  b u t  i t  i s  q u e s t i o n a b l e  i f  s u c h  e q u i p m e n t  
c o u l d  p e r f o r m  w e l l  w i t h  t h e r m o p l a s t i c  f r u i t  p r o d u c t s .  L i t t l e  o r  
n o  d a t a  o n  b a s i c  d r y i n g  r a t e s  a r e  a v a i l a b l e  f o r  d e s i g n  o f  s e c o n d 
a r y  d r i e r s  w h i c h  c a n  h a n d l e  f r u i t  p r o d u c t s  b e t w e e n  d r u m  d r y 
i n g  a n d  f i n a l  f i n i s h i n g .  A n  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  w a s  t o  
o b t a i n  s u c h  d a t a  f o r  d r y i n g  t h e s e  d i f f i c u l t - t o - d r y  f o o d s  w i t h 
o u t  t h e  u s e  o f  a d d i t i v e s  o r  d r y i n g  a i d s ,  t o  f a c i l i t a t e  r a t i o n a l  
d e s i g n  o f  s e c o n d a r y  d r i e r s  a n d  o t h e r  a u x i l i a r i e s  t h a t  m i g h t  b e  
r e q u i r e d  i n  p o s t - d r u m - d r y i n g  o p e r a t i o n s .

EXPERIMENTAL
T H E  F E E D  M A T E R IA L S  u s e d  in  th e s e  t e s t s  w e r e  c o m m e rc ia l ly - a v a i la -  
b le  p u r e  c o n c e n t r a t e s  ( a p p r o x  3 0 %  s o lid s  c o n t e n t )  o f  t o m a t o ,  a p r i c o t ,  
p e a c h  a n d  p e a r .  F o r  e a s e  i n  h a n d l in g ,  a l l  c o n c e n t r a t e s  w e re  d i l u t e d  t o  
2 0 %  s o l id s  c o n t e n t  b e f o r e  d r y in g ;  f e e d  w a s  m e te r e d  t o  t h e  d r u m  d r ie r  
u s in g  a  p o s i t iv e  d e l iv e ry  f e e d  p u m p  w i t h  a  v a r ia b le  s p e e d  d r iv e .  T h e

d r u m  d r ie r  w a s  o p e r a t e d  a t  a  c o n s t a n t  t e m p e r a t u r e  in  t h e  r a n g e  
2 9 0 - 3 0 0 °  F  a n d  w a s  e s s e n t ia l ly  a s  d e s c r ib e d  in  a  p r e v io u s  p u b l i c a t i o n  
(L a z a r  a n d  M ie r s ,  1 9 7 1 ) ,  e x c e p t  t h a t  th e  d e h u m id i f i e d  c o l l e c t i o n  z o n e  
w a s  o m i t t e d  in  f a v o r  o f  a  s e c o n d a r y  d r ie r  (F ig .  1 ) f o r  c o l l e c t i n g  d a t a  o n  
d r y in g  r a te s  o f  d r u m  d r ie d  s h e e t s  o f  p r o d u c t .  D r y in g - r a te  d a t a  w e re  
o b t a i n e d  f r o m  s a m p le s  t a k e n  a lo n g  t h e  t r a v e l  p a t h  o f  t h e  s h e e t  o f  
p r o d u c t .  M o v e m e n t  o f  t h e  p r o d u c t  t h r o u g h  t h e  u n i t  w a s  s y n c h r o n iz e d  
w i t h  t h e  o u t p u t  o f  t h e  d r u m  d r i e r  t a k e - o f f  r o l l s .  T e m p e r a t u r e s  a n d  a ir  
in  t h e  u n i t  w e r e  g e n e r a l ly  h e ld  a t  a b o u t  2 5 0 ° F .  T o  o b t a i n  s ig n i f i c a n t ly  
h ig h  d ry in g  r a t e s  in  t h e  s e c o n d a r y  s ta g e ,  w i t h o u t  c r e a t in g  a d d i t i o n a l  
z o n e s  o f  p o t e n t i a l  h e a t  d a m a g e  to  t h e  p r o d u c t ,  t e m p e r a t u r e s  m u s t  b e  
r e s t r i c t e d  t o  t h e  r a n g e  2 4 0 - 2 6 0 ° F  f o r  t h e  p r o d u c t s  t e s t e d .  A ir  v e lo c i 
t i e s  w e re  h e ld  b e lo w  v a lu e s  t h a t  w o u ld  m a k e  th e  p r o d u c t  a i r b o r n e ,  
u s u a l ly  b e t w e e n  5 0 - 1 0 0  f p m ,  d e p e n d i n g  o n  s h e e t  t h i c k n e s s e s .  D e 
h u m id i f i e d  a i r  w a s  o p t i o n a l  in  t h e  c o o l in g  z o n e .  D r y in g  w a s  n o t  c o n 
t i n u e d  b e lo w  t h e  le v e l  o f  m o is tu r e  c o n t e n t  n e c e s s a r y  t o  o b t a i n  f r i a b i l i t y  
f o r  c ru s h in g  i n t o  f l a k e s  t o  f i n i s h - d r y  a s  p r e v io u s ly  d e s c r ib e d  ( L a z a r  a n d  
M ie rs , 1 9 7 1 ) .

M o is tu r e  a n a ly s e s  w e re  r u n  b y  a  1 6  h r ,  6 5 ° C  v a c u u m  o v e n  m e t h o d .  
V a lu e s  o b t a in e d  b y  th i s  m e th o d  a r e  c o m p a r a b le  t o  t h o s e  o b t a i n e d  o n  
th e s e  p r o d u c t s  b y  th e  A O A C  m e t h o d  (6  h r ,  7 0 ° ) .  H e a t  d a m a g e  o f  
p r o d u c t s  w a s  e v a l u a te d  b y  t h e  w a te r - s o lu b le  c o lo r  m e t h o d  o f  M ie rs  e t  
a l .  ( 1 9 7 1 ) .

RESULTS & DISCUSSION
A  D R U M  D R I E R  ( F i g .  2 )  c o n s i s t s  o f  t w o  i n t e r n a l l y - h e a t e d  
d r u m s  t u r n i n g  t o w a r d  e a c h  o t h e r  ( a t  t h e  t o p ) ,  t o  d i p  i n t o  t h e  

p o o l  o f  f e e d  p u r e e  c o n t a i n e d  b e t w e e n  t w o  c l o s e - f i t t i n g  e n d  
p l a t e s .  T h e  g a p  G  b e t w e e n  t h e  d r u m s  i s  a d j u s t a b l e .  U n d e r  
s t e a d y  s t a t e  o p e r a t i o n ,  t h e  d e p o s i t  o n  t h e  d r u m s  d i v i d e s  a t  t h e  
g a p  i n t o  t w o  f i l m s ,  o n e  o n  e a c h  d r u m ,  a n d  e a c h  w i t h  i n i t i a l  
t h i c k n e s s  0 . 5 G .  A s  t h e  d r u m s  w i t h  d i a m e t e r  D  r o t a t e  a t  R  

r p m ,  t h e  f i l m s  o n  e a c h  d r u m  m a y  s h r i n k  o r  p u f f  a s  t h e y  d r y ,  
d e p e n d i n g  o n  t h e  p r o d u c t ,  a c c o u n t e d  f o r  b y  a  c o n s t a n t  S .  A t  

t h e  d o c t o r  b l a d e s ,  t h e  p r o d u c t  a  t h e r m o p l a s t i c  m a s s ,  i s  r e 
m o v e d  b y  t a k e - o f f  r o l l s  w i t h  d i a m e t e r  d ,  w h i c h  i n  o u r  w o r k  
t u r n  a t  r  r p m ,  a  s u r f a c e  s p e e d  c o n s i d e r a b l y  s l o w e r  t h a n  t h e  
s u r f a c e  s p e e d  o f  t h e  d r u m - d r i e r  r o l l s ,  a l l o w i n g  a  s u b s t a n t i a l

Fig. 1 — Secondary drier used for measuring rate o f drying of drum- 
dried sheets (schematic—plan view).
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t h i c k e n i n g  o f  t h e  s h e e t .  I n  s o m e  c a s e s ,  t a k e - o f f  r o l l s  c a n  b e  

e l i m i n a t e d  a n d  t h e  p r o d u c t  c a n  b e  t r a n s f e r r e d  d i r e c t l y  t o  t h e  
n e x t  s t a g e  d r i e r ;  i n  t h i s  c a s e ,  b e l t  v e l o c i t y  c a n  b e  s e l e c t e d  t o  

r e g u l a t e  s h e e t  t h i c k n e s s  a s  d e s i r e d ,  p r o v i d i n g  s u f f i c i e n t l y

Table 1— D ry in g  rates of d rum  dried sheet (D rum  gap =  0.008  
in.; fin ish ing air tem p 2 2 5 — 235° F)

Product

D.D .

tem p

(°F>

Col. A  
Take-off 

rpm 

ratio3

Col. B  
T h ick 

ness 

ratiob

Col. C  
D ry in g  rate 

%  M/m in

Col. D  
Function  

of moist, 
evap rate0

Tom ato 290 3.15 7.2 0.78 5.62
Tom ato 295 2.35 5.4 0.99 5.34
Tom ato 290 2.00 4.6 1.23 5.66
Apricot 295 3.80 8.7 0.35 3.04
Apricot 295 2.80 6.4 0.33 2.11
Apricot 295 2.22 5.1 0.35 1.38
Peach 295 3.77 8.6 0.55 4.73
Peard 299 1.32 3.0 0.82 2.46

a R a t io  R/r
b  R a t io  o f th ic kn e ss  o f sheet after and  before  take -o ff (Co l. A  X  

2 .28 ) w here  D/d =  2 .2 8  
c Co l. B  X  Col. C
d R e q u ire d  ch illed  air at d o c to r  b lades fo r  su itab le  sheet fo rm a t io n  

(L a za r  and  M o rgan , 19 6 6 )

s t r o n g  a n d  i n t a c t  s h e e t s  p r o d u c e d  b y  t h e  d r u m  d r i e r .  T h e  f i n a l  

s h e e t  t h i c k n e s s ,  T p ,  i s  p r o p o r t i o n a l  t o  t h e  r a t i o  o f  t h e  p e r i p h 

e r a l  s p e e d s  o f  t h e  d r u m s  a n d  t h e  t a k e - o f f  r o l l s ,  a c c o r d i n g  t o  
t h e  e q u a t i o n  T p  =  0 . 5  G  S  R D / r d .  F o r  a  g i v e n  o p e r a t i o n ,  t h e  
v a l u e s  G ,  S ,  D  a n d  d  a r e  c o n s t a n t ,  b u t  t h e  r o t a t i o n a l  s p e e d s  R  

a n d  r  m a y  b e  v a r i e d  i n d e p e n d e n t l y  t o  g i v e  t h e  t a k e - o f f  r a t i o  
a n d  f i n a l  s h e e t  t h i c k n e s s  a s  d e s i r e d ,  l i m i t e d  o n l y  b y  t h e  i n 
h e r e n t  s h e e t - f o r m i n g  p r o p e r t i e s  o f  t h e  p r o d u c t  d r i e d .  T h i s  p r o 
c e d u r e  y i e l d s  s h e e t s  t h i c k e n e d  b y  a s  m u c h  a s  e i g h t f o l d  o r  m o r e  

( T a b l e  1 ) ,  d i f f e r i n g  f r o m  p r a c t i c e s  o f  s t r e t c h i n g  t h e  s h e e t s  o n  

t a k e - o f f  ( L o r a n t  e t  a l . ,  1 9 6 1 ) .  B e c a u s e  o f  t h e  t e n d e n c y  o f  
t h e r m o p l a s t i c  p r o d u c t s  t o  s h o w  w a v e s  o f  c o m p r e s s i o n  a n d  

r e l a x a t i o n  d u r i n g  t a k e - o f f ,  t h e s e  s h e e t s  s h o w  a  r i p p l e d  o r  
c r e p e - p a p e r - l i k e  s t r u c t u r e  w h i c h  p r o v i d e s  i n s t a n t  w e t t a b i l i t y  
d u r i n g  r e c o n s t i t u t i o n .  A n  a d d i t i o n a l  b e n e f i t  i s  t h a t  t h e  f l a k e d  
p r o d u c t  h a s  a  h i g h e r  b u l k  d e n s i t y  t h a n  w h e n  p r e p a r e d  b y  t h e  
“ s t r e t c h ”  p r o c e d u r e .

A  t y p i c a l  d r y i n g  c u r v e  i n  t h e  s e c o n d a r y  d r i e r  a t  2 2 8 ° F  i s  

s h o w n  i n  F i g u r e  3  f o r  a  s h e e t  o f  t o m a t o  t h a t  w a s  d r u m  d r i e d  
a t  2 9 0 ° F ,  3  r p m ,  t a k e - o f f  r p m  r a t i o  =  2 . 3 5  ( s h e e t  t h i c k n e s s  
5 . 4 x ) .  T h e  c o o l i n g  z o n e  w a s  o p e r a t e d  w i t h  a m b i e n t  a i r  I t  c a n  
b e  s e e n  t h a t  t h e  d r y i n g  r a t e  i s  a b o u t  1 %  m o i s t u r e  p e r  m i n ,  b u t  

t h e  p i c k u p  o f  m o i s t u r e  b y  t h e  h y g r o s c o p i c  p r o d u c t  i n  t h e  
c o o l i n g  z o n e  a t  a m b i e n t  %  R H ,  i s  a l m o s t  a s  r a p i d .  I f  d e h u m i d i 
f i e d  a i r ,  a t  1 0 %  R H  o r  l e s s ,  w a s  u s e d  i n  t h e  c o o l i n g  z o n e ,  
m o i s t u r e  p i c k u p  w a s  r e t a r d e d  s u f f i c i e n t l y  s o  t h a t  t h e  d r i e d  
p r o d u c t  c o u l d  b e  c o o l e d  a n d  b e c o m e  f r i a b l e  f o r  f l a k i n g  f o r  t h e  
f i n a l  d r y i n g  o p e r a t i o n  i n  f l u i d  b e d s ,  w i t h o u t  s i g n i f i c a n t  m o i s 

t u r e  p i c k u p .  W h e n  p r o d u c i n g  h y g r o s c o p i c  f i n a l  p r o d u c t s  i n  
l o c a t i o n s  w h e r e  a m b i e n t  r e l a t i v e  h u m i d i t y  i s  e x c e s s i v e ,  i t  
b e c o m e s  o b v i o u s  t h a t  c o o l i n g  t h e  f i n a l  p r o d u c t  w i t h  d e h u m i d i 
f i e d  a i r  b e c o m e s  m a n d a t o r y .

T h e  s l o p e s  ( t h e  d r y i n g  r a t e s )  o f  t h e  s e c o n d a r y  d r i e r  d r y i n g  
c u r v e s  a r e  l i s t e d  i n  T a b l e  1 f o r  t o m a t o ,  a p r i c o t ,  p e a c h  a n d  

p e a r .  A l s o  s h o w n  a r e  t h e  r a t i o s  o f  i n c r e a s e  o f  s h e e t  t h i c k n e s s  
b y  v a r i a t i o n  o f  t h e  t a k e - o f f  r p m  r a t i o ,  a n d  t h e  ( f u n c t i o n  o f )  
e v a p o r a t i o n  r a t e .  T o m a t o  h a s  i n c r e a s e d  d r y i n g  r a t e s  a s  s h e e t s  
b e c o m e  t h i n n e r ,  b u t  a b s o l u t e  m o i s t u r e  r e m o v a l  r a t e  r e m a i n s  

f a i r l y  c o n s t a n t  ( c o l u m n  D ) ;  a p r i c o t  e x h i b i t s  r e l a t i v e l y  c o n s t a n t  
d r y i n g  r a t e s  a s  s h e e t  t h i c k n e s s  v a r i e s ,  b u t  t h e  a b s o l u t e  m o i s 

t u r e  r e m o v a l  r a t e  ( c o l u m n  D )  i n c r e a s e s  o v e r  t w o f o l d  f r o m  t h e  
t h i n n e s t  t o  t h e  t h i c k e s t  s h e e t s .  T h i s  i n d i c a t e s  t h e  c a p a c i t y  
a d v a n t a g e  i n  o p e r a t i n g  s e c o n d a r y  d r i e r s  w i t h  t h i c k  f i l m s  o f

%  M

Fig. 3 — Typical drying curve (% moisture vs 
drying timeI for sheet of tomato in secondary 
drier, and moisture reabsorption during cooling. 
ID rum  dried at 3 rpm, 290° F, gap 0.008 in.; 
secondary drier at 228° F.)

Fig. 4 — Soluble (scorch) color development— 
tomato. (A. Drum  dried only; B. Dam p drum  
dried, plus secondary drier; C. Original feed 
paste, control.)

Fig. 5 —Soluble (scorch) color development vs % 
moisture—peach and apricot. (P—peach; PP— 
peach puree, control; A —apricot; A P —apricot 

puree, control.)
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a p r i c o t ,  b u t  n o  s i m i l a r  a d v a n t a g e  i s  f o u n d  w i t h  t o m a t o .  P e a c h  
s h o w s  a b o u t  6 0 %  g r e a t e r  e v a p o r a t i v e  c a p a c i t y  t h a n  a p r i c o t  a t  
t h e  s a m e  s h e e t  t h i c k n e s s .  P e a r  i s  a l s o  s h o w n  i n  t h e  T a b l e ,  b u t  
p e a r  r e q u i r e d  c h i l l e d  a i r  a t  t h e  d o c t o r  b l a d e  t a k e - o f f  f o r  s u i t 
a b l e  s h e e t  t a k e - o f f  ( L a z a r  a n d  M o r g a n ,  1 9 6 6 ) .

