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Utilization of Some Carbon and Nitrogen Sources by 
Pseudomonas fluorescensa

C YAXDERZANT a n d  T. J. OUSLEV '■
Texas Agricultural Experiment Station. College Station

(Manuscript received February 25. 1962)

SUMMARY
All test cultures o f  P seu d o m o n a s flu orescen s  estab lished  growth in  a basal 

m edium  (0 .0 2 %  Mg S 0 4, 0 .1%  K H ,P 0 4, and 0 .5%  g lu co se ) w ith N H J iP O ,.  
NaNH 4H P 0 4. or ( . \ H , ) ;,H P 0 1 as the so le  source o f  n itrogen . N H 4CI, NH 4IN03, 
and (N H ^ S O , supported growth o f  the m ajority o f  the cultures. C om plex  
organic  N substrates w ere readily utilized  by all test cultures. G lutam ic acid , 
leu cin e , and prolin e  were satisfactory sources o f  both n itrogen  and carbon for  
all test cultures. W ith N H ,H P O , as the so le  source o f  n itrogen , fructose, ga­
lactose, g lu cose , m ann ose, m altose, trehalose, starch, arahitol, ervthritol, g ly ­
cerol, in o sito l, scy llo  in osose , citric i 
acid supported growth o f  all cultures, 
were satisfactory carbon sources.

In recent years numerous studies have 
been conducted on the growth characteristics 
and biochemical activities of bacteria that 
are capable of proliferating in foods at re­
frigerated temperatures. In many instances 
these bacteria are responsible for flavor and 
odor defects of foods stored under refrigera­
tion for long periods. Even without produc­
tion of undesirable flavors and odors they 
may become a problem when viable counts 
above the legal maximum develop. Many 
of the psychrophilic bacteria isolated from 
foods belong to the genus Pseudomonas. 
The predominant sjiecies in this genus are
P. fluorescens, P. fregi, and P. putrefaciens. 
These bacteria may cause a variety of flavor 
and odor defects in foods by their prote­
olytic and/or lipolytic activities. Although 
mauv investigations have been carried out 
on different aspects of these pseudomonads, 
few have been conducted on their nutritional 
needs. 1 )en Dooren de Jong (1926 ) reported 
on the growth response of a group of com­
mon bacteria, including one strain of P. 
fluorescens, to various sources of carbon and 
nitrogen in a synthetic medium. Reinhold

* Journal paper Xo. 4305 of the Texas Agricul­
tural Experiment Station, College Station.

b Present address, Dairy Department. Missis­
sippi State University, State College.

icid, m alic , pyruvic, caprvlic  or capric
1-N onanol. 1-decanol. and 1-hcndecanol

et cl. f 1953a.h) determined the carhon and 
nitrogen requirements of P. putrefaciens. 
Hussong et al. (1937), Ousley (1957), and 
Pereira and Morgan ( 1957) reported on the 
nutritional requirements of P. fraiji. This 
study was initiated to determine the growth 
response of various strains of P. fluorescens 
to various sources of carbon and nitrogen. 
These data then were used to compare the 
utilization of various carhon and nitrogen 
sources hv various strains of P. fluorescens,
P. fragi, and P . putrefaciens.

EXPERIMENTAL METHODS 
Cultures. Seven strains of P. fluorescens of the 

stock culture collection of the Dairy Science De­
partment of the A. and M. College of Texas were 
used. The identity of the cultures conformed to 
the description in Bergey's Manual (Breed et at..
1957). The stock cultures were carried in litmus 
milk and were transferred weekly. The inoculum 
for the experimental media was prepared from 
cells grown 24 hr at 25 °C on slants of plate-count
agar. The cells were removed from the slants and 
washed three times in sterile distilled water. Fol­
lowing centrifugation the final cell suspension was 
diluted with sterile distilled water to deliver ap­
proximately 10“ organisms (1 drop from a stand­
ard 1.1-ml pipette) per 10 ml of test medium. The 
dilution factor was established by correlating the 
number of viable cells by plating on plate-count 
agar with the density as measured with a Spec-
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124 SEUDOMOXAS USE OF CARBON AND NITROGEN