T h e  e x t r a c t a b l e  c o l o r  ( a n  i n d i c a t i o n  o f  h e a t  d a m a g e )  i s  

s h o w n  f o r  t o m a t o  i n  F i g u r e  4  a s  a  f u n c t i o n  o f  m o i s t u r e  c o n 
t e n t ,  i n d i c a t i n g  t h e  d e s i r a b i l i t y  o f  h a l t i n g  t h e  d r y i n g  o n  t h e  
d r u m s  a t  a  m o i s t u r e  c o n t e n t  w h e r e  l i t t l e  o r  n o  h e a t  d a m a g e  
h a s  d e v e l o p e d ,  a n d  c o n t i n u i n g  t h e  d r y i n g  o p e r a t i o n  b y  m i l d e r  
m e t h o d s .  D r u m  d r y i n g  d o w n  t o  3 %  M  c a n  i n c r e a s e  c o l o r  t o  

3 5 0 %  o f  t h e  o r i g i n a l  f e e d  p a s t e  v a l u e ,  w h e r e a s  d r u m  d r y i n g  t o  
a b o u t  5 %  M , a  v a l u e  o f  1 5 0 %  o f  o r i g i n a l  i s  o b t a i n e d .  D r y i n g  
f r o m  5 %  M  d o w n  t o  3 —3 . 5 %  M  c a n  b e  p e r f o r m e d  i n  a  
s e c o n d a r y  d r i e r  w i t h o u t  r a i s i n g  t h e  s o l u b l e  c o l o r  v a l u e ,  a n d  
a f t e r  f l a k i n g  t h e  p r o d u c t ,  i t  c a n  b e  f i n i s h - d r i e d  i n  f l u i d  b e d s  a s  
p r e v i o u s l y  p r o p o s e d ,  w i t h o u t  h e a t  d a m a g e  p r o b l e m s .

F i g u r e  5  s h o w s  s i m i l a r  e x t r a c t a b l e  c o l o r  v a l u e s  f o r  a p r i c o t  
a n d  p e a c h ,  u s i n g  t h e  s a m e  c o l o r  m e t h o d  a s  f o r  t o m a t o .  I n 
c r e a s e s  i n  c o l o r  v a l u e s  a r e  n o t  a s  d r a m a t i c ,  e v e n  w h e n  d r y i n g  

d o w n  a s  l o w  a s  2 % .  P e r h a p s  i t  i s  s i g n i f i c a n t  t h a t  t h e  p r o t e i n /  
s u g a r  r a t i o  f o r  t o m a t o  i s  2 . 5  t i m e s  t h a t  f o r  a p r i c o t  o r  p e a c h ,  
e n h a n c i n g  M a i l l a r d - t y p e  r e a c t i o n s .  S u b j e c t i v e  e x a m i n a t i o n  i n 

d i c a t e s  t h a t  u n d e s i r a b l e  h e a t  d a m a g e  h a s  o c c u r r e d  i n  d r y i n g  
a p r i c o t  o r  p e a c h  t o t a l l y  o n  t h e  d r u m  d r i e r ,  m o r e  t h a n  i n d i c a t 

e d  b y  t h e  c o l o r  v a l u e ,  c h a n g e s  t h a t  a r e  a v o i d e d  w h e n  t h e  i n t e r 
m e d i a t e  d r i e r  i s  u s e d  a s  d e s c r i b e d .  P r e l i m i n a r y  c h r o m a t o g r a p h 

i c  t e s t s  o n  t h e s e  d r i e d  p r o d u c t s  s h o w  p r o m i s e  f o r  e v a l u a t i n g

h e a t  d a m a g e ,  w h i c h  w i l l  b e  t h e  s u b j e c t  o f  a  l a t e r  r e p o r t .

I n  c o n c l u s i o n ,  w e  h a v e  f o u n d  t h a t  b y  u s i n g  t h e  s t a g e d - d r y -  
i n g  p r i n c i p l e ,  i t  i s  p o s s i b l e  t o  s u c c e s s f u l l y  d r u m  d r y  f o o d s  t h a t  
a r e  l o w  m e l t i n g ,  t h e r m o p l a s t i c ,  o r  h e a t  s e n s i t i v e .  R a t e  d a t a  
o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  m a y  n o w  b e  u s e d  a s  a  r a t i o n a l  

b a s i s  f o r  d e s i g n  o f  s e c o n d a r y  d r i e r s  t o  s u p p l e m e n t  d r u m - d r y i n g  
o p e r a t i o n s .  B y  e x t r a p o l a t i o n ,  w e  w o u l d  a n t i c i p a t e  t h a t  s i m i l a r  
b e n e f i t s  w o u l d  b e  o b t a i n e d  u s i n g  s t a g e d  d r y i n g  o f  s t a r c h y  

m a t e r i a l s  s u c h  a s  r i c e  c e r e a l s ,  w h i c h  h a v e  b e e n  d r u m  d r i e d  b u t  
o n l y  w i t h  g r e a t  d i f f i c u l t y ,  o r  i n  d r y i n g  o t h e r  f o o d s  t h a t  a r e  
e a s i l y  h e a t - d a m a g e d ,  s u c h  a s  h i g h l y  p i g m e n t e d  o r  d e l i c a t e l y  
f l a v o r e d  f o o d s .
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MICROW AVE HEATING OF FOOD M A TER IALS AT VAR IO U S ALT ITUDES

-----------------------------------------  A B S T R A C T  ------------------------------------------

Temperature differences, moisture losses and viscosity changes of food 
products prepared in a microwave oven at different elevations were 
determined. Experiments with apples, potatoes, squash, ground meat, 
scrambled eggs, custard sauce and soups were carried out at atmos
pheric pressures equivalent to sea level, 2500 ft, 5000 ft, and 7500 ft of 
elevation. Results indicated that altitude affects final temperatures and 
weight losses of foods heated in a microwave oven and has to be con
sidered when microwave heating conditions are established for people 
living in the high altitude region of the U.S.

IN T R O D U C T IO N

FOOD PREPARATION w ith microwave energy is becoming 
increasingly more popular in homes, institutions and food- 
service establishments. This m ethod of cooking and baking 
offers conservation of tim e and energy as well as convenience 
to the user.

Differences in atm ospheric pressure affect the sensory as
pect of foods (Maga and Lorenz, 1972), rheological character
istics (Lorenz, 1973, 1974; Morrow and Lorenz, 1974) and 
overall quality of food products prepared by conventional 
food preparation procedures (Kulas, 1950; Lorenz et al.,
1971).

Microwave food preparation appears to  be similarly affect
ed by varying atm ospheric pressures. Bowman et al. (1971) 
determined the effects of cooking fresh and frozen vegetables 
in a microwave oven at 5000 ft of elevation on the color, 
flavor, tenderness, tex ture and overall acceptability. Micro- 
wave cooking times needed to  be extended over those recom 
mended by the m anufacturer o f the appliance for sea level 
application.

Meaningful altitude conversion factors, however, cannot be 
calculated because of differences in perform ance of microwave 
ovens from different m anufacturers, the effect of oven load, 
type and shape of the food and the quality and m aturity  of 
the product at the time of cooking, all of which affect micro- 
wave heating times.

The difference in cooking times at different elevations is 
due to a linear relationship between atm ospheric pressure and 
the tem perature at which water boils. The boiling point of 
w ater decreases by about 1.8°F for every 1000 ft increase in 
elevation making it necessary to  cook most food products for 
a longer tim e at higher altitudes to obtain the same tenderness, 
texture, and overall food acceptability which can be achieved 
in a shorter time under sea level conditions.

More than one-third of the United States is located in the 
high-altitude region (above 2500 ft o f elevation) and although 
these areas are sparsely populated, more than 15 million 
people make their home there (Lorenz et al., 1971). A study 
was, therefore, conducted to  determ ine tem perature differ
ences, moisture losses and viscosity changes of food products 
prepared in a microwave oven at different elevations.

M A T E R IA L S  «fe M E T H O D S

Altitude chamber
The investigation was carried out in a special laboratory consisting

of a steel cylinder 7 ft in diameter and 9 ft high. This laboratory can be 
ventilated, and temperature and humidity controlled. The atmospheric 
pressure can be adjusted and maintained to simulate conditions be
tween sea level and 12000 ft of elevation. The experiments were carried 
out at atmospheric pressures equivalent to sea level, 2500 ft, 5000 ft 
and 7500 ft of elevation. The temperature and relative humidity inside 
the laboratory were maintained at 22°C and 48-50%, respectively. 
Microwave oven

An Amana Radarange, Model RR-4D operating at 2450 mHz with a 
cavity 9 in. high, 14-1/2 ia  long and 13 3/4 in. deep was used.
Food products

Foods were chosen that would be representative of those generally 
used in microwave food preparatioa Foods varying considerably in 
moisture content were selected since moisture content of the food 
affects microwave cooking time to a much greater extent than conven
tional cooking time.

The following foods were prepared in the microwave oven at differ
ent elevations: (a) soup (split pea); (b) ground meat (extra lean); (c) 
apples (Rome); (d) potatoes (Idaho Russets); (e) squash (acorn); (f) 
eggs (scrambled); and (g) a custard sauce. A large enough supply of each 
food product was purchased at a time to conduct experiments at all 
elevations, which assured product uniformity. The apples, potatoes, and 
the squash were selected to be reasonably uniform in size and weight. 
The food products were kept at the same refrigeration temperature 
prior to testing in the microwave oven to assure the same initial temper
ature.

The following procedures, which were developed in preliminary ex
periments, were used.

Apples (Rome), potatoes (Idaho Russets), squash (acorn), ground 
meat (extra lean). Apples (avg wt 197g) were placed in a pint-size pyrex 
dish and heated for 4 min. Potatoes (avg wt 289g) were heated for 7 
min. A whole acorn squash (avg wt 553g) was placed into a pyrex dish 
and heated for 12 min. Ground meat (125g) was placed into a 400 ml 
beaker and heated for 2 min 45 sec. The temperature of all food prod
ucts were recorded before and after microwave heating to determine 
temperature differences due to elevation. Weight losses due to heating 
at varying atmospheric pressures were determined by weighing all food 
products before and after microwave cooking.

Soup (split pea). A can of split pea soup and one can of water were 
blended according to label directions, and 200g of this soup were 
poured into a 250 ml beaker. The temperature of the soup was record
ed and initial consistency determined with a Brookfield viscosimeter at 
20 rpm using spindle #2. The weight of the soup was adjusted to 200g, 
compensating for losses during consistency determinations, and heated 
in the microwave oven for 1 min 30 sec. The temperature of the soup 
was recorded immediately upon removal from the microwave oven. 
Weight loss was determined by reweighing the beaker containing the 
soup after microwave heating. Consistency of the soup was measured as 
soon as the soup had cooled to 120°F.

Eggs and sauces. Scrambled eggs were prepared by beating 2 eggs, 30 
ml of milk and lg salt with a hand rotary beater for 15 sec at medium 
speed The temperature of the scrambled eggs was recorded and lOOg 
were poured into a 250 ml beaker and heated for 2 min 15 sec. Im
mediately upon removal from the microwave oven the temperature of 
the scrambled eggs was recorded and weight loss determined by re- 
weighing the eggs.

A custard sauce was prepared by blending 4 eggs with 500 ml of 
milk, 50g of sugar and lg of salt using a hand rotary beater for 30 sec at 
medium speed. The temperature was recorded and 175g of the sauce 
poured into a 250 ml beaker and heated in the microwave oven for 3 
min 45 sec. Immediately upon removal from the microwave oven the 
temperature was measured and weight loss determined by reweighing 
the sauce.
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Table 1 —Effect of elevation on temperature difference and weight loss of foods prepared with microwave energy3

Elevation (ft) Apples Potatoes Squash Ground meat Eggs Custard sauce

Avg temp difference sea level 134.5 132.1 138.7 151.3 136.1 150.5
(initial-final temp) 2500 133.2 132.9 135.2 144.9 132.0 143.8

(°F) 5000 126.0 123.2 126.1 137.1 126.1 135.8
7500 131.0 124.2 128.6 138.3 129.6 132.3

LSD  -  (° F) - 1.82 2.44 3.19 2.76 2.55 2.69

Avg wt loss sea level 30.0 50.6 106.5 18.1 15.6 19.2
(grams) 2500 28.6 48.1 103.9 17.7 14.4 20.6

5000 25.0 52.9 10 4.0 19.7 10.3 22.5
7500 22.5 52.8 1C 6.4 20.0 16.0 24.8

LSD  — (grams) - 1.53 2.68 - 0.60 0.71 1.37

Avg wt loss sea level 16.2 20.1 19.8 14.5 15.6 11.0
(%) 2500 15.0 16.0 18.6 14.2 15.4 11.8

5000 10.9 17.3 18.8 15.7 10.3 12.9
7500 12.3 17.8 18.9 16.0 16.0 14.2

a Resu lts represent the averages of 10 separate tr ia ls  at each elevation.

Experimental design
Ten trials were conducted with each food product at each elevation 

(sea level, 2500 ft, 5000 ft and 7500 ft) to obtain sufficient data for 
statistical analyses of the results.

The 10 replications with each food product at each elevation were 
not conducted at one time with pressure set at one level, but rather in a 
random fashion over a 12-month period to demonstrate with these 10 
measurements the repeatability of the experimental results.
Statistical evaluation of data

The experimental data were analyzed by one-way analyses of vari
ance. Whenever significant F values were obtained, LSD values were 
calculated and multiple comparison plots constructed as described by 
Carmer and Swanson (1973).

RESULTS

Tem perature differences and weight losses
The effects of elevation on tem perature differences of 

foods heated in the microwave oven are shown in Table 1. The 
tem peratures o f foods, heated for a fixed period of time, de
creased as elevation increased from  sea level to  5000 ft. Prod
uct tem perature then increased again as the elevation reached 
7500 ft. Custard was the only exception showing a steady 
decrease in tem perature as elevation increased.

Weight losses, mainly due to  loss of moisture, are shown in 
Table 1. The trends were similar as observed for tem peratures. 
The losses decreased as elevation increased up to  2500 or 5000 
ft depending on the food under consideration and then in
creased again at higher elevations. Only the custard showed a 
steady increase in weight loss as elevation increased from  sea 
level to  7500 ft.

The results of preparing soups in the microwave oven at 
different elevations are summarized in Table 2. The average 
tem perature difference between the initial and final product 
tem perature after heating in the microwave oven for a given 
length of tim e and the weight loss decreased with increasing 
elevation up to 5000 ft as observed w ith apples and scrambled 
eggs, but then increased at 7500 ft. Final soup consistency 
values reflect m oisture losses during microwave heating. Con
sistency values (cps) at 20 rpm decreased up to  an elevation of 
5000 ft and then increased at higher elevations.
Statistical evaluations

The statistical evaluations of the experim ental data are pre
sented in the form of multiple comparison plots in Figures 1 
and 2. Figure 1 shows tem perature difference confidence inter
vals while Figure 2 shows weight loss confidence intervals. In

these plots two half confidence intervals must not overlap to 
be significant at the alpha level.

The ground meat exhibited significant differences (a  = 
0.05) in tem peratures and in weight losses due to  heating at 
different elevations as determ ined by one-way analyses of vari
ance. The relationship between altitude and tem perature was 
linear. There was a linear, but also a slight cubic relationship 
between altitude and weight loss.

Since it was impossible to  obtain potatoes which were 
exactly the same weight, an analyses of the effects o f po ta to  
weight on product tem peratures and weight losses was neces
sary. This analysis indicated tha t the observed differences were 
independent of the weight of the potatoes used. Differences in 
weight losses and product tem peratures due to elevation were 
significant (a  = 0.05). The relationship between weight loss or 
tem perature of the food product and altitude was pre
dom inantly linear. The plot, however, also indicated a slight 
cubic relationship.

The difference in the weights o f the apples used has no 
effect on the results of these experiments. Tem perature differ
ences and weight losses due to altitude were significant statis
tically at the 5% level. The relationship between weight loss 
and elevation was linear. Both a linear and a slight cubic rela
tionship was indicated between tem perature and altitude.

The tem perature differences and weight losses observed for 
acorn squash heated in the microwave oven at different eleva
tions were independent o f the weight of the squash used. The

Table 2—Effect of elevation on the final temperature, weight loss 
and consistency of soup heated in a microwave oven3

Elevation
(ft)

Avg
final
temp
<°F)

Temp difference 
(initial-final, °F)

Avg wt
(%) loss (grams)

Avg final 
consisten cy 

(CPS)
20 rpm

Sea level 154.0 81.5 1.49 2.98 470
2500 147.0 73.8 1.40 2.81 402
5000 142.5 66.7 1.06 2.13 359
7500 144.7 71.5 1.16 2.32 383

1 Results represent the averages of 10 separate tr ia ls  at each elevation. 
LS D  -  Tem perature ( ° F )  = 4 ,1 4 ; LS D  — W eight Loss (grams) = 0 .37
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Fig. 1— Multiple comparison plots o f  temperature differences 1° F) o f  
microwave heated foods (a =  0.05).

multiple comparison plot, which is not shown in Figure 1, 
indicated a linear relationship between tem perature and alti
tude. The differences were significant at the 5% level. Losses in 
weight due to  heating at different elevations, however, were 
not significant. This is really not surprising considering that a 
whole squash was heated each time. The tough skin of the 
squash prevented large enough differences in m oisture loss 
which might have been significant statistically.

Custard showed significant differences in tem perature and 
weight loss due to elevation. These relationships were linear.

Elevation produced significant differences in tem peratures 
and weight losses heating scrambled eggs in the microwave 
oven. While the relationship between altitude and tem perature 
was linear, tha t between altitude and weight loss was cubic as 
the multiple comparison plot indicates.

The differences in tem peratures and weight losses of split 
pea soup due to elevation were significant (a  = 0.05), but not 
the differences in consistency. The consistency values, how
ever, show a decreasing trend with higher elevations indicating 
a more viscous product. The relationship between tem perature 
and elevation was Unear.

A ttem pts to  find a relatively simple mathem atical equation, 
which would express all the observed changes due to  elevation 
failed. This is really not surprising considering the differences 
in food products, initial moisture content, size, weight and 
heating tim e in the microwave oven of the food evaluated.

D IS C U S S IO N

IT IS REALIZED that microwave heating does not proceed by 
conduction as heating by conventional m ethods but rather as 
the results of molecular excitation of charged particles, es
pecially water. Since microwaves have great penetrating power,

Fig. 2 — Multiple comparison plots o f weight losses Igrams) o f  micro- 
wave heated food (a = 0.05).

a food product being heated has hardly any heat gradient, 
although measurements of the tem perature distribution in an 
item in a microwave oven revealed tha t the surface was slightly 
cooler than the area below the surface (Anon., 1970). This is 
caused by radiation of heat from  the food surface to the 
cooler surroundings of the microwave oven. A heat equilibri
um, however, is reached in a similar way by microwave heating 
as by conventional heating. Conventional heating of food is 
affected by altitude and one might expect that this is also true 
for microwave cooking even though cooking times are much 
shorter.

Elevation has been shown to  affect the tem perature which 
is reached when a food product is heated in a microwave oven 
for a fixed period of time. The average difference betv/een the 
initial and final product tem perature after heating in the 
microwave oven for a given length of tim e decreased as eleva
tion increased from  sea level to  5000 ft o f elevation and then 
decreased at 7500 ft of elevation. The lower tem perature 
differences at reduced atm ospheric pressures are due to the 
lower boiling point of water and the faster rates of evaporation 
as elevation increases.

At reduced pressures, evaporation takes place faster pro
vided the tem perature is m aintained constant, because of the 
reduced obstruction offered by the air molecules. Investiga
tions on distilled water at a constant tem perature of 90 .9 °C, 
evaporating into a room  whose relative hum idity was 38% ± 
2% at various altitudes, showed that the rate of evaporation 
increased 15% at 5000 ft and 29% at 8000 ft above that at sea 
level, although the boiling point was never reached (Vaillant, 
1910).

The increased speed of evaporation at high altitudes causes 
the tem perature in foods being baked or cooked to drop, be
cause not enough heat can be supplied to  maintain ;hat rate
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(Barmore, 1936). In microwave cooking this reduction con
tinues until the tem perature has been lowered to  a point where 
the microwave energy absorbed by water evaporating again 
equals the microwave energy transferred to  the food product. 
Therefore, other things being equal, the higher the altitude the 
lower the tem perature of an evaporating solution, or food 
products, even though the boiling point is not reached.

With microwave heating this is true up to  an elevation of 
5000 ft. At 7500 ft the rate of evaporation, which is influ
enced by bo th  tem perature and atm ospheric pressure becomes 
the predom inant factor, counteracting the decrease in tem per
ature o f microwave heated products w ith altitude and causing 
a greater moisture loss which coincides w ith an increase in 
tem perature.

Moisture has a direct bearing on the microwave heating rate 
o f a food product. For example, a food product of a fixed size 
and weight containing 50% water will take less tim e to  heat to 
a specific tem perature than one containing 75% water, or if 
they are bo th  heated for the same length of time, the former 
will reach a higher tem perature than the latter (Anon., 1970). 
Since more moisture was lost as elevation increased to 7500 ft, 
the lower moisture content of the food will absorb all of the 
microwave energy perm itting the tem perature to  increase again 
at the greater altitude.

The food products evaluated in this study behaved slightly 
differently when heated in the microwave oven at different 
elevations. This, however, should not be surprising considering 
the differences in initial m oisture content, size, weight, and 
heating tim e in the microwave oven.

C O N C L U S IO N S

ALTITUDE has been shown to affect final tem peratures and 
weight losses of foods heated in the microwave oven and has 
to be considered when microwave heating tim es are established 
for the people living in the high altitude region of the U.S.
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INH IB ITO RY  CAPACITY OF SODIUM BENZOATE FOR N ITRATE-INDUCED
CORROSION OF TIN PLATE

-----------------------------------------  A B S T R A C T  ----------------------- — -------------
The efficiency of adding three levels of sodium benzoate (100, 1000, 
2500 ppm) in inhibiting corrosion of tin by different organic acid so
lutions at pH = 3.5 containing 125 ppm nitrate, was tested in canned 
model packs experiments. Model pH = 3.5 solutions consisting of 1% 
citric acid, or 1% malic acid, or a mixture of 0.8% citric acid + 0.1% 
malic acid + 0.1% oxalic acid, and containing 15% sucrose, 500 ppm 
ascorbic acid and 125 ppm N 03", were compared with and without the 
addition of sodium benzoate. The decrease in the nitrate concentration 
and the increase in the concentration of tin and iron were followed in 
the canned model solutions throughout suitable storage periods at room 
temperature. The amounts of dissolved tin and iron were taken as cor
rosion criteria. Inhibitory efficiency was expressed as the ratio of cor
rosion rates in solutions with and without the addition of an inhibitor. 
Results showed that sodium benzoate gave incomplete protection 
against corrosion of tin by nitrate. Addition of sodium benzoate, e.g., 
at 1000 ppm, showed that it is most inhibitive in citric acid, less so in 
malic acid, and least in the 1% citrio-malic-oxalic acid mixture.

IN T R O D U C T IO N

THE ACCELERATING EFFECT of nitrates on the dissolution 
of tin observed in tin plate cans of acid products has becom e a 
major cause of concern in the last 20 yr (Evans, 1971; Farrow 
et al., 1969; Horio et al., 1964/65, 1966, 1968; S trodtz and 
Henry, 1954).

The seriousness of the econom ic and toxicological conse
quences of the problem led to  much research all over the 
world in an effort to  find m ethods of reducing the effect of 
nitrate and to define its reaction mechanism (Board and Hol
land, 1969; Farrow et al., 1970, 1971; Sherlock and Britton,
1973).

When considering a natural medium like food, two possible 
reactions must be emphasized: by the presence of reducible 
com pounds which would increase the cathodic kinetics, thus 
increasing corrosion rates; and by substances with inhibitory 
action which, in polarizing the anodic reaction, would decrease 
corrosion rates.

The present investigation is part o f a study (Albu-Yaron 
and Semel, 1976) to  determ ine the influence of each of the 
natural chemical com ponents in a particular food, e.g., organic 
acids, oxidizing or reducing com ponents as well as the per
m itted chemical substances added to preserve foods, on the 
corrosion induced by nitrates, as a preliminary to  a search for 
inhibitors.

Benzoic acid and its sodium or potassium salts are widely 
used as chemical preservatives in the food preparation industry 
at the maximum perm itted level o f 0.1% (Borgstrom, 1968). 
Benzoic acid also occurs naturally in cranberries, logan berries, 
some blackberries, European plums and green gage plums, and 
sometimes in quantities exceeding the maximum limit ( 0. 1%) 
perm itted in the canning industry. Only the undissociated 
benzoic acid molecules are active in the germicidal action; the 
sodium salt, being more soluble than the acid form  in water, is 
preferred for industrial use. Its optim um  pH range varies be

tween 2.5 and 4.0. Although the effects o f sodium benzoate in 
inhibiting the corrosion of iron (Davies and Slaimar., 1971,
1973) or steel (Brasher and Mercer, 1968) have been widely 
investigated, its effectiveness in inhibiting tin  plate corrosion 
has not yet been studied.

In this experim ent the effect o f the addition of three dif
ferent levels of sodium benzoate (100, 1000 and 2500 ppm) 
on  the dissolution of tin  in plain tin  plate cans containing 
various organic acid solutions (1%) w ith added sucrose (15%) 
and ascorbic acid (500 ppm) at pH = 3.5 and 125 ppm NO3 
level, has been investigated.

E X P E R IM E N T A L

Materials
Solutions were prepared from chemicals of analytical reagent quali

ty and deionized water (< 0.22 ppm NOj). To solutions of 15% su
crose, additions of organic acids, ascorbic acid, sodium benzoate and 
sodium nitrate were made as required. Adjustment of the pH to 3.5 was 
accomplished by the addition of small amounts of 0.1 M sodium citrate 
or sodium malate before making up to the mark with deionized water. 
The amounts of the acid salts required to bring the solutions to this pH 
value were not significant.

The organic acids chosen for the experiment were citric acid 
(0.15N), malic acid (0.15N), and a mixture of 0.12N citric acic, 0.015N 
malic acid and 0.022N oxalic acid (total acid concentration of 1%). 
Ascorbic acid was added to give a 500 ppm concentration. Sodium 
nitrate was used at a concentration of 2 x 10'3M. The solutions investi
gated were 100, 500, 1000 and 2500 ppm sodium benzoate. Control 
packs lacking sodium benzoate were prepared similarly. Table 1 gives 
the exact compositions of the model solutions used.

Table 1—The composition of pH = 3.5 model solutions with 
added sucrose 115%) and ascorbic acid (500 ppm) at 125 ppm ni
trate level

Organic acids

Citric Malic Oxalic Sodium benzoate
(%) (%) (%) (ppm)

1
1

- -
100

1 — — 500
1

1
1

- 1000

I ___ 100
_ 1 — 1000
— 1 — 2500
0.8 0.1 0.1 -

0.8 0.1 0.1 100
0.8 0.1 0.1 1000
0.8 0.1 0.1 2500
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Fig. 1— Effect o f  so
dium benzoate in or
ganic-acid solutions (pH  
3.51 containing 125 
ppm  N O  l, 15% sucrose 

and 500 ppm  ascorbic 
acid on tin plate can 
dissolution, as a func
tion o f  storage. (Shaded 
points indicate zero 
level sodium  benzoate).
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Experiments were made with lOOg, 202 x 202 plain cans of electro
lytic tin plate having a free-tin coating weight of 0.82 lb/bb, an alloy 
coating weight of 0.11 lb/bb, and an ATC value of 0.11 g A/cm2, manu
factured by the Israel Can Company.
Analytical methods

Nitrite and nitrate were determined by the method previously de
scribed by Green (1970) and Fudge and Truman (1973). The method 
uses sulfanilamide and N-(1-Naphthyl)ethylene diamine and involves 
the formation of a colored complex with nitrite and its subsequent 
extinction measurement at 540 nm. The nitrate determination required 
a preliminary reduction step to nitrite using a cadmium column. The 
same method has been developed for use with the Technicon Auto- 
Analyzer (Henriksen and Selmer-Olsen, 1970) and lower concentrations 
of nitrate and nitrite were determined by means of this instrument. 
Standards of nitrate and nitrite were prepared in solutions of the same 
composition as model solutions. All analyses were carried out in dupli
cate. The minimum detectable amounts were 0.05 ± 0.02 ppm nitrate 
and 0.03 ± 0.02 ppm nitrite.

Tin and iron were determined by atomic absorption analysis per
formed on a Pye Unicam model SP-90 atomic absorption spectrometer 
using an air-acetylene flame with an air-flow rate of 5 liter/min and 
acetylene flow rates of 1.4 liter/min and 1.7 liter/min for iron and tin, 
respectively. The iron and tin responses were measured at wavelengths 
of 248.3 nm and 286.3 nm, respectively. In order to avoid errors re
sulted from interferences of various ions composing model solutions, 
[Roos and Price (1971) reported that citrate ions suppress the ab
sorbance of iron in atomic absorption spectrometry with air-acetylene 
flame], standards of iron and tin ions were prepared in solutions of the 
same composition as the model solutions used throughout the work. All

analyses were carried out in duplicate. The minimum detectable 
amount of iron was 1 ±0.1 ppm and of tin 25 ± 5 ppm.

Tin coating thickness was determined by the coulometric method of 
Kunze and Willey (1952). ATC determinations were made by a standard 
instrument constructed in accordance with ASTM A623 (1973).
Procedure

Cans were filled with model solutions at 90° C. After filling (with 
minimum head space) the cans were closed and processed for 10 min in 
water at 82— 85°C. After water cooling, the cans were stored at room 
temperature. At 1-, 7-, 30-, 90- and 180-day examinations, two cans 
from each treatment were opened and the contents analyzed for dis
solved tin and iron, nitrate, nitrite, sucrose and pH. Vacuum was de
termined before each opening. The presence or absence of corrosion 
was noted after opening and the residual internal tin-coating weight 
was determined by the coulometric method. All determinations were 
carried out in duplicate.

R E S U L T S  & D IS C U S S IO N

THE EFFECT of sodium benzoate in reducing the contri
bution of nitrate to  corrosion of tin  was explored at different 
concentrations and for different solutions at pH = 3.5, on a 
to ta l o f 150 samples, over a storage interval of 3 months.

Results are presented in Figures 1 and 2 for room  tem pera
ture storage. Results are expressed as dissolved ppm tin (Fig.
1) and as change in nitrate concentration (Fig. 2) during stor
age.

The shape of the curves obtained for the three levels of

Fig. 2 — Decrease o f  

N O  l  from an initial 
125 ppm  level during 
detinning in organic 
acid solutions (pH  3.5) 
containing 15% sucrose, 
500 ppm  ascorbic acid 
and three levels o f  so
dium benzoate, as a 
function of storage. 

(Shaded points indicate 
zero  leve l so d iu m  
benzoate.)

STORAGE , days AT ROOM TEMPERATURE
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Table 2—Degree of inhibition of nitrate-induced corrosion of tin 
in acid solutions (pH = 3.5) at three levels of sodium benzoate

Model solutions 
containing3

Kb

Sodium benzoate (ppm)

100 1000 2500

Citric acid 1.02 2.3 —

Malic acid 1.04 1.73 1.85
Citric acid +
malic acid + 1.89 0.77 1.17
oxalic acid

a See Tab le  1 fo r the  exac t com position
b The  ratio  o f corrosion rates in so lution  w ith o u t and w ith  sodium  

benzoate addition .

sodium benzoate w ith citric acid and malic acid showed an 
initial rapid detinning reaction up to  1 m onth, followed by a 
slower rate during later storage. By increasing the level of 
sodium benzoate, its inhibitory action was improved: up to 
500 ppm, the shape of the curves was similar to  that obtained 
w ith solutions w ithout sodium benzoate, but 1000 ppm and 
2500 ppm changed its shape. The shape o f curves obtained in 
1% acid m ixture showed an increasing rate of detinning over 
the 3-month period of storage, for all three levels o f sodium 
benzoate.

Measurements of corrosion in 0 .15N citric acid at pH = 3.5 
containing 125 ppm NO3 showed inhibition to  be 2.5% for 
100 ppm, 13.7% for 500 ppm, and 56.2% for 1000 ppm addi
tions. In 0 .15N malic acid at the same nitrate level (125 ppm), 
inhibition was 4% for 100 ppm, 44% for 1000 ppm, and 48% 
for 2500 ppm additions. In the 1% acids m ixture (0.125N  
citric acid, 0 .0 15N malic acid, 0.022N oxalic acid) containing 
125 ppm NO3, sodium benzoate at levels up to 1000 ppm 
appeared to stim ulate corrosion, but 2500 ppm gave m oderate 
inhibition (15%).

In Table 2, the values calculated for the degree of inhibition 
on nitrate-induced tin plate corrosion of sodium benzoate ex
pressed as the ratio  of corrosion rates in solution w ithout and 
with inhibitor addition are shown for the three model so
lutions studied at pH 3.5. A lthough the 1% malic acid con
taining 500 ppm ascorbic acid and 15% sucrose appeared to  be 
35% less corrosive than the 1% citric acid containing the same 
additives and at the same nitrate level (125 ppm NO3), addi
tion of sodium benzoate, e.g., at 1000 ppm level, showed that 
it is most inhibitory in citric acid, less so in malic acid and 
least so in the 1 % citric-malic-oxalic acid mixture.

The relevant corrosion curves (Fig. 1) show too that sodium 
benzoate gave incom plete protection against corrosion of tin 
by n itrate; even at the 2500 ppm level, more than 250 ppm 
dissolved tin was found after only 3 m onths’ storage in all 
three model solutions.

Nitrate concentrations (Fig. 2) changed at the same rate as 
the tin corrosion rate; thus, changes in nitrate concentration

were faster in cans w ith low benzoate levels than in those with 
high levels.

The quantity  o f  dissolved iron did no t vary markedly be
tween treatm ents. Variations were from  1—4.5 ppm, showing 
that at this nitrate level the acid solutions containing sodium 
benzoate dissolve mainly tin. In 1% malic acid solution the 
corrosion of iron increased w ith increasing sodium benzoate 
concentration, e.g., at concentrations tha t inhibited nitrate- 
induced detinning. In 1% citric acid solution and in the 1% 
acid m ixture, there were no differences in the rate o f iron 
corrosion with increasing levels of sodium benzoate.

N itrite was not detected in any of the cans. Can vacuum did 
not change appreciably during storage. Exam ination of the 
internal appearance o f the cans showed progressive detinning.
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A Research Note
PRODUCTION OF LIMONOATE DEHYDROGENASE BY Pseudomonas

-----------------------------------------  A B S T R A C T  -----------------------------------------
The growth conditions of Pseudomonas sp. 321-18 were studied to 
maximize yields of limonoate dehydrogenase, which prevents the de
velopment of limonin bitterness in citrus juices. The organism grew well 
on 0.5% or less limonoate media, but it did not grow on media con
taining 1.0% or more limonoate. Galactose and fructose were excellent 
substrates for its growth, but sucrose and glucose were found to be 
poor. The organism grew best at 25°C and pH 7-7.5. Cells grown on 
substrates other than those containing limonoids did not produce 
limonoate dehydrogenase, but the enzyme was induced with low con
centrations of limonoids. Enzyme activity was increased five- to sixfold 
by use of the induction method on galactose grown cells.

IN T R O D U C T IO N

DESPITE the abundance of high-quality navel oranges each 
year, very little unblended juice of navel orange is consumed. 
This low consum ption is due to the fact that the juice from 
the fruit becomes b itter soon after its extraction. This phe
nom enon is generally referred to  as delayed bitterness (Kef- 
ford, 1959; Joslyn and Pilnik, 1961). It has been shown that 
developm ent of the b itter principle in the juice is due to the 
conversion of nonbitter lim onoate A-ring lactone to intensely 
b itter limonin (Maier and Beverly, 1968; Maier and Margileth,
1969).