tronic 20 colorimeter. Incubation of the test media 
was 5 days at 25°C. On completion of the first
S-day incubation period, one drop of the test cul­
ture was transferred to a tube of the same, but 
sterile, medium, which was then incubated 5 days 
at 2S°C. In this manner two successive transfers 
were made at S-day intervals. All transfers were 
done in duplicate. Following each incubation period, 
growth was measured photometrically with a Spec- 
tronic 20 at 440 mg. The extent of growth of the 
duplicates compared closely and the average of 
the two values (% transmittance) was used as the 
reading for that transfer. The % transmittance 
reported is the average of the three readings.

Test media. The effect of various N sources 
on the growth response of P. fhiorcscens was deter­
mined in a glucose-salt medium consisting of
0.02% MgSCh, 0.1% KH;POi, and 0.5% glucose. 
In the study on the effect of C sources on the 
growth of P. fhiorcscens the basal medium con­
tained 0.1% NH(H;POi, 0.02% MgSOi, and 0.1% 
KH,PO,. All test media were adjusted to pH 7.0, 
sterilized by filtration through Seitz filters, and 
dispensed in 10-ml quantities in sterile test tubes. 
The growth response of the cultures to fatty acids 
and water-insoluble alcohols was measured on 
solid media of the same composition as the liquid 
basal medium (NHiHsPCh, MgSCL, and KH-PO,) 
except for the addition of 2.5 g of CaCCh and 
20 g of agar per L. The sterile (Seitz-filtered) 
volatile acids were added just before the plates 
were poured. The other fatty acids were added to 
the basal medium before autoclaving 15 min at 
121 °C.

The plates were inoculated with one drop of 
inoculum. Incubation of plates was for 5 days at 
25 °C. Any growth on the plate was streaked on 
a second plate of the same medium and incubated 
5 days at 25 °C. This procedure was repeated 
once. Seventy-two compounds including pentoses, 
mono-, di-, tri-, and polysaccharides, polyols, or­
ganic acids, and alcohols were tested as source of 
C for P. fhiorcscens. Six inorganic N sources, 18 
amino acids, various proteins, and other complex 
organic compounds were tested as X sources.

RESULTS
Utilization of N compounds. The 6 inorganic 

XT sources tested supported the growth of a ma­
jority of the strains of P. fhiorcscens (Table 1). 
XTH,H=POi and (N H jj-H PO j served as suitable 
N sources for all test cultures. The growth re­
sponses of the individual strains to NH4H2P 0 4 and 
(N H ,)aHPO . were very similar although the 
medium with (N H i)2HPOi contained considerably 
more N (2.12 vs 1.21 mg/10 ml) than that with 
NH4H»POd. A similar situation was observed in 
comparing the growth responses of strains 2, 3, 11,

70, E, and L ll to XaXH.HPCb, NH.Cl, and 
( NHjjoSOi. The media with NH,C1 and 
(XH.i)»S0 4 contained more than twice as much 
N as that with NaNHiHPOi. The various strains 
varied considerably in growth response to the 
individual N sources.

As shown in Table 2, all complex N sources 
supported growth of all test cultures of P. fhiorcs- 
cciis. Albumin and gelatin, however, were less 
effective in supporting growth than the other N 
sources. In contrast to the results obtained with 
the inorganic N sources, the differences in growth 
response of the various cultures to the individual 
complex N sources was much more limited.