In dealing with this bitterness problem, we have attem pted, 
by one approach, to  develop an enzymic debittering process or 
an enzymic process which prevents the form ation of the bitter 
principle in the juice and other processed products. The search 
for microbial enzymes has resulted in the isolation of four 
limonoid-metabolizing enzymes (Hasegawa et al., 1972; 1974a, 
b). Among them , two lim onoate dehydrogenases from Pseudo
monas and Arthrobacter have been found to  prevent limonin 
form ation by converting lim onoate A-ring lactone to nonbitter
17-dehydrolimonoate A-ring lactone, thereby preventing de
layed bitterness.

The effectiveness of the two enzymes in debittering navel 
orange juices (fresh and processed), citrus seed meal, and citrus 
peels has been dem onstrated (Hasegawa et al., 1973; Brewster 
et al., 1975). The lim onoate dehydrogenase of Pseudomonas 
sp. 321-18 is of particular interest since it functions better in 
the low pH range of the natural juice than does tha t of Arthro
bacter globiformis (Brewster et al., 1975).

We report a study of the production of lim onoate dehydro
genase by Pseudomonas sp. 321-18 under various conditions.

E X P E R IM E N T A L

Assay methods
Limonoate dehydrogenase activity was assayed by following the in

crease in optical density due to the formation of NADPH at 340 nm.

Activity was assayed in 1 ml of a reaction mixture consisting of 0.1 M 
Tris buffer (pH 8.0), 1 x 10‘2M limonate, 5 X 10'4M NADP , 1 x 
10'3M KCN and an appropriate amount of enzyme. Changes in optical 
density at 340 nm were measured at 23°C in a standard silica cuvette of
1-cm light path with a Varian Techtron 635 spectrophotometer. Under 
the above conditions, one unit of enzyme activity was defined as “that 
amount which catalyzes the formation of 1 mju mole of NADPH per 
minute.”
Growth of cells

The growth substrate, 200 ml of a mineral salt medium (Saunders et 
ah, 1948) and the carbon source of interest, was placed in a 2-1 Erlen- 
myer flask and inoculated with 3 ml of a 48—72 hr culture of Pseudo
monas sp. 321-18. Incubation was at 25° C on a shaker, and growth was 
followed by measuring the increase in optical density of the medium at 
400 nm. After incubation, cells were harvested by centrifugation at
20,000 X G for 10 min, washed with cold 0.1M phosphate buffer (pH 
7.0), and frozen until used for enzyme analyses.
Preparation of enzyme

All operations were carried out in an ice bath. Frozen cells obtained 
from 200 ml of medium were suspended in 50 ml of 0.1M phosphate 
buffer (pH 7.0) containing 10"3M dithiothreitol, and disrupted in a 
Rosset flask with a Branson sonifier, J-22. The supernatant from centri
fugation at 20,000 X G for 10 min was brought to 0.9 saturation with 
(NH4)2S04 by the addition of the solid salt with continuous stirring. 
The mixture was centrifuged at 20,000 X G for 15 min, and the precipi
tate dissolved in a measured amount (20-25 ml) of 0.01 M phosphate 
buffer (pH 7.0) and used as an enzyme source for the estimation of the 
activity.
Preparation of grapefruit seed meal extract

Dried seeds were finely ground with a Comminuting Machine, Model 
D, Fitz Mill, and the meal was extracted by refluxing with petroleum 
ether. The residue was suspended in water (10%, w/w) and autoclaved 
for 15 min at 250°F. The mixture was filtered, and the filtrate which 
contained about 400 ppm of limonoate and a few ppm of other limo
noids mainly nomilin and obacunone, was used as the “grapefruit seed 
meal extract” (GSME).

R E S U L T S  & D IS C U S S IO N  

G ro w th  o n  l im o n o id s

The strain of Pseudomonas sp. 321-18 isolated from  soil 
grew well on a lim onoate or limonin medium, and produced 
lim onoate dehydrogenase intracellularly (Hasegawa et al., 
1974a). When grown on 0.1, 0.3, 0.5 and 1.0% of lim onoate, 
the organism grew best on a 0.3% medium; optical density of 
the medium reached 2.30 after 78 hr. On a 0.5% medium, the 
lag phase was 25—30 hr longer than it was on a 0.1 or 0.3% 
medium, but the growth eventually reached the maximal level 
equivalent to  or slightly less than that o f 0.3% medium after 
120 hr o f incubation. The organism did not grow at all on 
media containing 1.0% or more lim onoate. The reason for this 
is not clear. The mineral salt medium used contained nutrients 
sufficient to  support greater growth. For instance, when the
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Fig. 1—In d u c t io n  o f  U m o n o a te  d e h y d r o g e n a se  o f  P se u d o m o n a s  sp. 
3 2 1 -1 8  w ith  g r a p e fr u it  s e e d  m e a l e x tra c ts . T h e  o rg a n ism  w as g ro w n  
o n  a 4%  g a la c to se  m e d iu m  u n d e r  th e  c o n d it io n s  d e s c r ib e d  in th e  
te x t . A f t e r  6 4  h r  o f  in c u b a tio n , w a te r  e x tr a c ts  o f  g r a p e fr u it  se ed  
m e a l 10.75% ) w e re  a d d e d  to  in d u c e  e n z y m e  a c tiv ity . A c t iv i t y  w as  
a ssa yed  b y  s ta n d a r d  p ro c ed u re s .

organism was grown on a 7.0% galactose medium, its optical 
density at 400 nm reached 70. Thus, lim onoate might have 
had an inhibitory effect on the organism. Arthrobacter globi- 
formis, however, grew well on relatively high concentrations of 
lim onoate (Hasegawa et al., 1972).
Growth on other carbon sources

Because the organism did not grow well on media con
taining high concentrations of lim onoate, a search was made 
for a substitute carbon-source. Tests of various sugars revealed 
that galactose and fructose were excellent substrates. The 
organism grew m oderately well on xylose, but very poorly on 
sucrose and glucose. The organism was able to grow on media 
containing up to  10% galactose, and the cell yield reached as 
much as 30 times that from  a medium containing lim onoate as 
a sole carbon source. Thus, galactose was used as a carbon 
source for the growth o f the organism throughout this investi
gation, unless otherwise stated.

The organism was also capable of growing on GSME. A 
medium which contained 0.5% GSME soluble solids and 4% 
galactose increased cell yields by 50% and reduced incubation 
tim e by 30 hr as compared w ith 4% galactose alone. 
Tem perature and pH effects on growth

When incuaated on 0.3% lim onoate at 8, 20, 25 and 30°C, 
the organism grew best at 25°C. G row th was slightly less at 
20°C, and at 30°C the growth rate was one-half that at 25°C. 
The organism did not grow well at 8°C. The organism grew 
best at pH 7—7.5.
Induction and production of lim onoate dehydrogenase

Cells grown on a medium containing either 0.5% lim onoate 
or GSME plus 0.1% Umonoate had about 200—300 units of 
lim onoate dehydrogenase per 200 ml culture. Cells grown on 
substrates o ther than those containing limonoids did not 
produce the enzyme activity. However, we found that the 
enzym e activity could be induced w ith relatively low levels of 
lim onoate supplied either as added pure lim onoate or as limo
noids present in GSME.

Two m ethods to  induce enzym e activity were studied. By 
the first, the organism was grown on a galactose medium until 
growth was considerable; lim onoate or the GSME was then 
added to induce the enzyme. Typical results from  such experi
ments are shown in Table 1 and Figure 1. Activity appeared a 
few hours after addition of the GSME, and reached its maxi
mal level after 24 hr. Afterwards, activity decreased gradually 
(Fig. 1). Activity was maximal, 300 units per 200 ml culture, 
after addition of extract at the 0.5—0.75% level (soluble 
solids/total, w/v). The addition of extracts at levels higher than 
1.0% did not increase activity, but the addition of lim onoate 
at the 0.1% level resulted in the production of up to  700 units 
o f enzyme activity per 200 ml culture. The addition of as little 
as 10 ppm Umonoate induced enzym e activity, but activity 
was low.

By the second m ethod for the induction of enzyme ac
tivity, cells were incubated on a lim onoate medium immedi
ately after harvest from galactose media on which they had 
grown maximally. The results o f the experim ent are shown in 
Table 2. The original growth medium contained 4% galactose 
and 0.25% GSME. The cells were collected by centrifugation, 
washed w ith 0 .1M phosphate buffer (pH 7.0), suspended in 
mineral salt media of five different concentrations of Umo
noate, and incubated under the standard conditions. Gener
ally, Umonoate dehydrogenase activity varied directly with 
Umonoate concentration in the medium. With 0.5% Umonoate, 
1550 units per 200 ml culture were obtained. This value was

Table 1 — Induction of lim onoate dehydrogenase of Pseudom onas 

sp. 321-18 w ith grapefruit seed meal extracts (G S M E )

Incubation after 
G S M E  added 

(hr)

A m oun t o f G S M E  added

0 .2 5 % 0 .5 % 0 .7 5 %

Enzym e  activityJl

4.5 51.6 77.2 77.2

7.5 64.4 77.3 58.0

24.0 142.0 303.0 303.0

27.0 70.8 213.0 312.0

31.5 169.0 247.0 276.0

48.0 88.0 251.0 270.0

a A c t iv ity :  un its per 2 0 0  m l cu lture. T h e  o rgan ism  w a s  g row n  on  a 
4 %  galactose-m ineral salt m ed ium . W h en  g row th  w as m axim al, 
G S M E  w as added to the m e d iu m  to  in d uce  e n zym e  activ ity. T he  
g row th  co n d it io n s  and e n zym e  assay m e tho d  are de scribed  in the 
text.

Table 2— induction o f lim onoate dehydrogenase of Pseudom onas 

sp. 321-18  w ith various concentrations of limonoate

Length of 
incubation 

(hr)

Concentration o f lim onoate

0.01% 0 .0 5 % 0.10% 0.20% 0 .50%

Enzym e  activ itya

16 892 795 623 1060 -

20 — 617 833 1130 -

24 — 604 832 1020 1550

e A c t iv ity :  un its  per 2 0 0  m l o f cu lture. Average  o f d up lica te  a n a ly 
ses. C e lls  w ere  g row n  o n  a m ed iu m  co n ta in in g  4 %  ga lactose  and 
0 .2 5 %  G S M E .  A t  m a x im u m  grow th , the o rgan ism  w as co llected  b y  
centrifu gation , w ashed  w ith  co ld  0 .1 M  p h o sp h a te  bu ffe r  (p H  7.0), 
su spended  in m inera l salt m edia  o f five  d iffe ren t c o n c e n tra t io n s  of 
lim onoate, and incubated  under the c o n d it io n s  described  in the 
text. E n z y m e  activ ity  w a s assayed  b y  s tandard  p rocedures.
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five to  six tim es greater than that obtained from cells which 
were grown on a lim onoate medium.

Several repeated experim ents clearly showed that the 
second m ethod produced higher enzyme activity than the first 
method. In the first method, residual galactose or metabolites 
of galactose present in the medium apparently interfered with 
induction of the enzyme by limonoate. This was dem onstrated 
directly. Cells were grown on galactose medium, harvested, 
and washed. Those subsequently treated with limonoate- 
galactose developed about 50% less activity than those treated 
with lim onoate alone.
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A Research Note
A POTENTIAL M ICRO BIOLOG ICAL ASSAY OF FRUIT CONTENT  

IN ORANGE JUICE PRODUCTS

------------------------------------ ABSTRACT ------------------------------------
A microbiological assay has been developed to estimate the content of 
orange juice in a product. A bacterium was found which under standard 
assay conditions grew in proportion to the amount of orange juice in 
the mixture. Imitation orange beverages did not support growth. Com
mercial concentrates from various sources were assayed by the micro
biological procedure, and the variability of the results was about the 
same as or slightly lower than that of many of the other constituents 
used to estimate juice content. Preliminary tests suggest that the orga
nism is a homofermentative Lacobacillus of the subgenus Strepto- 
bacterium.

INTRODUCTION

THE PROBLEM of detecting adulteration in orange juice or of 
determining juice content in an orange juice product has at
tracted a great deal of interest over the years. Many constitu
ents have been proposed as indices of authenticity. Some 
indices have been based on single com pounds such as nicotinic 
acid (Sawyer, 1963), betaine (Lewis, 1966), and on mineral 
content (Koch and Hess, 1971). Likewise, various classes of 
com pounds such as amino acids, phenolics and reducing sub
stances have been proposed by others (Vandercook et al., 
1975; Benk, 1958). Various com binations of constituents have 
been tried to  improve the sensitivity of adulteration detection 
ranging from simple linear relationships (Zam orani et al.,
1973) to  highly complex statistical distributions (Lifshitz,
1974) . Each proposal has certain advantages and lim itations in 
terms of analysis time, instrum entation, ability to  detect gross 
adulterations, and sensitivity to  small dilutions.

In spite of the wide variety of assay procedures in the litera
ture, no one seems to  have used microbiological assay pro
cedures to  measure the content of orange juice in orange 
drinks. We noted bacterial growth in a sample of orange juice 
buffered to  pH 6.9. Growth resulted when additional sterile 
orange juice was inoculated with the contam inated juice. This 
led us to investigate the possibilities of a microbiological assay 
for orange juice content where the growth limiting factor(s) 
are com ponent(s) of natural orange juice.

MATERIALS & METHODS

Stock culture
The test bacterium (NRRL B-4306, USDA, ARS, Northern Regional 

Research Lab., Peoria, IL 61604) was streaked on plates of Bacto Micro 
Assay Culture agar (Difco Laboratories, Inc.) prepared with orange 
juice serum instead of water. The orange juice serum was prepared from 
commercial orange juice concentrate diluted to single strength with 
water and centrifuged at 17,000 x G for 15 min. The pH of 90 ml of 
the supernatant was adjusted with 2N NaOH to 6.9, and the volume 
was adjusted to 100 mL After incubation at 35-37°C for 48 hr, the 
plates were stored in the refrigerator (4°C). Transfers were made 
monthly.

' USDA Northern Regional Research Lab., Peoria, IU.

Inoculum
The inoculum for assays was prepared by subculturing from a stock 

culture into a tube containing Bacto-Micro Inoculum Broth (Difco 
Laboratories, Inc.) prepared with pH 6.9 orange juice serum instead of 
water. After incubation at 35-37°C for 24 hr, the cells were centri
fuged, under aseptic conditions, and the supernatant decanted. The 
cells were washed twice in sterile saline (0.85% NaCl) and centrifuged. 
A suspension of the cells in 10 ml sterile saline was diluted 1:10 with 
additional sterile saline. One drop of the inoculum was used to inocu
late each assay tube.
Sample preparation

Single strength juice or a concentrate diluted to single strength was 
centrifuged at 17,000 x G for 15 min to give a clear sample. The pH of 
20 ml of the juice was adjusted to 6.9 with NaOH and the volume was 
adjusted to 100 nl.
Assay

Five replicate culture tubes (25 x 150 mm) were prepared with 10 
ml of each sample and autoclaved at 15 lb pressure for 15 min. Two 
tubes were held as a control, and three tubes were inoculated with the 
organism. All tubes were incubated for 30 hr at 35-37°C. Bacterial 
growth (as turbidity) was determined by measuring absorbance at 550 
nm of the inoculated sample against the uninoculated control. The 
values were expressed as absorbance.

RESULTS & DISCUSSION

MICROBIOLOGICAL ASSAYS are widely used for specific 
constituents such as vitamins and amino acids. In this investi
gation the concept of a microbiological assay based on a 
growth-limiting nutrient has been applied to  a whole agricul
tural com m odity in a processed food product. Presumably, 
one or more of the m inor nutrients in the juice becom e growth 
limiting for the organism.

Fig. 1—B a cteria l g r o w th  (a b so rb a n ce  a t  5 5 0  n m I  in  a sa m p le  o f  
orange ju ic e  a s a fu n c t io n  ju ic e  c o n c e n tr a tio n .
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Table 1—Bacterial growth (absorbance) under standard assay 
conditions in 28 commercial orange juices

Absorbance3

California 0.22, 0.30, 0.21, 0.21, 
0.17, 0.25, 0.30

0.24

Florida 0.23, 0.16, 0.13, 0.16, 
0.15, 0.32, 0.22

0.20

Texas 0.38, 0.47, 0.25, 0.18, 
0.23, 0.22

0.29

Israel 0.21, 0 .21 ,0 .18 , 0.21 0.20
M exico 0.30, 0.27 0.29

Spain 0.21, 0.17 0.19
A ll samples 0.24 ± 0.07

a A ve rage  o f  three replicates

Early in the investigation we found that growth of the orga
nism was proportional to  the concentration of orange juice in 
the assay mixture. Figure 1 shows the results of a typical 
experim ent with different levels of a single orange juice sam
ple. A 20% juice concentration was selected as a reasonable 
level for routine determ inations on the basis of ease of sample 
preparation, sensitivity and absorbance values.

The effects of pH, tem perature, inoculum concentration 
and tim e on the growth of the bacterium were investigated, 
although not all possible com binations of the parameters were 
considered. Growth of the bacterium in orange juice was sub
stantial after 20—30 hr at 37°C, but was essentially absent at 
room tem perature (21 —23°C) and 45°C. Inoculum dilutions 
greater than 1:10 required longer than 30 hr for the growth to 
reach its maximum level. The growth response to pH was 
nearly flat from  5.5—7.0; growth was less above and below 
that range. A pH of 6.9 was selected for the assay.

Commercial orange concentrates from various sources were 
assayed by the microbiological procedure, and the results are 
listed in Table 1. The overall mean absorbance and standard 
deviation were 0.24 ± 0.07, respectively. The variability of the 
results was less than that reported for to tal amino acids, total 
acidity, phenolics and some of the individual amino acids used

to  estim ate juice content (Vandercook et al., 1975). There was 
nc growth, under the standard assay conditions, on a com
mercial orange flavored instant breakfast drink or on orange 
soda (degassed under vacuum).

Preliminary tests established that the assay organism was a 
Grarr.-positive, nonm otile rod. It was bo th  catalase and oxidase 
negative. N itrate reduction was not evident even after 12 days. 
The organism produced acid but no gas from  glucose, but 
generated bo th  acid and gas from gluconate. Thin-layer chro
matography on silica plates (ethanol:am m onium  hydroxide: 
water 80 :4 :16) of an ether extract of the medium after bac
terial growth produced a spot corresponding to  lactic acid. A 
test by the m ethod of Barker and Summerson (1941) also 
indicated that lactic acid was produced. Finally, the organism 
grew well at 37°C but not at 45°C. These results indicated that 
the organism is a hom oferm entative Lactobacillus belonging to 
the subgenus Streptobacterium.

Results o f these experiments indicate that a microbiological 
assay for the juice content in orange juice products is possible. 
For whole juice products, the variability is com parable with 
previously reported chemical methods.

Work is continuing on the identification of the organism. 
Known species of Lactobacillus are also being tested for their 
usefulness in this type of assay on citrus and other juices.
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A Research Note
NONENZYM IC BROWNING IN A SYNTHETIC O RANGE-FLAVORED DR IN K

------------------------------------  ABSTRACT ------------------------------------
Storage resistance of a powdered synthetic orange-flavored drink (OFD) 
to nonenzymic browning as measured by formation of three browning 
products at 38°C was compared with that for natural instant orange 
juice (IOJ). OFD was freeze dried to afford a homogenous OFD mix
ture comparable to IOJ and its storage stability was compared with that 
of IOJ. Although OFD was more resistant than IOJ to nonenzymic 
browning when OFD had a lower moisture level than IOJ, at the same 
moisture level, OFD was no more stable. This indicated that the greater 
storage stability of OFD is due to its lower moisture content, rather 
than to its discrete separation of components which might retard sugar- 
acid reactions.

INTRODUCTION

AS DEHYDRATED FOODS become increasingly available, 
more fundam ental inform ation on nonenzym ic browning and 
other reactions that produce off-flavor in these foods is 
needed. Synthetic powdered orange-flavored drinks (OFD) 
have greater storage stability to  off-flavor development at 
am bient tem peratures than natural powdered instant orange 
juice (IOJ) (Berry et al., 1972) but the reason for this dif
ference in flavor stability has not been determined. Eluci
dation of this difference may help provide guidelines for 
improving storage stability of dried food products.

Previous studies showed that nonenzym ic browning is 
responsible for off-flavor developm ent in IOJ (Tatum  et al., 
1967; Shaw et al., 1970). In these studies, natural homogene
ous mixtures of com ponents were em ployed, whereas most 
synthetic powdered drinks are nonhom ogeneous mixtures of 
discrete solid com ponents dry-blended together. Such non- 
homogenous mixtures might be less susceptible to  sugar-acid 
degradation reactions during storage than would homogenous 
mixtures of the same moisture content where the sugars and 
acids are in more intim ate contact. Since moisture content 
affects the rate of nonenzymic browning in dehydrated foods 
(Reynolds, 1963), any differences in moisture levels between 
samples could account for differences in storage stability.

The current study was undertaken to  determ ine the im
portance of discrete com ponent separation and moisture con
ten t to  resistance to  nonenzym ic browning in OFD and in IOJ.

EXPERIMENTAL

Drink samples
Synthetic powdered orange-flavored drink containing sucrose, citric 

acid, potassium citrate, and ascorbic acid was purchased from a local 
food market. A 175-g portion of this powdered drink was dissolved in 
1182 ml of distilled water and placed in trays having 1680 sq cm 
surface area to approximately 1 cm depth. Samples were frozen at 
- 68°C, placed in a Stokes Model 12-F freeze drier with platen tempera
ture of 4°C, and dried for ca 7 hr. Instant orange juice was prepared by 
dehydration of 5 8° brix concentrated orange juice using the foam-mat 
drying process (Berry et al., 1972). Samples were stored at 38°C and 
checked weekly by thin-layer chromatography (TLC) for the presence 
of browning compounds. Reference samples were stored at -20°C.
Moisture determinations and adjustments

Moisture content of OFD and IOJ samples was determined by using

a modification of the Karl-Fisher method (McComb and Wright, 1954). 
Portions (98.93g and 95.54g) of OFD containing 0.18% moisture were 
shaken vigorously as 1.07g and 4.46g of distilled water was added drop- 
wise to increase the moisture content to 1.25% and 4.64%, respectively. 
Vigorous shaking was continued for several minutes to evenly distribute 
the water throughout each sample. Moisture was allowed to equilibrate 
throughout the samples during storage.
Extraction procedures

Small extractions for TLC were carried out by shaking lg of 
powdered sample in 1 ml of water with 2 ml of acetone and spotting 
15-p2 portions of the clear, upper layer on TLC plates.

Preparative TLC or gas chromatographic (GC) samples were isolated 
from powder (103g) that was slurried with 150 ml of 1:1 water-acetone 
solution extracted with three 150-ml portions of ether as described 
previously (Tatum et aL, 1967). The combined ether extracts were 
dried over sodium sulfate and concentrated to small volume (ca 5 ml) 
prior to TLC or GC separation.
Thin-layer chromatography

Samples were spotted on Silica Gel HF254 plates and developed to 
10 cm in a solvent system by the upper layer from equilibrated benzene 
(200), ethanol (47), water (15), and acetic acid (1 part) (Berry and 
Tatum, 1965). Preparative TLC was carried out by spotting samples on 
20 X 20 cm plates of Silica Gel HF254 1 mm thick and developing 
them twice in the same solvent system. Individual ultraviolet-absorbing 
bands were scraped off and components eluted with ether.
Gas chromatography

GC separations were performed on a Hewlett-Packard Model 7620A 
instrument equipped with a 0.20 in. x 9 ft column packed with 20% 
Carbowax 20M on 60—80 mesh Gas Chrom P with He flow of 100 ml 
per min. Temperature programming was 100°C initially, then raised at 
4°C per min up :o 225°C. The thermal conductivity detector tempera
ture was 275° C and on-column injection was employed.

Spectral analyses
Infrared (IRj spectra were determined as thin films or chloroform 

solutions on a Perkin-Elmer Model 137 infracord spectrometer. For 
solution spectra, a 4 power beam condenser was employed. Ultraviolet 
(UV) spectra were determined in ethanol solution on a Cary Model 14 
spectrophotometer.
Authentic comparison samples

Hydroxymethylfurfural was purchased from ICN Life Sciences 
Group, Plainview, New York. Hydroxyacetylfuran (Tatum et aL, 1967) 
and maltol hydrate (Shaw et aL, 1971) were prepared as described 
previously.

RESULTS & DISCUSSION

THE OFD was found to  be more stable to  nonenzymic 
browning than was IOJ as dem onstrated by form ation of three 
indicator com pounds during storage at 38°C (Table 1). The 
three compounds, hydroxym ethylfurfural (HMF), hydroxy
acetylfuran (KAF), and maltol hydrate (MH) (2,3-dihydro-3,5- 
dihydroxy-6-methyl-4//-pyran-4-one) were detected by using a 
previously published TLC procedure (Berry and Tatum , 1965). 
These three com pounds were shown to be major nonenzymic 
browning products in IOJ (Tatum  et al., 1967) and in a 
fructose-acid model system (Shaw et al., 1967) and thus, are 
good indicators of nonenzym ic browning in the present 
systems.
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Table 1—Stability of dehydrated synthetic orange drink (OFD) and 
natural orange juice (10 J) to nonenzymic browning during storage at
38° C

Moisture
Browning components detected

and detection method

drink (%) at 38°C HMF HAF MH

OFD 0.18 20 Na N N
OFD 0.18 98b TLC,GC,IR,UVC N N
Freeze-dried OFD 4.64 3 TLC.GC.IR TLC,GC,IR TLC
OFD & H20 4.64 3 TLC.IR TLC.IR N
OFD & H20 1.25 3 TLC,IR TLC.IR N
IOJ 1.25 3 TLC.GC TLC.GC TLC.GC

a N = not detected 
b Stored at ambient temperature 
c \ max280 nm (e 5300)

HMF was first detected in IOJ after 3 wk, but it was not 
detectable in OFD at the end of 20 wk. Although none of the 
three browning indicators in Table 1 was detected in OFD 
after 20 wk storage at 38°C, HMF was detected in a sample of 
OFD that had been stored for 98 wk at am bient tem perature 
(range 18—30°C), but the other browning products were not 
detected.

Since OFD was a blend of discrete com ponents rather than 
a homogenous mixture as found in IOJ, a solution of OFD was 
prepared and freeze dried to  obtain a homogenous, dry mix
ture of com ponents comparable to  tha t found in IOJ. As indi
cated in Table 1, the freeze-dried OFD sample was no more 
stable to  nonenzymic browning than was IOJ, since they both 
developed detectable levels of HMF, HAF and MH after 3 wk 
storage at 38°C.

Moisture content is known to  be a critical factor in rate of 
nonenzym ic browning in dehydrated foods and in model sys
tem s (Reynolds, 1963). Since the m oisture content of com
mercial OFD was significantly lower than that of IOJ or of 
freeze-dried OFD, this lesser moisture content in commercial 
OFD could be a reason for its greater storage stability. In order 
to  explore this possibility, samples of OFD were prepared with

a m oisture conten t equal to  that o f IOJ (1.25%) and tha t of 
freeze-dried OFD (4.64%). Results in Table 1 indicate OFD 
containing 1.25 or 4.64% moisture to  be no more stable to 
nonenzym ic browning as measured by HMF and HAF form a
tion than either IOJ or freeze-dried OFD at the same moisture 
levels. The third major indicator o f nonenzym ic browning in 
IOJ and in freeze-dried OFD, MH. was not detected in the 
other OFD samples studied.

Moisture content in IOJ has been shown to affect storage 
stability. Thus, when IOJ w ith a significantly lower moisture 
content (0.88%) than tha t usually produced (ca. 1.25%) was 
evaluated by a taste panel as described previously (Berry et al., 
19721, it was stable twice as long (6 wk) at 38°C as was a 
sample containing 1.25% moisture (3 wk) (Wagner, 1975).

This study indicates that low moisture content is o f much 
greater im portance in achieving greater storage stability to 
nonenzym ic browning in high sugar-acid dry foods than is the 
discrete separation of com ponents through dry-blending of 
individual crystals.
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A Research Note
FUNCTIONAL PROPERTIES OF ACYLATED  

GLANDLESS COTTONSEED FLOUR

--------------------------------  ABSTRACT --------------------------------
Glandless cottonseed flour was acylated with succinic and acetic anhy
dride. Acylation caused an increase in the specific viscosity of the flour 
and an increase in its functionality. Water-holding, oil-holding, emulsi
fying, and foam capacities were increased from 1.2 to tenfold over 
nonacylated flour.

INTRODUCTION
THE DEVELOPMENT of glandless cotton  varieties and liquid 
cyclone processing techniques has allowed production of cot
tonseed flours that have very low or zero concentrations of 
gossypol (Harper and Smith, 1968; Pons and Eaves, 1967). 
These products have been characterized both  functionally and 
nutritionally as a partial replacem ent for wheat flour in yeast 
breads (Rooney et al., 1972; Matthews et al., 1970. Tsen et al., 
1971; Harden and Yang, 1975).

Extension of cottonseed flour utilization to other types of 
food products might be feasible if the flour itself or a chemi
cally modified flour were found to have high functionality. A 
technique which has been successfully utilized with fish pro
tein concentrates, eggs and wheat to alter functionality is 
acylation of the protein w ith acidic anhydrides (Groninger and 
Miller, 1975; Groninger, 1973; Gandhi et al., 1968; Grant,
1973). Acylation of proteins has been noted in some cases to 
cause an increase in the electrostatic repulsion forces in the 
protein resulting in an expansion of the molecule (Habeeb et 
al., 1958). Carpenter and Saffle (1965) showed a high corre
lation (r = 0.975) between the radius of proteins (as quantified 
by the limiting viscosity num ber) and the emulsifying capacity 
of proteins.

It, therefore, seemed feasible to define experim entally the 
effects of acylation of whole cottonseed flour on the function
ality of the flour. Functional characteristics which were in
vestigated were: (a) water-holding capacity, (b) oil-holding 
capacity, (c) emulsifying capacity, and (d) foaming properties. 
In addition, the specific viscosity of the flours was defined.

MATERIALS & METHODS
GLANDLESS COTTONSEED FLOUR samples were provided by the 
National Cottonseed Products Association, Memphis, Tenn. and stored 
in sealed moisture-vapor proof plastic bags at room temperature until 
experi mentation.

Glandless cottonseed flour was acylated by reaction with either 
succinic or acetic anhydride. 5g of flour were suspended in 150 ml of 
distilled water. 25g of succinic or acetic anhydride were added over a 
period of 60 min with constant stirring. The reaction mixture was held 
in the general range pH 7.5—8.5 by addition of 4N NaOH and the 
temperature was held at 0°C by immersion in an ice bath. The acylated 
material was dialyzed overnight at 4°C against distilled water and freeze 
dried.

For water-holding capacity determinations 0. lg of cottonseed flour 
and 5.0 ml of 0.02M citrate buffer (pH 3.5) were added to a weighed 
15 ml glass centrifuge tube. The tube was agitated on a vortex mixer for 
2 min and then centrifuged for 15 min at 500 x G. The clear super
natant was decanted and discarded. The pellet was weighed and the 
weight of water bound per gram flour was calculated as water-holding 
capacity.

Oil-holding capacity was determined in the same manner as water
holding capacity except 5 ml of cottonseed oil was substituted for the 5 
ml of citrate buffer.

Emulsifying capacity was determined by a slight modification of 
methods described by Webb et al., (1970). 0.1 Og of cottonseed flour 
product was suspended in 45 ml of 5% NaCl, 0.02M sodium carbonate 
solution and blended at 12,000 rpm with more oil being added. The 
breaking point cf the emulsion was judged to have been reached when 
the ohmmeter showed a rapid and large increase in resistance. The 
emulsifying capacity was calculated as ml of oil emulsified/g cottonseed 
flour product.

For foam capacity determinations l.Og of cottonseed product and 
100 ml of water were placed in a beaker and mixed to allow dispersion 
of the cottonseed product. The mixture was then whipped at 14,000 
rpm for 10 min and the volume was determined. The foam forming unit 
was defined as ml foam/g product. The foam was then transferred to an 
11 mm funnel supported on a 100 ml graduate cylinder and the liquid 
drip from the foam was quantified after 15 min.

Specific viscosity was determined in Oslwald viscometers at 27 ± 
0.05°C. Varying amounts of cottonseed flour product (0.01, 0.03, 
0.05, 0.07 and 0.09g) were dissolved in 10 ml of water and the relative 
viscosity (Nr) o: the product solution defined as Ns/N0 where Ns is 
product solution viscosity and N0 is water viscosity. The specific vis
cosity was calculated as Nr -  1.0.

RESULTS & DISCUSSION
ACYLATION of glandless cottonseed flour increased its water
holding capacity greatly. Succinylated cottonseed flour bound
1.5 times more water than unm odified glandless flour and 
acetylated flour bound greater than 2.0 times more water 
(Table 1).

Oil-nolding capacity of cottonseed flour was markedly in
creased by acylation (Table 1). Acetylated cottonseed flour 
bound three times more oil than normal cottonseed flour and 
succinylated flour bound seven times more oil.

The emulsifying capacity o f glandless cottonseed flour was 
significantly increased by succinylation but not by acetylation 
(Table 1). Succinylation increased the emulsifying capacity 
twofold and to  the same general range as skeletal muscle on a 
dry weight basis (Carpenter and Saffle, 1965).

Table 1 —Functionality of acylated cottonseed products®

Glandless 
cottonseed flour 

(ml/g)

Acetylated 
cottonseed flour 

(ml/g)

Succinylated 
cottonseed flour 

(ml/g)

Water-holding 3.50a 7.87c 5.53b
capacity

Oil-holding 2.60j 8.97 k 19.60L
capacity

Emulsifying 456.67 m 416.67m 776.67n
capacity 

Foam capacity 126.67x 250.00z 150.00y

a All data are the mean of three replicates. Methodology Is defined in 
the text. Data In the same horizontal row with different letters are 
significantly different at the 0.05 level.
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F i g  1—S p e c i f i c  v is c o s ity  o f  c o t t o n s e e d  f lo u r  p r o d u c t s  as a f u n c t io n  
o f  g ra m s  o f  c o t t o n s e e d  f lo u r  p r o d u c t / 1 0  m l w a ter. A l l  d a ta  a re  th e  
m e a n  o f  th re e  re p lic a te  d e te rm in a tio n s . In  n o  ca se  w as th e  s ta n d a rd  
e r r o r  o f  th e  m e a n  g re a te r  th an  th e  s iz e  o f  th e  s y m b o l  u se d  to  d e n o te  
th e  d a ta  p o in t .  R e la t iv e  v is c o s ity  (N r)  w as d e f in e d  as th e  q u o t ie n t  o f  
th e  v is c o s ity  o f  th e  c o t t o n s e e d  f lo u r  p r o d u c t  s o lu t io n , /Vj, a n d  th e  
v is c o s ity  o f  w a te r , N q,  s p e c i f ic  v is c o s ity  w a s d e f in e d  as N r  — 1.0.

Neither glandless cottonseed flour nor its acylated deriva
tives produced large volumes of foam (Table 1). Cottonseed 
flour produced approxim ately 25% the foam volume of soy
bean flour (Groninger and Miller, 1975). However, acylation 
of glandless cottonseed flour did increase its foam capacity. In 
addition, the cottonseed foam was markedly unstable with >  
90% drip within 15 min of foam production.

Figure 1 indicates the succinylated product had the greatest 
viscosity, followed by the acetylated product, and native cot
tonseed flour. It is generally recognized that the viscosity of a 
polymeric solute is a function of the volume of the polymer 
molecule in solution and further that instrinsic viscosity is a 
function of molecular weight for a series of linear homologous 
polymers (Karata et al., 1972). Because of the heterogeneous 
com position of these products, the data can only be inter
preted as indicating an increase in volume of a significant 
num ber of the polymer molecules.