Tables 3 and 4 show the growth responses of 
7 strains of P. fhiorcscens to 18 single amino acids 
added to a basal medium with 0.5% glucose. In 
one study (Table 3) the amount of each amino 
acid added represents the calculated level present 
in the casein of 10 ml of milk (Neurath and 
Bailey, 1954) ; in the other (Table 4) each amino 
acid was added to give an N concentration of 0.1 
mg per 10 ml of medium. With few exceptions, 
all cultures were capable of establishing growth 
in the basal medium with one of the 18 amino 
acids added. In general, the different cultures 
showed little variation in growth response to the 
individual amino acids. The poor growth response 
of the cultures to cystine, methionine, and trypto­
phan in one series of experiments (Table 3) was 
due at least in part to a low concentration of 
available N. The extent of growth was usually 
greater at the higher levels of added N. The 
data in Table 4 indicate that growth response to 
cystine, methionine, and tryptophan was better at 
higher concentrations of these amino acids. On 
the other hand, with the same amount of added N, 
certain amino acids (aspartic acid, glycine, pro­
line) supported growth much better than others 
(cystine, methionine, tryptophan). The levels of 
growth with the same substrate did not vary 
greatly between strains.

Each of the 18 amino acids (0.1 mg X per 
10 ml medium) was also tested as the sole source 
of both C and N for P. fhiorcscens. A majority 
of the cultures showed a fair to good growth 
response when glutamic acid, leucine, or proline 
was used as the sole source of both C and X. 
Cystine, glycine, methionine, and tryptophan failed 
to support growth of any of the test cultures. The 
growth response to the other amino acids was 
poor or negative.

Utilization of carbon compounds. Seven of 35 
carbohydrates tested, including fructose, galactose, 
glucose, mannose, trehalose, starch, and glycerol, 
supported good growth of all cultures of P. fhiorcs­
cens. Cellobiose, lactose, melibiose, turanose, me- 
lezitoze, xylan, and dulcitol failed to support growth
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Table 1. Utilization of inorganic nitrogen sources by 7 strains of Pseudomonas fluoresccns. 
N in 10 Strain

Nitrogen * ml m e d iu m --------------------------------------------------------------------------------------------------------
source (mg) 2 3 1 1 53 70 E L l l

NH,H»PO» 1.21 •43 b 21 20 33 19 41 33
NaNH,HPO, 1.02 98 32 30 61 32 43 36
(NHi)-HPCh 2.12 45 19 27 35 21 40 25
NH.C1 2.62 98 25 35 100 .w 53 39
NH.NOa 1.75 100 59 72 61 26 100 43
(NH.USO. 2.12 100 23 38 100 33 52 34
* Nitrogen source (0.1%) added to glucose-salt medium. 
b % light transmittance, uninoculated blank == 101

Table 2. Effec: of 
domonas fluoresccns.

complex organic nitrogen sources on the growth of 7 strains of Pseu-

Organic N a 
source

N in 10 
ml medium 

(mg)

Strain

2 3 l l 53 70 E L l l

Albumin 1.57 95 b 87 90 84 86 77 91
Casein 1.39 31 52 53 31 32 21 44
Casamino acids 1.0 34 25 35 39 39 29 30
Beef extract 0.83 26 41 48 37 53 47 46
Gelatin 1.81 82 86 86 90 89 89 85
Peptone 1.62 59 45 43 51 43 54 41
Proteose peptone 1.44 53 46 38 47 41 46 41
T ryptone 1.31 49 32 29 44 27 35 28
Yeast extract 0.87 43 32 27 38 26 34 26
’ Nitrogen source (0.1%) added to glucose-salt medium. 
b % light transmittance, uninoculated blank =  100.

Table 3. Effect of 18 amino acids supplemented with glucose on the growth of 7 strains of 
Pseudomonas fluoresccns.