Since Carpenter and Saffle (1965) have noted a relationship 
between the molecular radius of proteins and their emulsifying

capacity, the superior perform ance of acylated flours as em ul
sifying agents may be related to  increased molecular volume.

These data indicate the water-holding, oil-holding, emulsi
fying and foam capacity of glandless cottonseed meal are in
creased significantly by acylation reactions. A cetylation selec
tively increased water-holding and foaming capacities while 
succinylation selectively increased oil-holding and emulsifying 
capacities. Pilot plant studies are being undertaken to  define
(a) optim um  conditions for production of acylated cottonseed 
flours and (b) the extent of acylation necessary to produce 
desired functional characteristics. Production of adequate 
am ounts of acylated product to allow product development 
work is also underway.
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A Research Note

MONO- AND OLIGO SACCHARIDE COMPOSITION OF GROUNDNUT (Arachis hypogea)

--------------------------------  ABSTRACT -------- ------- ----------------
The mono- and oligosaccharide composition of two different varieties 
of groundnuts has been determined. 70% alcohol was used for the 
extraction of mono- and oligosaccharides. The total monosaccharides 
constituted 5.08 and 5.00%, and were identified as D-glucose (2.89 and 
2.88%) and D-fructose (2.19 and 2.11%); while the total oligosac
charides amounted only to 3.23 and 3.38% of the flour solids, respec
tively for the two varieties, and were identified as sucrose, 0.91 and 
0.95%; rafñnose, 0.94 and 1.06%; stachyose, 1.04 and 0.51%; and 
verbascos?,, 0.2 and 0.38%. Final identification of the sugars was 
achieved Tiy gas liquid chromatographic analysis as their trimethylsilyl 
derivatives. In addition, one of the varieties “Nambyquarae” (hybrid 
peanut) also contained ajugose, 0.48%. These groundnuts are unusual in 
that they contain a high proportion of free monosaccharides.

INTRODUCTION
IN A PREVIOUS publication from this laboratory (Thara- 
nathan et al., 1975) the to ta l carbohydrate make-up of de
fatted edible groundnut flour, bo th  processed and unprocessed 
has been reported. It was shown that out o f 38% total carbo
hydrates in the unprocessed flour, mono- and oligosaccharides 
account for 18%, with sucrose, the major oligosaccharide, 
am ounting to  14%; while glucose and fructose represent 0.80 
and 0.41%, respectively. As part o f studies on oilseed carbo
hydrates, the free sugar and general com position of two dif
ferent varieties of groundnuts are reported in the present 
com m unication.

MATERIALS & METHODS
TWO DIFFERENT VARIETIES of groundnuts were used in the pres
ent investigation. Both the varieties belong to runner types. One of 
them (presumably HG-4 variety) is cultivated in Akola, Maharashtra 
State, bears medium-sized pods containing 3-4  oval red seeds (30-35 
seeds/lOg). It was obtained in Oct. 1974. The other is “Nambyquarae” 
variety obtained from the National Chemical Lab. Garden, Poona, 
Maharashtra State. It bears large-sized pods containing 1-2  slightly flat 
but big seeds (10-12 seeds/lOg) with white streaks on the red testa, 
comparatively thicker shells. It was grown in a local garden and was 
obtained in Oct. 1974 (Fig. 1).

Triplicate 10-g batches of defatted groundnut flour were used for 
the isolation of mono, di- and oligosaccharides; the analytical methods, 
procedure for visualization and identification of sugars have been 
described previously (Tharanathan et al., 1975). Thin-layer chromatog
raphy was done on silica gel G plates (0.2 mm) using butanol-ethanol- 
water (2:1:1) and ethylacetate-isopropanol-water (11:4:2) solvent 
systems. High voltage electrophoresis was conducted using Whatman 
No. 3 MM papers at a voltage of 40 V/cm for 2 hr using borate buffers 
pH 9.2 and 10.0.
Purification and silylation of sugars

The fractionation of sugars was achieved by the method of Whistler 
ancLDurso (1950). Ethanol extract (l.Og in 5 ml water) was placed on a 
charcoal-Celite (Koch Light Co.) column (2:1 by weight, 31 x 4.0 cm).

'P r é s e n t  a d d re ss : M ax -P lan ck  I n s t i tu te  fu r  Im m u n o b io lo g ie , 78  
F re ib u rg , Z a h rin g en , S tu b e w e g -5 1 , W est G e rm a n y

The column was eluted with 1.6 liters of water for the isolation of 
monosaccharides. The sugars remaining in the column were then de- 
sorped by eluting successively with water containing increasing propor
tions of alcohol (2-25%, v/v). The purification and characterization of 
sugars were done as described previously (Tharanathan et al., 1975). 
The sugars along with myo-inositol were silylated to their trimethyl- 
silylated (TMS) derivatives with 1 ml of TriSil (Pierce Chemical Co.), 
shaken, and let stand at room temperature for a few minutes while 
oligosaccharides required incubation at 65°C for 1 hr. 1 pi of the clear 
solution was injected into the gas chromatograph.
Gas chromatography

A Varian Aerograph gas chromatograph Series 1400 with a flame 
ionization detector was used. The 5 ft x 1/8 in. o.d. stainless steel 
column was packed with 3% OV-1 on Chromosorb W (HP) 80/100. The 
column was operated isothermally at 300°C. Flow rates employed were 
carrier Na , 30 ml/min; H2, 17.5 ml/min; and air, 300 ml/min. The 
detector and injector temperatures were 280°C and 260°C, respective
ly.

F ig . 1—D if f e r e n t  va rie tie s  o f  g ro u n d n u ts  (A ra c h is  h y p o g e a )  sh o w in g  
sh a p e , s ize  o f  th e  p o d s  a n d  s e e d s :  (1 ) N a m b y q u a ra e ; (2 ) H G - 4 ;  (3 ) 
r e d  n eta l.
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Table 1—Chemical composition3 of ethanol-soluble and ethanol- 
insoluble materials from defatted groundnut flour

Nambyquarae
HG-4 groundnut groundnut

Soluble Insoluble Soluble Insoluble
material material material material

Yieldb 9.88 89.66 9.98 90.00
Total sugarc 89.20 24.00 90.00 25.50
Protein (N X 6.25)c 3.06 61.25 2.19 62.50
Moisture0 6.26 6.65 4.26 4.68
Ashc 0.31 5.26 0.20 4.88
Sugars detected^ Glu, 2.89 GalA, 1.70 Glu, 2.88 GalA, 1.88

Fru, 2.19 Gal, 3.04 Fru, 2.11 Gal, 3.26
Sue, 0.91 Glu, 8.60 Sue, 0.95 Glu, 5.20
Raf, 0.94 Ara, 4.30 Raf, 1.06 Ara, 6.1 7
Verb, 0.20 Xyl, 2.51 
Unk, 0.14

Sta, 0.51 
Verb, 0.38 
Aju, 0.48

Xyl, 4.29

a Figures are averages of results of triplicate experiments in all cases. 
b Percentage of dry solids extracted from dry defatted groundnut 

flour.
c Figures represent the percentage composition of ethanol-soluble 

and ethanol-insoluble material.
d Glu, Glucose; Gal, Galactose; Fru, Fructose; Ara, Arabinose; Xyl, 

Xylose; Sue, Sucrose; Raf, Raffinoise; Sta, Stachyose; Verb, Ver- 
bascose; Aju, Ajugose; GalA, Galacturonic acid; Unk, unidentified. 
[The figures represent the percentages (on moisture-free basis) of 
defatted groundnut flour, average values in triplicate] .

RESULTS & DISCUSSION
THE NAMBYQUARAE VARIETY contained a low per
centage of oil (41.3%) com pared to  HG-4 variety (50%); the 
protein contents were 33.4% and 26.5%, respectively. Pre
liminary exam ination of the extracts on paper and thin-layer 
chromatograms revealed the presence of glucose, fructose, 
sucrose, raffinose, stachyose and verbascose. Final identifica
tion of sugars was achieved by GLC. A preparative scale frac
tionation  was effected by charcoal-Celite chrom atography. It 
should at the very outset be stated that the two varieties were 
no t grown under similar conditions and hence the results may 
not be comparable. However, the results represent triplicate 
analytical values. The results (Table 1) indicate that the to tal 
monosaccharides consituted 5.1 and 5.0% and L-fructose 2.2 
and 2.1%, while the total oligosaccharides am ounted to  only
3.2 and 3.4% of the defatted flour and were identified as 
sucrose, 0.90 and 0.91%; raffinose 0.90 and 1.0%; stachyose

1.0 and 0.50%; and verbascose, 0.20 and 0.40% in the HG-4 
and Nambyquarae varieties, respectively.

In addition, the Nambyquarae variety also contained a high
er oligosaccharide to  the extent of 0.48%. This fraction had a 
very low mobility on paper and thin-layer chromatograms, and 
gave a characteristic blue color when sprayed with urea-spray 
reagent (Dedonder, 1952). Its optical ro tation , +164° (Ca 0.5 
in water) was almost identical with tha t of ajugose (+163°). 
On partial hydrolysis with 0.5N H2S 0 4 at 100°C for 6 hr, 
verbascose (trace), raffinose, glucose, galactose and fructose 
were noticed on chromatograms. The form ation of verbascose 
confirms the fraction to be ajugose. F urther confirm ation was 
achieved by enzymic hydrolysis. Thus, incubation with a- 
galactosidase (contam inated w ith invertase), isolated from  
Agave vera cruz, in acetate buffer, pH 5.6 at 37°C for 12 hr 
revealed the presence of verbascose. stachyose, raffinose and 
sucrose (faint spots) along with galactose. From  these results it 
is beyond doubt that the new fraction isolated is definitely 
ajugose. This is the first report of the occurrence of higher 
oligosaccharide (DP, 6) in groundnuts.

It is of significant interest to  no te the high proportion  of 
free monosaccharides (5%) and sucrose (0.90%) reported in 
the present study is quite different from the earlier quantita
tive reports (Tharanathan et al., 1975; Aylward and Nichols,
1961). Similar to these groundnuts, sesame (Sesame indicum ) 
has been shown to contain a high proportion of m onosac
charides (7.4%) and only 1.7% of oligosaccharides (Wankhede 
and Tharanathan, 1975). Mikolajezak et al. (1970) reported 
that sunflower meal contained 9.70% of di- and oligosac
charides, mainly sucrose, trehalose and raffinose; on the other 
hand, Sabir et al. (1975) reported tha t “m ono- and oligosac
charides in ethanol extract of sunflower and head constituted 
9.80 and 6.2%, respectively, of the flour solids.”
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A Research Note

THE SEN SIT IV ITY  OF FOOD SPOILAGE YEASTS  
TO ACETALDEHYDE VAPORS

--------------------------------  ABSTRACT -------— — -----------
Acetaldehyde (Aa) vapors inhibited development in vitro of the eight 
species of yeasts tested, fungicidal action being a function of concen
tration and length of exposure. The nonfermentative species Cryto- 
coccus difluens was the most sensitive species, 99% of its cell popu
lation being inactivated by exposure to 0.5% for 5 hr. Exposure to 0.5% 
for 10 hr was lethal to almost all species tested. A similar result was 
obtained by exposing the yeasts to a higher Aa concentration (3%) for a 
shorter period of time (3 hr). A concentration of 1% Aa, given for 1, 3 
and 5 hr, was not lethal to the species tested but reduced the survival 
percentage of all yeast populations and usually caused a prolongation of 
the incubation period in culture. Colonization of Schizosaccharomyces 
pombe, the main factor responsible for the spoilage of natural concen
trated citrus juices, was markedly inhibited by Aa vapors.

INTRODUCTION

ACETALDEHYDE (Aa) is a natural volatile com pound of dif
ferent plant organs, including fruit tissue (Nursten, 1970). 
Recently, Aa was reported to  have fungicidal and bactericidal 
properties against various microorganisms causing postharvest 
decay of fruits and vegetables (Aharoni and Stadelbacher, 
1973; Aharoni and Barkai-Golan, 1973; Prasad and Stadel
bacher, 1973; Stadelbacher and Prasad, 1974). This paper 
reports the effect of Aa vapors on the survival o f yeast species, 
most o f which are responsible for postharvest decay of fruits 
or spoilage o f natural and concentrated fruit juices. The pres
ent study was undertaken to provide a basis for the possibility 
of using this natural chemical, which is known as a flavoring 
agent (Hayes, 1963), also as a fumigant in the processes of 
preservation of fruit and juice.

MATERIALS & METHODS
THE EFFECT of Aa was tested on the following yeast species: Crypto
coccus diffluens (Zach.) Ladder et Lodder, isolated from stored grapes; 
Candida rugosa (Anderson) Diddens et Lodder, isolated from slices of 
grapefruit; C utiles (Henneb.) Lodder et Lodder (unknown origin); C. 
tropicales (Cast.) Berkh. (unknown origin); Schizosaccharomyces 
pombe Lindner, isolated from orange juice; Saccharomyces cerevisiae 
Hansen, isolated from grape must; S. bayanus Sacc., isolated from 
stored grapes; anc S. bailii Lindner, isolated from concentrated orange 
juice.

Pure cultures were grown on potato-dextrose agar (PDA) for 24 hr 
at 23°C. Aliquots of 0.5 ml of yeast suspended in distilled water at 10s 
cells/ml were dispersed in 5 x 5 cm petri dishes and exposed to Aa 
vapors in 8-liter desiccators. Aliquots of liquid Aa were injected into 
the desiccator in order to attain the desired vapor concentration as 
described previously (Aharoni and Barkai-Golan, 1973). The exposure 
of yeast cells to Aa was done at room temperature (20— 23°C). Vapor 
concentration was expressed as percentage of the atmosphere by 
volume.

Aa concentration and length of exposure for each species are given 
in Table 1. After treatment, cell suspensions were diluted 1:10, after 
which aliquots of 0.25 and 0.5 ml were spread onto the surface of PDA 
in 9-cm petri dishes and colonization ability at 23°C was recorded daily 
for 6 days. Nine replicates were made of each treatment.

RESULTS
THE DIFFERENT SPECIES of yeasts tested were found to 
have different degrees of sensitivity to given concentration of 
Aa vapors (Table 1). The most sensitive species was Crypto
coccus difluens, which failed to grow when exposed to  1% Aa 
for 5 hr and only 1% of the original population survived 0.5% 
Aa for 5 hr. Exposure to 0.5% Aa for 10 hr was found to be

Table 1 —Effect of various acetaldehyde (Aa) vapor concentrations and exposures on survival of eight yeast species

% Aa
Exposure

(hr)

% Killed3

Cryptococcus
difluens

Schizosaccharomyces
pombe

Candida
rugosa

Candida
utilis

Candida
tropicalis

Saccharomyces
bailii

Saccharomyces
bayanus

Saccharomyces
cerevisiae

0.5 5 99 91 54 30 0 44 0 0
10 100 100 100 100 100 100 100 86

1.0 1 18 0 68 18 0 13 0 0
3 95 80 69 55 0 37 4 0
5 100 87 80 55 13 53 22 0

3.0 1 100 0 69 61 0 12 25 27
3 100 93 100 100 100 72 100 100

3 Numbers represent percent of yeast cells that failed to grow after 6 days on PDA at 23 C.
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lethal to all yeast species tested except Saccharomyces cere- 
visiae, of which about 15% of the original cell population sur
vived such treatm ent. Increasing the tim e o f exposure of the 
lowest concentration tested (0.5%) from 5 to  10 hr, proved to 
be more effective than increasing the chemical concentration 
from 0.5% to 1% applied for the former exposure period (5 hr) 
(Table 1). Lethal effects were also obtained by exposing the 
yeasts to  3% Aa for a shorter period of tim e (3 hr). Concen
trations of 1% Aa given for 1, 3 and 5 hr did not kill the 
species tested (except C. difluens) but reduced the survival 
percentage of yeast populations (Table 1) and usually pro
longed their incubation period in culture.

DISCUSSION

SIMILAR to what has been reported for fungal species (Aha- 
roni and Stadelbacher, 1973; Prasad and Stadelbacher, 1973; 
Aharoni and Barkai-Golan, 1973; Stadelbacher and Prasad,
1974), Aa vapors proved to have fungicidal properties against 
yeast species, the extent depending upon both  concentration 
and length of exposure. The reaction of the majority o f the 
species tested is in good agreement with that o f Alternaria 
tenuis and Stem phylium  botryosum  spore populations, in 
which 99% m ortality was caused by exposure to  0.5% Aa con
centration for 10 hr (Aharoni and Barkai-Golan, 1973). How
ever, exposure to 0.5% Aa for only 2 hr was sufficient to cause 
a to ta l inactivation of Panicillium expansum  spore suspensions 
(Aharoni and Stadelbacher, 1973).

The yeast species Cryptococcus difluens and Candida 
rugosa, which showed the highest sensitivity to  Aa vapors in 
the present study, belong to the nonferm entative group of

yeasts. Their high sensitivity to the fungicide may suggest the 
possibility o f using Aa vapors for removing unwanted non
fermentative yeasts during a controlled process o f ferm en
tation.

One of the yeasts responsible for serious damage in natural 
concentrated juices belongs to the fermentative genus Schizo- 
saccharomyces, which is capable of developing at high concen
trations of sugar. This yeast is highly resistant to  S 0 2, which is 
commonly used for preservation in the citrus juice industry. 
Its sensitivity to  Aa, which was proved in the present study, 
may lead to the use of this chemical during industrial processes 
tc avoid ferm entation of citrus juices.
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A Research Note
NUTRIT IVE VALUE OF SPROUTED WHEAT FLOUR

--------------------------------  ABSTRACT --------------------------------
Proximate analyses and determinations of ascorbic acid, thiamine and 
riboflavin were made on four flours prepared from sprouted Wanser 
wheat and on a control flour prepared from unsprouted wheat. The 
four sprouted flours were prepared from 1/4 and 1 in. sprouts dried by 
two methods: convection or vacuum oven. Sprouted flours were found 
to have significantly higher crude protein, crude fat, thiamine and ribo
flavin concentrations than the control flour. For both sprout lengths 
higher thiamine concentrations were obtained by drying under vacuum.

INTRODUCTION
SPROUTED GRAINS are frequently believed to have miracu
lous nutritive values. Although sprouts have been used for 
centuries, particularly in the Orient, they have only recently 
become popular in the United States. Sprouted wheat, for 
example, is being prom oted not only for traditional use as a 
fresh vegetable but also as a flour. Wheat is estim ated to  pro
vide 20% of the to tal world food calories and is the staple food 
in about 45 countries (USDA, 1970). Therefore, treatm ents 
which might improve the nutritive quality of whole wheat 
flour should be of interest to the consumer and to  the flour 
industry.

Studies using electrophoretic techniques indicate that pro
tein fractions of wheat undergo changes during germ ination, 
w ith the major differences being qualitative rather than quanti
tative (Coulson and Sim, 1965; Daussant and A bbott, 1969). 
The apparent synthesis of a-amylase during wheat germ ination 
is of particular interest from  a baking standpoint. Although 
a-amylase has improving effects when present in low levels, in 
higher levels a-amylase decreases bread volume and produces a 
sticky crumb texture.

Dapron et al. (1969) dem onstrated an increase of lipolytic 
activity during germ ination of wheat. Therefore, changes in 
the com position of lipid fractions during wheat germination 
would also be expected to  occur. Although Elwood (1964), in 
a natural foods book, purports tha t the sprouting of wheat has 
been found to improve protein quality and increase levels of 
ascorbic acid, thiamine, riboflavin, niacin, pantothenic acid, 
pyridoxine, biotin and folic acid, there seems to  be little 
published research data to  substantiate these claims.

EXPERIMENTAL
TWO VARIABLES expected to affect the composition of sprouted 
wheat flour were tested: degree of germination of wheat kernels and 
drying method. Germination was carried out in a commercially avail
able sprouting kit consisting of a dome-covered plastic pan containing a 
replaceable foam pad. The germination method was designed to closely 
approximate household preparation of sprouted wheat. 90g of Wanser 
wheat was weighed into the pan, 75g of water was added and the pan 
placed in a 30°C incubator. The wheat kernels were germinated for 1-3  
days to sprout lengths of 1/4 in. and 1 in. The germinated kernels were 
dried in a convection oven at 50°C or in a vacuum oven maintained at 
27 in. Hg at 37°C. The four germinated samples and the ungerminated 
wheat kernels were milled in a Hobart mill.

A proximate analysis was conducted using approved American 
Association of Cereal Chemists methods (AACC, 1972). Moisture was 
determined at 10C°C in a vacuum oven maintained at 27 in. Hg Crude 
fat was extracted with ethyl ether in a Goldfisch apparatus. Crude 
protein was determined by multiplying micro-Kjeldahl nitrogen by 5.7. 
The Association of Official Analytical Chemists microfluorometric 
method was used to quantitatively determine ascorbic acid (AOAC,
1970). AACC (1972) fluorometric methods were followed for thiamine 
and riboflavin determinations. All analyses were made in triplicate. 
Results are reported on the 14% moisture basis conventionally used for 
cereal products. Differences among the treatment means were tested at 
the 5% significance level by Duncan’s new multiple range test (Steel and 
Torrie, 1960).

RESULTS & DISCUSSION
THE PROXIMATE com position, thiam ine and riboflavin con
centrations of t ie four germinated flours and the contro l flour 
are given in Table 1. Crude fiber quantity  did no t change 
significantly among the five treatm ents. Differences in ash con
centration were not statistically significant, ranging from  a low 
of 1.18% for the control to  1.38% for the 1 -in. sprouts dried in 
the vacuum oven.

The most notable differences in the proxim ate com position 
of sprouted and control flours were the significantly greater 
crude fat and crude protein concentrations determ ined for all 
four sprouted Tours. Protein was 12.30% for the control sam
ple and 12.83% and 13.13% respectively for 1/4- and 1-in. 
sprouts dried in the convection oven. Vacuum oven samples 
showed similar trends. The crude protein concentration of the 
control flours was significantly lower than tha t for any of the 
sprouted flours. The wheat kernels were sprouted in water

Table 1-Nutrient analyses of unsprouted and sprouted wheat flours3

1/4-in. sprout 1-in. sprout

Drying conditions Drying conditions

Component Control convection vacuum convection vacuum

Thiamine (mg/100g) 0.56 0.58 0.63 0.59 0.67

Riboflavin (mg/100g) 0.11 0.15 0.15 0.16 0.16

Moisture (%) 8.23 6.21 6.86 6.94 6.43

Fat (%) 0.94 1.54 1.64 1.57 1.71

Protein (%) 12.30 12.83 12.98 13.13 '3.01

(N X 5.7)
Ash (%) 1.18 1.25 1.32 1.34 1.38

Crude fiber (%) 2.24 2.18 2.21 2.07 2.15

Total carbohydrate 71.58 70.38 70.06 69.96 69.90

(by dif) (%)

aThiamine, riboflavin, fat, protein, ash, crude fiber, and total carbohy
drate concentrations corrected to a 14% moisture basis.
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with no intentionally added nutrients. Therefore, the apparent 
differences in protein concentration may reflect a loss of 
carbohydrate material during respiration or an alteration of 
the nitrogenous substances present, rather than an actual in
crease of protein.

The crude fat concentration of the control flour was also 
significantly lower than values for any of the sprouted flours. 
Further investigations are necessary to  determine whether this 
difference is due to  an actual increase in lipids in the flour 
prepared from  sprouted grain or w hether this difference is due 
to  a change in the type of lipid com ponents. Preliminary data 
from  gas chrom atographic determ ination of fatty  acid m ethyl 
esters indicates no notable differences between the fatty  acid 
patterns of the control and sprouted flour samples.

No measurable ascorbic acid was found in any of the flour 
samples. Wheat flour does not generally contain measurable 
ascorbic acid, although Kent-Jones and Amos (1967) report 
tha t germinated wheat may contain low am ounts of this vita
min. The thiamine concentration of flour was significantly 
affected by both  sprouting and drying m ethod. The sprouted 
flours had a mean thiam ine concentration of 0.62 mg/lOOg as 
opposed to  0.56 mg/lOOg for the control flour. The thiamine 
concentration of all the sprouted flours significantly exceeded 
that of the control. Differences due to  drying m ethod were 
smaller, but statistically significant. For both  the 1 /4-in. 
sprouts and the 1-in. sprouts, higher thiam ine concentrations 
were obtained by drying under a vacuum. This is no t surpris
ing, since the heat lability of thiam ine is well docum ented. To 
take full advantage of the higher thiam ine concentration of 
sprouted grain it appears essential to  use low drying tem pera
tures. Since cereal grains are an im portant source of thiamine, 
retention of this vitamin during processing is of great im
portance in a whole wheat flour which will not be enriched.

The riboflavin concentration of all the sprouted flours sig
nificantly exceeded the mean riboflavin concentration of the 
control flour. The mean value for the sprouted flours was 0.16 
mg/lOOg as opposed to 0.11 mg/lOOg for the control. No 
significant differences were found among sprouted flours.

On the basis o f these preliminary studies it appears tha t the 
natural nutritive value of whole wheat flour may be improved 
by sprouting. The increase in thiam ine and riboflavin concen

tration of flour due to  sprouting is of nutritional im portance 
to  persons who prefer natural enhancem ent of nutrients to  
enrichm ent. However, the nutritional benefits to  be accrued 
from baking with sprouted flour will be lessened by the neces
sity to blend sprouted flour with unsprouted flour in order to  
obtain a good quality bread. Use of 100% sprouted wheat 
flour yielded low loaf volume in baking tests conducted by the 
Western Wheat Quality Laboratory (1974). However, home 
baking tests indicate tha t good loaf volume and crumb texture 
are obtained by blending sprouted wheat flour with un
sprouted whole wheat flour in the ratio of 1:4 by volume 
(Murray, 1975).

F urther studies on protein and lipid fractions as well as 
fu rther vitamin assays are needed to  fu rther elucidate the 
nutritional significance of com positional changes occurring 
during wheat germination.
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A Research Note
TEXTURE PROFILE A N A LY SIS  PARAM ETERS OBTAINED  

BY AN INSTRON U N IVERSAL TESTING MACHINE

--------------------------------  ABSTRACT --------------------------------
A method for the interpretation of the force-deformation curves ob
tained by the Instron Universal Testing Machine is suggested. The meth
od provides a more specific physical meaning to the experimental 
parameters and treats separately the mechanical aspects of the recovera
ble and nonrecoverable deformations. The method also provides for the 
possibility of the introduction of new mechanical parameters and terms 
which might represent textural properties.

INTRODUCTION
THE TEXTURE PROFILE ANALYSIS (TPA) originally devel
oped for the General Foods Texturom eter (Szczesniak, 1963; 
Szczesniak et al., 1963) has been a useful m ethod for the 
evaluation of tex tural parameters for a wide range of foods.

Bourne (1968) derived a technique by which the texture 
profile parameters could be evaluated from the force-deforma
tion curves obtained by the Instron Universal Testing Machine.

Though the magnitude of these param eters is influenced by 
experim ental variants (such as the deform ation rate) they can 
provide objective and comparative inform ation on the textural 
properties if obtained under standardized conditions.

The simplicity o f carrying out the test procedure by the 
Instron and other universal testing machines made this TPA 
procedure widely used. A critical review of the applications of 
TPA and the experim ental conditions under which it has been 
carried out can be found in a recent work published by Breene
(1975).

INSTRON-TPA TERMINOLOGY
A TYPICAL force deform ation curve of the first and second 
bite which are obtained by the Instron machine are shown in 
Figure 1. Some of the textural parameters which can be de
rived from the curves are originally defined as follows (Bourne,
1968):

Cohesiveness = (A i /A 2)
Gumminess = (Hardness) X (Cohesiveness)

= (Hardness) X (Aj /A 2)
Chewiness = (Gumminess) X (Springiness)

= (Hardness) X (A j/A 2) X (Springiness)

where A) and A2 are the areas under the force-deform ation 
curves of the first and second bites, respectively; “ hardness” is 
the force measurem ent at the second major peak of the first 
bite (at the end of the first dow nstroke); and “ springiness” the 
width (deform ation units) of the second bite curve.

EXPERIMENTAL CURVES AND THE MEANING OF 
SOME OF THEIR PARTS

THE STANDARD PROCEDURE for TPA perform ance in
cludes the setting of a predeterm ined deform ation (LF in Fig.
1). Once this deform ation is reached (in bo th  bites) the cross

head is returned up to  its initial position. The part of the 
curves which are marked by AAi and AA2 in Figure 1 repre
sent this return  stage. It is quite obvious that at this stage the 
deform ation as well as the force are bo th  decreasing. The true 
representation of the force-deform ation curves is shown in 
Figure 2 where the correct directions of the deform ations are 
taken in to  account. (The apparent error in Fig. 1-type curves is 
due to  the fact tha t the chart direction was not reversed during 
the outstroke and therefore, the abcissa to  the right of the 
point LF are in fact tim e coordinates and not deform ation.)

It should also be noted, that if the return  speed of the 
crosshead during the upstroke is much higher than the speed 
during the downstroke and the chart speed is kept constant, 
the area or the width o f the AA’s in Figure 1 will appear very 
small and might lead to  their neglection in the calculation of 
the TPA parameters (Ahmed and Dennison, 1971). If, how
ever, the return  speed is the same as that of the downstroke or 
the adjustm ent for the chart crosshead speed ratio  is done by 
calculation, the areas of the AA’s in Figure 1 might be con
siderable and for certain kinds of materials could reach the 
level o f several tenths of the original areas Aj and A2. In such 
cases, the effect of the AA’s on the evaluated TPA parameters 
would be quite considerable (Olkku and Rha, 1975).

Furtherm ore, it is quite obvious that since the specimen 
which is subjected to  the second bite is the same specimen at

FI RST BITE SECONO BITE

DEFORMATION

F ig . 1— T y p ic a l  sh a p e  o f  a T P A  c u r v e  o b ta in e d  b y  th e  In s t ro n  U n i

versa l T e s t in g  M a c h in e . ( L F  is th e  p r e d e te r m in e d  m a x im u m  d e 

fo rm a tio n  f ro m  w h ic h  th e  u p s t ro k e s  s ta r t .I
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Fig. 2 —The c o r r e c te d  sh a p e  o f  a TPA cu rve o b ta in e d  b y  th e  In stron  
U niversal T estin g  M achine. (LF  is th e  p r e d e te r m in e d  m a x im u m  d e 
fo rm a tio n ; a n d  L 2 are  th e  re ta in e d  d e fo rm a tio n s  a f te r  th e  re
m o v a l o f  th e  fo rce  a f te r  th e  f ir s t  a n d  s e c o n d  b ite s ;  FtL1 a n d  R L 2 are  
th e re c o v e re d  d e fo rm a tio n s  a f te r  th e  f irs t a n d  s e c o n d  b ite .)

the end o f the first bite, its length is the sum of the residual 
length after the predeterm ined deform ation and the recovered 
deform ation after the first bite. In other words, the “ springi
ness” as shown in Figure 1 is approxim ately the recovered 
deform ation (R L i)  o f the first bite in Figure 2. (It would be 
theoretically equal to this value if the recovery of the deforma
tion would be ideal elastic. However, since some retarded re
covery might be expected due to  the viscoelastic properties of 
most food materials, the value of the “ springiness” might be

slightly bigger, theoretically, and even dependent on the tim e 
elapsed between the bites.)

T H E  C O R R E C T E D  C U R V E

IF CORRECTED CURVES as seen in Figure 2 are p lotted, the 
corrected A! and A2 areas have a specific physical meaning. 
They now represent the work invested in the nonrecoverable 
deform ations at the first and second bite. The AA! and AA2 
now represent the recoverable w ork after the deform ation of 
the specimen to  the predeterm ined length. The corrected 
values of the TPA parameters (cohesiveness, gumminess and 
chewiness) can now be derived from  the new param eters and 
their values will differ significantly from  the old values, es
pecially due to the much greater effect of the correction on 
the magnitude of the area of the second bite (A2 ).

Tne corrected curves can also open the way for the in tro
duction of additional textural parameters. An example might 
be the derivations of the ratios AA/A which represent the 
ratio between recoverable and nonrecoverable w ork necessary 
for the deform ation of a specimen. The recoverable deform a
tions RLi and RL2 and their derivative com binations might 
also be correlated w ith textural properties. However, as in 
other cases of textural evaluation by mechanical means, 
evidence should be provided that these mechanical parameters 
really and generally represent the sensory tex tural properties.
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A Research Note
TR IM ETH YLAM IN  E-SPECIFIC ELECTRODE FOR FISH Q UALITY CONTROL

— --------------------------------- --  A B S T R A C T  -----------------------------------------

Trimethylamine (TMA) is one of the major components of the smell of 
spoiled marine fish. An increased TMA level is so characteristic of spoil
age that the TMA levels have been used as an objective index of fish 
quality. A specific electrode was developed in order to simplify the 
measurement of TMA. The Orion ammonia electrode was made specific 
for TMA by replacing the inner filling solution with 0.01M TMA • HC1 
in 0.04M KC1 and by adding enough formaldehyde to the sample solu
tion to obtain a concentration of 0.22% (0.075M). The electrode is 
suitable for the measurement of TMA in aqueous solutions and in 
homogenates of fish muscle. The use of this electrode is much simpler 
than the methods now used for TMA analysis and it may be applicable 
in commercial practice.

IN T R O D U C T IO N

THE TRIMETHYLAMINE (TMA) LEVEL in fish is an im
portant factor in the subjective evaluation of fish quality be
cause of its close association with fish spoilage and its low 
odor detection threshold. Measurement o f the TMA level pro
vides, an objective measurem ent of fish spoilage.

A simpler m ethod of TMA determ ination is needed for use 
in fish quality control. The widely used colorim etric m ethod 
involves several steps, including an extraction of TMA w ith 
toluene (Dyer, 1945). The m ethod is tedious and the toluene 
is toxic and expensive. Recently, gas chrom atography has been 
used (Keay and Hardy, 1972; Ritskes, 1975). The chrom ato
graphic m ethod is rapid and accurate, but the preliminary 
sample handling is tedious and the equipm ent requires a high 
initial investment, constant m aintenance, and a cumbersome 
gas supply.

Ion-specific electrodes have greatly simplified many ana
lytical problems. These electrodes have the advantages of being 
rapid, accurate, and simple to  use. Many of them  can be used 
w ith an ordinary pH meter. Therefore, a TMA-specific 
electrode was developed for use in fish quality control.

The starting point for the design of a TMA-specific elec
trode was a commercial gas-sensing am monia electrode (Orion 
Research Inc., Cambridge, Mass.). This electrode consists of a 
glass (pH) electrode and an AgCl reference electrode bathed in 
an internal filling solution of NH4C1, neutral salt(s), and a dye. 
The internal solution is separated from the sample by a gas- 
permeable, ion-impermeable membrane. Dissolved ammonia 
from  the alkalinized sample solution diffuses through the 
membrane and raises the pH of the internal solution. At equi
librium, the pH of the internal solution is an accurate reflec
tion of the ammonia concentration of the sample.

E X P E R IM E N T A L

TMA-specific electrode
The inner filling solution of the Orion ammonia electrode was re

placed by a solution containing 0.01M TMA hydrochloride and 0.04M 
KC1. The electrode was connected to a Beckman Expandomatic pH 
meter model SS-2. The electrode was mounted 20° from the vertical to 
prevent trapping bubbles of air between the sample and the gas- 
permeable membrane.