Amino acid 
added a

N in 10 Strain

(mg) 2 3 11 53 70 E L l l

i.-Alanine 0.050 8 8 " 86 83 86 81 88 83
i.-Arginine 0 130 87 70 71 72 69 75 70
i.-Aspartic acid 0.075 61 75 71 69 69 76 71
L-Cvstine 0.004 95 96 97 97 95 100 100

L-Glutamic acid 0.213 77 78 78 79 75 81 80
Glycine 0.037 74 78 77 76 78 82 80
L -Histidine 0.084 70 74 79 77 77 81 79
!.-1 soleucine 0.065 86 84 82 86 57 81 83
i - Leucine 0.098 80 91 82 84 82 86 83
i.-Lysine 0.157 78 77 78 83 81 79 77
i.-Methionine 0.026 92 94 88 92 84 93 92
i.- Phenylalanine 0.043 85 89 87 89 85 89 86

i.-Proline 0.129 64 68 67 65 67 70 67
i.-Serine 0.084 79 83 79 81 77 84 81
L-Threonine 0.058 89 92 86 89 84 87 84
L-Tryptophan

r'lOÖ 96 95 94 100 91 97 %
l-T vrosine 0.049 87 90 86 87 83 90 86
I.-Valine 0.086 88 84 81 83 80 85 81
All 1.411 43 37 38 57 28 43 27

* Compound added to glucose-salt medium. 
b % light transmittance, uninoculated blank =  100.
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of any of the test cultures. The data in Table 5 
can be summarized as follows: a) 5 of the 7 
strains of /'. fluorcsccns showed little or no growth 
response to a majority of the pentoses tested, 
though strains 3 and E were capable of utilizing 
most of the pentoses; b) except for sorbose, most 
monosaccharides supported good growth of all test 
strains; c) except for trehalose and starch, the 
di-, tri-, and polysaccharides tested failed to sup­
port the growth of most test strains; and d) a 
majority of the strains of P. fluorcsccns (except 
strains 2 and 53) were capable of utilizing most 
of the polyols as the sole source of C. Of the 
22 organic acids tested, ten (oxalic, formic, acetic, 
propionic, butyric, valeric, lauric, palmitic, stearic, 
and oleic acid) failed to support the growth of 
any of the test cultures. Most of the other organic 
acids (Table 6) supported good growth of strains 
3, 11, 70, E, and LI 1. Five of the 15 alcohols 
(methanol, 2-propanol, 2 mcthyl-2-butanol, 1-hep- 
tanol, and 2-octanol) were not utilized as sole 
source of C. Nonanol, decanol, and hendecanol, 
however, supported the growth of all test strains 
(Table 7). The other alcohols were not satisfac­
tory C sources for most strains of P. fluorcsccns. 
Strain E was capable of attaining good growth 
with each one of nine alcohols as sole source of C.

DISCUSSION AND CONCLUSIONS
In general, the results show that inorganic 

N sources, complex organic substrates, and

each of 18 amino acids were suitable X 
sources for a majority of the test cultures 
of P. fluorcsccns. Extent of growth with 
NH4H2PO4 and (N H 4) 2H P04 was com­
parable to that observed with some of the 
complex organic N substrates. The data in 
Table 1 indicate that not all strains grew 
when NU4CI, NH4N03, and (N H 4)2S04 
were used as the sole source of N, yet they 
all grew when the phosphate salts were 
used. Pereira and Morgan (1957) observed 
a similar phenomenon with some strains 0:
P. fragi when certain ammonium salts were 
used as the sole source of N. Although 
little is known about the effect of anions 
and cations and ion imbalance on the indi­
vidual strains of a species, the possibility 
exists that the anions may be responsible 
for this observation. The growth response 
of P. fluorcsccns to various N sources was 
in many instances similar to that reported 
for P. fragi (Uusley, 1957; Pereira and 
Morgan, 1957), hut differed greatly from 
that of P. putrcfaciens (Reinbold ct al., 
1953a). Inorganic ammonium salts and 
most amino acids except for aspartic acid, 
glutamic acid, leucine, isoleucine, and tyro-

Table 4. Effect of 18 amino 
of Pseudomonas fluorcsccns.

acids supplemented with glucose on the growth of 7 strain:

Strain

added a 2 ■i 1 1 53 70 E LI 1
L-Alanine 79 *' 75 77 77 79 78 73
L- Arginine 85 75 72 76 70 75 73
L-Aspartic acid 60 69 70 64 65 69 70
L-Cystine 89 90 88 86 89 90 89
L-Glutamic acid 79 79 77 80 78 84 84
Glycine 64 65 69 67 67 69 69
L-Histidine 75 77 80 79 79 82 80
L-Isoleucine 81 so 79 79 69 72 75
r-Leucine 79 87 80 83 81 82 82
L-I.ysine 78 77 77 79 79 73 75
L-Methionine 87 88 85 87 80 89 87
L-Phenylalanine 83 81 80 82 81 80 79
L-Proline 69 70 67 66 68 75 75
L-Serine 75 77 77 80 79 75 75
L-Threonine 75 76 75 75 75 77 79
L-Tryptophan 89 87 85 83 85 85 87
L-Tyrosine 85 81 80 91 80 81 83
i.-Valine 81 79 77 77 81 84 77
“ Amino acids (0.1 mg N/10 ml medium) added to glucose-salt medium. 

% light transmittance, uninoculated blank =  100.
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Table 5. Effect of 28 carbohydrates on the growth of 7 strains of Pseudomonas fluorcsccns.
Strain

Carbohydrate
added !1 2 3 1 1 53 70 E LI 1

i>-Arabinosc 10 0 " 98 100 70 100 86 1(H)
L-Arabinose 58 56 100 67 97 61 100
D-Lyxose 100 79 100 97 100 93 100
n-Ribose 100 67 100 100 100 65 100
n-Xylose 100 60 67 97 56 60 61
L-Fucose 100 67 100 73 100 75 100
L-I\lianinose 100 63 100 100 100 73 100
n-Eructose 75 56 64 73 71 70 68

n-(ialactose 70 47 75 85 61 60 74
»-Glucose 46 51 45 78 31 46 40
D-Mannose 78 51 61 85 56 71 58
L-Sorbose 100 98 100 98 97 100 71
Maltose 94 93 94 90 93 90 94
Sucrose 100 93 100 100 100 71 100
T rehalose 85 57 69 77 59 69 49
Raffinose 89 100 100 100 100 100 97
Dextrin 100 100 100 100 100 100 97
Inulin 95 97 100 l(M) 100 100 96
Starch 86 84 82 87 80 75 80
Salicin 100 88 100 100 100 100 100
Adonitol 100 61 65 96 58 58 65
L-Arabito! 97 (.2 71 96 70 65 65
Ervtliritol 97 59 63 96 57 64 58
( ilycerol 78 49 58 81 55 51 48
D-Mannitol 100 63 64 100 67 64 59
»-Sorbitol 100 60 100 100 100 60 100
Inositol 94 60 71 66 73 62 70
Scyllo-inosose 97 71 83 79 80 73 81

11 Compound (0.1%) added to NELFLPO.f-salt medium. 
'/<• light transmittance, uninoculated blank =  100.

Table 6. Effect of 12 organic acids on the growth of 7 strains of Pseudomonas fluorcsccns.

Acid added *
Strain

2 3 11 53 70 E Lll

Cis-aconitic 100" 97 78 100 49 85 73
Citric 67 82 63 76 52 61 53
Fumaric 100 71 68 100 56 65 68
Isocitric 100 97 86 93 88 90 86
a-Ketoglutaric 100 52 49 81 41 57 52
Lactic 100 »I 59 100 44 42 54
Malic 40 49 47 58 35 42 36
Pvruvic 97 91 71 98 48 59 62
Succinic 100 71 66 100 42 63 62

Compounds added to solid media
Caproic O' 2.5 0 0 1.7 0 1.7
Caprvlic 2.5 5.5 2.7 2.7 5.0 2.0 2.0
Capric 5.0 5.3 3.3 2.7 3.3 3.0 3.0

•Compound (0.1%) added to XH*H,PO,-salt medium.
11 ' light transmittance, uninoculated blank =  100.
‘ Average of 3 readings (0 =  no growth, 1 =  slight growth, 2 =  medium growth, 3 =  good 

growth, 4 =  abundant growth).
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Table 7. Effect of 10 alcohols on the growth of 7 strains of Pseudomonas fluoresccns.
Strain

Alcohol added a 2 3 11 S3 70 E L l l

Ethanol 100 b 72 100 100 100 76 70
1-Propanol 100 68 100 100 100 69 81
1-Butanol 100 91 100 100 100 81 93
2-Methyl-l-propanol 100 97 100 100 100 85 100
1-Pentanol 100 88 97 100 81 81 94
3-Methyl-1 -butanol 100 100 97 100 83 86 90

Compounds added to solid media
1-Hexanol 0" 1.3 0 0 0 0 1.0
1-Nonanol 2.0 4.0 3.3 1.7 2.0 3.7 3.0
1-Decanol 4.0 4.0 4.0 2.7 3.7 4.0 4.0
1-Hendecanol 4.0 4.0 4.0 3.0 4.0 3.7 4.0

* Compound (0.1%) added to N H ,H 2PO.-salt medium. 
b % light transmittance, uninoculated blank =  100.
c Average of 3 readings (0 =  no growth, 1 =  slight growth, 2 =  medium growth, 3 =  good 

growth, 4 =  abundant growth).

sine were not satisfactory N sources for 
P. putrefaciens.

When the amino acids were added to give
O. 1 mg N per 10 ml of medium, cystine, 
methionine, and tryptophan did not support 
growth as well as aspartic acid, glycine, or 
proline. A similar observation has been 
reported for P. jragi (Ousley, 1957). When 
the amino acids were used as the sole source 
of both C and N, extent of growth was less 
than with added glucose. Under these con­
ditions, glutamic acid and proline were 
superior in promoting growth. The activity 
of aspartic acid and glutamic acid is not 
surprising, since they are key intermediates 
in the N metabolism of bacteria and are 
associated with the tricarboxylic acid cycle. 
Also, in certain bacteria, a metabolic associ­
ation exists between proline and glutamic 
acid (Vogel, 1953).

Albumin and gelatin were less effective 
than casein in promoting the growth of
P. fluorescens and P. jragi (Ousley, 1957). 
It is unlikely that a difference in amino acid 
composition of the proteins is responsible 
for this observation. Subsequent experi­
ments have shown that the proteolytic en­
zyme system of P. fluorescens attacked ca­
sein more readily than albumin (Hurley and 
Vanderzant, 1962).

A comparison of the utilization of C 
sources by strains of P. fluorescens, P. pu- 
trcfacie:is (Reinbold et al., 1953b), and P.

jragi (Ousley, 1957; Pereira and Morgan,
1957) shows that arabinose, glucose, and 
starch were utilized by all or a majority of 
the cultures of these 3 pseudomonads. Glu­
cose was the only C source used by all 
cultures. Arabinose, xylose, fructose, galac­
tose, glucose, mannose, trehalose, starch, 
glycerol, and erythritol were used by all 
or a majority of the cultures of P. fluores­
cens and P. jragi. Compounds involved in 
or associated with the tricarboxylic acid 
cycle, such as citrate, fumarate, malate, 
lactate, succinate, cis-aconitate, pyruvate, 
a-ketoglutarate, and isocitrate, were satis­
factory C sources for many strains of these 
three pseudomonads. P. putrefaciens was 
definitely superior in utilizing naturally oc­
curring fatty acids as the sole source of C. 
Propionic, butyric, valeric, lauric, myristic, 
palmitic, stearic, and oleic acid were utilized 
by P. putrefaciens but not by P. fluorescens 
or P. jragi. Most alcohols were not satis­
factory as the sole source of C.
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SUMMARY
T he therm al resistance o f  M icrococcus rad io tlu ran s  R ,, a sp oilage  bacterium  