TMA was measured by adding either 0.5 ml of fish extract or a small 
amount of a standard TMA solution to about 8 ml of water in a 10-ml 
volumetric flask. This was followed by 0.05 ml of 37% formaldehyde 
and 0.10 ml of 10M NaOH. Water was added to bring the volume to
10.0 ml and then the flask was stoppered and inverted five or six times 
to mix the contents. The stoppered flask was then left at room temper
ature to allow the formaldehyde to complex with ammonia in the 
sample. After 30 min the contents of the flask were poured into a 7 
dram (25 x 50 mm) shell vial. Then the electrode was inserted and the 
sample was stirred with a magnetic stirrer. The electrode potential was 
measured after it had stopped drifting. This took a few seconds with 
concentrated samples and a couple of minutes with samples containing 
millimolar concentrations of TMA. The electrode potentials were trans
lated into TMA concentrations with a standard curve.
Preparation of fish extracts

Fresh fish were purchased at local markets. lOOg of fish were 
homogenized with 200 ml of deionized water and 3.5 ml of 37% form
aldehyde in a Waring Blendor. The homogenized fish was then vacuum 
filtered through filter paper and the filtrate was used for TMA analysis. 
Filtration was unnecessary for the electrode analyses, but was im
portant for the picric acid procedure.
Determination of TMA with picric acid

The picric acid procedure (Dyer, 1945; Castell et al., 1974) was 
adopted for use with the equipment in our laboratory. A sample of fish 
extract or standard TMA solution was added to a 20 ml (28 x 58 mm) 
scintillation vial, and enough water was added to bring the total volume 
to 2.0 ml. One-half ml of 3.7% formaldehyde was added, followed by 5 
ml of toluene and 1.5 ml of 5M KOH. The vials were then capped and 
shaken at 250 rpm for 25 min in a gyratory shaker (New Brunswick 
Model G2). After separation of aqueous and organic phases, about 4 ml 
of the organic phase was then transferred into another scintillation vial 
which contained about l/3g of anhydrous Na2S04. The vial was 
capped and shaken at 250 rpm for 10 min. After the Na2S04 had 
settled out, 2 ml of the toluene solution was removed carefully to a 18 
x 150 mm test tube containing 2 ml of 0.02% picric acid in toluene. 
After mixing, the 410 nm absorbance of the solution was read.

R E S U L T S  & D IS C U S S IO N

FORMALDEHYDE was added to  the sample solution to re
duce the response of the electrode to  ammonia. W ithout form 
aldehyde, the Orion electrode responds equally well to 
am monia and TMA. The concentration of formaldehyde 
chosen was sufficient to  prevent interference from  ammonia 
but low enough not to  release irritating fumes.

Once formaldehyde was added to  sample solutions, it be
came necessary to modify the internal filling solution. The 
electrode potentials obtained w ith the standard Orion internal 
filling solution were erratic and not reproducible. The internal 
filling solution described in the experim ental section was 
found to be suitable for samples containing 0 .1 0 —10 mM 
TMA, the range of concentrations expected in fish.

The response and selectivity of the TMA electrode was first 
tested in aqueous solutions of amines. The results are sum
marized in Figure 1. The slope of the TMA curve is 57 mV/ 
decade, which is very close to  the theoretical 59 mV/decade 
predicted by the Nernst equation. The selectivity of TMA over 
ammonia at a concentration of 1 mM varied between 10 and 
500 depending upon the condition of the electrode. The elec-
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Fig. 1 - R e s p o n s e  o f  th e  TM A e le c tr o d e  to  tri- 
m e th y la m in e  (T M A ), d im e th y la m in e  (D M A ), 
m e th y la m in e  (M A ) a n d  am m o n ia .

Fig. 2 —M ea su rem en t o f  TM A in e x tr a c ts  o f  fish  a f te r  s to ra g e  fo r  
various tim e s  a t  5° C. C orrela tion  b e tw e e n  d e te r m in a tio n s  m a d e  w ith  
th e  e le c tr o d e  a n d  th o se  m a d e  w ith  p ic r ic  a c id  m e th o d . The fish u sed  
w ere  th e  (Vest C oast va rie tie s  o f  English so le  (P a ro p h rys  ver tu lu s , o ) ,  

ocean  p e rch  (S e b a sto d es  a lu tu s, • ) ,  lin g  c o d  (O p h io d o n  e lo n g a tu s , 
sa n d  d a b  (C ith a rich th ys  stigm aeu s, *■), a n d  r e d  sn a p p e r  (S eba 

s to d e s  m in ia tu s , • ) .

trode response to  dim ethylam ine (DMA) was not linear, pre
sumably because DMA (pK a = 10.70) is much more basic than 
the TMA (pKa = 9.80). When DMA was used in the internal 
filling solution, a linear response was obtained for DMA, but 
the TMA response curved downward. It may be possible to  
exploit these differences to  design a paired-electrode system 
which will yield bo th  the TMA and the DMA concentrations 
of fish extracts. The DMA content appears to  be an im portant 
indication of quality in frozen fish (Castell e t al., 1974).

TMA measurements made on aqueous solutions by the elec
trode agreed very well w ith those made by the picric acid 
procedure. A series of samples of TMA at concentrations rang
ing from  0 .1—2.0 mM gave a correlation curve of TMA (by 
electrode) = 0.944 TMA (by picric acid) + 0.0484 mM w ith a 
correlation coefficient of 0.962.

When the electrode and the picric acid m ethods were com
pared using fish extracts, the agreement was somewhat poorer 
(Fig. 2). The data were fitted by the line TMA (by electrode) = 
1.452 TMA (by picric acid) + 1.107 mmoles/kg fish flesh. The 
correlation coefficient was 0.971. The poorer agreement is 
probably attributable to  the fact tha t the electrode is not quite 
as selective for TMA over ammonia as the picric acid m ethod 
is. Whereas the electrode had selectivity factors ranging from 
10—500, the picric acid m ethod consistently had selectivities 
of about 100.

Despite its modest selectivity, the electrode offers many

advantages for fish quality control. It is fast, accurate, and 
economical to  use. TMA determ inations can be done with only 
a fraction of the materials, apparatus, sample handling, and 
time required for the conventional picric acid procedure. The 
electrode is much simpler and demands m uch less laboratory 
skill than the conventional m ethod. The electrode’s small size, 
simple operation, and simple instrum entation requirem ents 
recom m end it for field work.
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A Research Note
ZOOPLANKTON AND PHYTOPLANKTON FROM GALVESTON BAY: TAXONOMIC  

DISTRIBUTION AND COEXISTENCE WITH Vibrio parahaemolyticus

------------------— ------------------  A B S T R A C T  ------- -- ------------------------—
Taxonomic distribution and Vibrio parahaemolyticus count of 36 
samples of zooplankton and four samples of phytoplankton are pre
sented. In nearly all samples, immature forms of zooplankton account
ed for more than 50% of the zooplankton population; Nitzschia, 
Coscinodiscus, Navicula and Thalassiosira species were present in each 
of the four phytoplankton samples. Mean V. parahaemolyticus counts 
(MPN/g) of 7,500 and 670 were detected in zooplankton and phyto
plankton, respectively.

IN T R O D U C T IO N

Vibrio parahaemolyticus has been recognized as a potential 
pathogen associated w ith marine species and their environ
ments. Consum ption of seafoods in which this organism has 
been allowed to  reach high viable populations can cause gastro
enteritis in man. Most of the confirmed outbreaks in the 
United States have been associated with seafoods which were 
mishandled involving cross-contamination and tem perature 
abuse. Little inform ation is available on the presence of V. 
parahaemolyticus in organisms (e.g., p lankton) utilized by vari
ous marine species. As oysters are filter feeders and are often 
consumed raw, V. parahaemolyticus concentrations in water 
and plankton are of interest. Low levels of V. para
haemolyticus (<  10/ml) are frequently present in waters of 
Galveston Bay including those approved for oyster harvesting 
(Thom pson et al., 1976). A nother area of association between
V. parahaemolyticus and p lankton deals with the annual cycle 
o f this bacterium  for the Rhode River subestuary of Chesa
peake Bay (Kaneko and Colwell, 1973). Organisms surviving in 
the sediment in the w inter were released from  the bo ttom  
com munities and became attached to  the zooplankton in late 
spring to early summer. They proliferated as the tem perature 
increased and became detectable in the water column as the 
water tem perature reached 19—20°C. This note reports the V. 
parahaemolyticus count and generic distribution of plankton 
from  Galveston Bay.

M A T E R IA L S  & M E T H O D S

36 PLANKTON SAMPLES were collected from oyster harvesting areas 
in Galveston Bay during Aug-Sept, 1974 by personnel of the Dept, of 
Marine- Science, Texas A&M University at Galveston. Locations of 
sampling sites are presented in a previous paper (Thompson et al.,
1976). Each sample, consisting of 250 gal (945 liters) of seawater, was 
poured (in 2.5-gal aliquots) through a number 25 plankton net (mesh 
size 65 pm). The plankton (primarily zooplankton and some phyto
plankton) retained by this net was collected in a liter glass jar attached 
to the bottom of the net. This fraction was designated as the zoo
plankton sample. During the collection of four of the samples, an effort 
was made to obtain a fraction that contained primarily phytoplankton. 
To accomplish the separation, the first five aliquots (12.5 gal) of water 
poured through the net were collected in a large washtub and stored in 
large glass jars. The filtrate was designated as the phytoplankton

sample. From each of the two samples, 30 ml were withdrawn, fixed 
with 1% formaldehyde and examined for numbers and types of plank
ton.

The remainder of the samples (containing the unfixed plankton) 
were then filtered through a 0.45 /urn Millipore filter within 6—8 hr 
after collection. Prior to filtration the samples were held at 7-12°C. 
After filtration the wet weight of the plankton was determined. Appro
priate dilutions GO'1—10“4) of the plankton then were prepared with 
Glucose Salt Teepol Broth (GSTB). Isolation, confirmation and 
enumeration (MPN) of V. parahaemolyticus from plankton and water 
was by enrichment in GSTB and subsequent plating on thiosulfate 
citrate bile salts sucrose agar (TCBS) as described for oysters, water and 
sediment (Thompson et al., 1976).

R E S U L T S  &  D IS C U S S IO N

DATA ON V. parahaemolyticus count, taxonom ic description 
and distribution of 36 samples of zooplankton are presented in 
Table 1. The concentration of V. parahaemolyticus ranged 
from  0— 110,000/g, with a mean of 7,500/g. V. parahaemo
lyticus counts in the 26 positive samples were distributed as 
follows: 1 -1 0 /g , (11.5%); 11 -1 0 0 /g , (11.5%); 1 0 1 -1 ,000/g, 
(15.4%); 1 ,0 0 1 -1 0 ,000/g, (34.6%) and >  10,000/g, (26.9%). 
In 26 samples, im m ature copepods (naupliar and copepodid 
stages) accounted for at least 50% of the zooplankton popula
tion. Im m ature forms accounted for more than 50% of the 
zooplankton in 32 samples. The V. parahaemolyticus count 
of the phytoplankton samples (Table 2) ranged from  9.2— 
2,400/g, w ith a mean of 670/g. The phytoplankton  popu
lation in the samples consisted entirely of diatoms. The 
more fragile forms such as flagellates and dinoflagellates were 
probably disrupted by the preservative. Exam ination of the 
zooplankton samples showed tha t some phytoplankton was 
retained by the net, the filtrate consisted primarily of phy to 
plankton. In general the distribution of genera of phy to 
plankton in bo th  samples was the same. No relationship could 
be established between relative abundance of zooplankton or 
phytoplankton types and V. parahaemolyticus counts.

Several reports (Kaneko and Colwell, 1973, 1975a, b; 
Simidu et al., 1971) indicate a close association in the marine 
environm ent between the occurrence of Vibrio sp. and plank
ton. According to  Simidu et al. (1971) about 70—80% of the 
heterotrophic bacteria isolated from  zoo- or phytoplankton 
samples collected off Nishiura Bay, Japan were Vibrio sp. The 
percentage occurrence of Vibrio in seawater of this area was 
about 40%. Kaneko and Colwell (1973) reported that in mid
summ er 100% of the to ta l viable bacterial count o f plankton 
from  the Rhode River area of Chesapeake Bay consisted of 
Vibrio sp. Organisms closely related to  V. parahaemolyticus 
comprised 6.5% of the Vibrio sp. count. Only 9.5% of these 
organisms were identified as V. parahaemolyticus. More than 
80% of V. parahaemolyticus as well as organisms related to  V. 
parahaemolyticus and Vibrio sp. were associated with plank
to n , plankton detritus or other particulate m atter trapped dur-
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Table 1 —Taxonomic distribution and Vibrio parahaemolyticus counts of 36 zooplankton samples collected in Galveston Bay in Aug—Sept, 1974

Number of samples and range of 
distribution of zooplankton types

Mean
Description <1 1-20 21-40 41-60 61-80 81-100% %

Adu Its—Arthropods
Order Copepoda
Suborder Calanoida 27a 8a 1a 17a

Cyclopoida 11 21 2 2 6
Harpacticoida 25 11 <1

Immature stages
Order Copepoda 1 1 5 9 15 5 58

Larvae
Class Polychaeta 3 26 6 1 11

Pelecypoda 12 23 1 4
Cirripedia 20 16 1
Miscellaneous15 1

Protozoa
Fam. Tintinnidae 26 7 3 3

V. p a ra h a e m o ly tic u s  (MPN/g)c <1 1-10 11-100 101-1,000 1,001-10,000 >10,000 7,500/g
10 3 3 4 9 7

a I n 27 of 36 samples Calanoida constituted 1 —20%  of the zoop lankton types; in eight samples 21 —40% ; in one sample 81 — 100% ; w ith  a mean of 17%. 
b O ther zoop lankton  im m ature stages (crab e tc .) . 
c Per gram (w et w t) of p lankton .

ing plankton hauls. The phenom enon of association between 
Vibrio and plankton was further strengthened when Kaneko 
and Colwell (1975a) showed adsorption of V. parahaemo
lyticus onto  chitin and copepods. Efficiency of adsorption was 
related to  salinity, pH and ions present in seawater. Samples 
from  the Chesapeake Bay area (Kaneko and Colwell, 1973; 
1975a, b) were collected with a num ber 20 plankton net 
(mesh size, 77 /um) and therefore relate primarily to zooplank
ton . V. parahaemolyticus counts of zooplankton from Chesa
peake Bay (Kaneko and Colwell, 1973) ranged from  a low of 0 
in A pril—May to 107/g in July; in Galveston Bay (Aug—Sept) 
from  zero to  1.1 X 105 /g. In general, the V. parahaemolyticus 
counts of zooplankton collected during summer m onths in 
Galveston Bay were somewhat lower than those of samples 
from  com parable m onths in the Rhode River subestuary.

Table 2—Generic distribution and Vibrio parahaemolyticus 
count of four samples of phytoplankton collected in Galveston 
Bay in Aug—Sept, 1974

Generic distribution3

Generic description 1 2 3 4

C o sc in o d iscu s 180 120 180 240
C h a e to ce ro s 120
D ity lu m 60
M elosira 240 360
N avícu la 120 120 180 540
N itzsch ia  sp . 1020 420 1200
N itzsch ia  seria  ta 1140
N itzsch ia  c lo s te r iu m 300
R h izoso len ia 60 180
S yn edra 60
Tha/assiosira 120 120 420 120
V. p a ra h a e m o ly tic u s  (MPN/g)*5 9.2 92 190 2400

3 Num ber of organisms per 1 ml of each fo u r samples 
Per gram (w et w t) of p lankton

Many factors including differences in characteristics of the 
marine environm ent such as salinity, tem perature and pH, as 
well as differences in the isolation procedure for V. para
haem olyticus may account for this observation. Although the 
types of zooplankton in the samples collected from different 
areas in Galveston Bay usually were similar, large differences 
existed in the V. parahaemolyticus concentration (0—1.1 X 
10s /g). It is possible that differences in salinity, pH and ion 
com position of the waters influenced the adsorption capacity 
of the copepods for V. parahaemolyticus. Increases in salinity 
or pH and ions such as Mg2+ or K+ reduced adsorption 
(Kaneko and Colwell, 1975a). The lower mean V. parahaemo
lyticus count of phytoplankton as compared with zooplankton 
samples may reflect the lim ited num ber of phytoplankton 
samples examined (4 vs 36). However, the adsorption capacity 
of different plankton types for Vibrio sp. may differ because 
of differences in surface characteristics. The surfaces of cope
pods, diatoms and dinoflagellates and flagellates consist 
primarily of chitin, silicon and pectins, and cellulose, respec
tively Hence, differences in surface structure of copepods and 
diatom s may be responsible for differences in count.

A comparison of the V. parahaemolyticus concentration of 
whole water samples with tha t of the plankton samples from 
the water indicates that 20—100% of the V. parahaemolyticus 
was associated with the plankton. The accuracy of these 
figures is somewhat limited because of the lim itations in sam
ple size and in the enum eration techniques (MPN-procedure). 
A hhough comparable figures reported by Kaneko and Colwell
(1973) usually exceeded 80%, they also reported a case of 
lower degree of association between V. parahaemolyticus and 
plankton.

Kaneko and Colwell (1973) reported a seasonal distribution 
of adult and im m ature copepods among zooplankton samples 
frcm  the Rhode River subestuary. In the winter, the popula
tion was composed primarily of adult copepods with low levels 
of juveniles and eggs. In mid-summer, samples contained 
primarily juveniles. In most o f the samples collected in Gal
veston Bay, with water tem peratures of 2 9 —31°C, more than 
50% of the zooplankton population consisted of im m ature 
forms with few adult copepods present.



T R I M E T H Y L A M I N E - S P E C I F I C  E L E C T R O D E - 1 2 1

Since oysters are filter feeders, feeding mostly on phyto
plankton and organic detritus, V. parahaemolyticus concentra
tions in water and phytoplankton are of interest from a public 
health standpoint. Although oysters may ingest some zoo
plankton, such organisms do not constitute a significant food 
source. Thus the numbers of V. parahaemolyticus in zooplank
ton may be of less interest from a public health standpoint 
that those in phytoplankton or detritus. A previous study 
(Thom pson et al., 1976) did not show a seasonal distribution 
of V. parahaemolyticus in Galveston Bay. This is most likely 
related to  the relatively high water tem perature during the 
w inter m onths (>  10°C) as compared with the Chesapeake 
Bay area.
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