high ly  resistant to io n iz in g  radiation , was characterized . A m od ified  “ therm al- 
death-tim e tube” was used , w ith cells u n iform ly  suspended in a raw m eat 
p u ree reconstitu ted  from  freeze-dried  and pow dered b e e f that had been  
screened to rem ove p ip ette-p lu gg in g  fibers and irradiated to e lim inate  viable  
aerobic organism s b efore  use. T herm al death  rate, u n lik e  the radiation death  
rate, seem ed to app roxim ate an ex p on en tia l form , as ind icated  by survival 
curves. A D uo =  0 .7 5  and  z  — 1 0 .6 5  describes the heat resistance in  b eef. 
Sim ple ca lcu lations su ggested  that i f  all parts o f  the sam ples o f  b eef reached  
1 50° F, the low er leve l o f  the “m ed ium -don e” range, a 1-m in hold  at that 
tem perature sh ould  reduce v iable num bers by a factor o f  10"10 and a 2-m in  
hold  should  reduce num bers by a factor o f  1 0 “”.

INTRODUCTION
Micrococcus radiodurans, a nonsporing 

spoilage bacterium highly resistant to ioniz­
ing radiation and to ultraviolet light has 
been described (Duggan et al., 1959, 1962a, 
b; Anderson et al., 1961). This organism 
was isolated from spoiled meats that had 
been irradiated to 2 or 3 megarep.

The extreme resistance to radiation of 
this microorganism makes “commercial 
sterility” by irradiation difficult to obtain 
without adverse effects on flavor. The fact 
that these cells are nonsporing units raises 
fundamental questions about their resistance 
mechanism. It is also of practical interest 
in that the absence of spore formation sug-

* This paper reports research undertaken in co­
operation with the Quartermaster Food and Con­
tainer Institute for the Armed Forces, Q. M. 
Researcli and Engineering Command, U. S. Army, 
and has been assigned no. 2239 in a series of papers 
approved for publication. The views or conclusions 
are those of the authors, and not to be construed 
as necessarily reflecting the views or endorsements 
of the Department of Defense.

b Technical Paper 1594, Oregon Agricultural 
Experiment Station, Contribution of the Depart­
ment of Microbiology.

c Present address : Midwest Research Institute, 
Kansas City, Missouri.

gests that other lethal agents may be used 
to inactivate these organisms. Heat is the 
most obvious and most common agent used 
in food preservation. Therefore, heat-sur­
vival curves in meats were considered basic 
to determination of a process for elimination 
of these organisms from the product.

Data ( Drake ct a!., 1961 ; Chiambalero 
ct al., 1959) on the storage of uncooked 
irradiated foods indicate that the normal food 
enzymes will have to be inactivated. Either 
a precooking or a blanching treatment be­
fore, during, or after irradiation will be 
necessary to prevent enzymatic deterioration 
of the food on storage. When such an 
enzyme inactivation treatment is established, 
it will be useful to have data to determine 
whether it might serve a double purpose by 
reducing these spoilage bacteria to a com­
mercially safe level.

Toward this end, survival curves for the 
culture exhibiting the highest radiation re­
sistance (Duggan et al., 1962a) was deter­
mined at several temperatures in a beef sub­
strate, and a thermal resistance curve was 
constructed.

M ATERIALS AND METHODS
The raw pureed beef substrate was prepared as 

previously described (Duggan et al., 1962a), i.c.,

130
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by screening out fibrous material from freeze- 
dried powdered meat, reconstituting to normal 
water content, and irradiating to 2 megarep (1.87 
megarad) in sealed cans. Xo viable aerobic flora 
could be detected after this exposure, but the 
samples were stored frozen until used.

The Ri cultures were grown as previously de­
scribed (Duggan ct al., 1962a). Centrifuged cells 
were resuspended in 30 ml of 0.5% saline. This 
volume was mixed with 30 g of the irradiated beef 
puree described above, and the mixture could be 
pipetted easily to allow quantitative bacteriological 
studies. The inoculated meat (approx. 2-5 x 10’ 
viable cells per ml) was refrigerated until used. 
Viable numbers did not decrease while the meat 
was in refrigerated storage.

Glass tubing (5 mm O.D., 1-mm wall thickness) 
was cut into 9-in. sections. After calibration and 
sterilization, these thermal death rate (TDR) 
tubes were filled to a 1-ml mark with the inocu­
lated meat. The meat aliquots were centered in 
the TDR tubes, and the tubes were carefully sealed 
at both ends with sealing-wax. They were then 
placed in ice water until heat treated.

A number of TDR tubes were placed in a wire 
basket and tempered 3-5 min at 37°C before the 
lethal heating. After three tubes had been re­
moved for the determination of initial numbers, 
the basket of tubes was lowered into a water bath 
held at the desired temperature, ±0.5°F . Timing 
of the heat treatment began after the temperature 
of the substrate in the TDR tubes came up to bath 
temperature (in about 15 sec.). This was pre­
determined for each temperature by a thermo­
couple in a substrate-filled tube. Corrections were 
subsequently applied to the data to correct for 
lethality of “come-up” and “cooling” time. At 
definite time intervals, single tubes were removed 
into heavily chlorinated ice water. The brittle 
sealing-wax tips were chipped off and the meat 
sample was rinsed into dilution blanks for plating 
on TGY agar (tryptone 0.5%, yeast extract 0.1%, 
glucose 0.1%, agar 1.5%). Survivors, reported as 
the log of surviving numbers, were determined 
from the average values of five replicates.

The rate of temperature change in the TDR 
tubes during heating and cooling was determined 
with a thermocouple. Conduction errors from the 
thermocouple wire were admitted but could not be 
estimated.

A method suggested by C. R. Stumbo (personal 
communication, 1959) for thermal-death-rate cor­
rections due to “come-up" and "cooling time was 
used. This method is similar to that described by 
Annellis ct al. (1954) for thermal-death-fi'mc cor­
rections. A thermal-death-rate (TD R ) curve was 
constructed on inverted semilog paper from the 
experimental data, and a straight line was fitted

by the method of least squares. Lethal-rate values 
(the reciprocal of the thermal death time) were 
calculated for several points and a curve was made. 
(/Lvalue is the reciprocal of the slope of the 
survival curve and represents the time in minutes 
to reduce numbers by 90%.) On the basis of these 
data, a plot was made of lethal-rate versus time on 
the “come-up” and on the “cooling” curves. A 
smooth curve was fitted to this lethal-rate curve. 
The area under the lethal-rate curve represents 
the inactivation occurring during heating and cool­
ing of the tubes and acquires a numerical value 
when compared to the area under a curve having 
a known inactivation effect. Such a curve in the 
form of a rectangle was constructed on the lethal- 
rate-curve coordinates with the ordinate equal to 
the lethal rate at the given hath temperature. The 
abscissa corresponded to 1 min of heating time. 
The area of this rectangle represents inactivation 
occurring during a treatment in which the sample 
is instantaneously heated to bath temperature, held 
there for 1 min, and instantaneously cooled. The 
ratio of the areas under the lethal-rate curves for 
“come-up" and “cooling,” to the area in the rec­
tangle described, provided the time in minutes to 
be added to the timed exposure at the temperature 
used.

To summarize, the corrected exposure time is 
the sum of the timed exposure interval plus the 
time-equivalent, at exposure temperature, of the 
“come-up" and “cooling-down” times.

Plots were made on semilog paper of surviving 
numbers versus corrected exposure time for each 
exposure temperature. Straight lines were fitted 
by means of the least-squares method. The inverse 
of the slopes of the lines yielded the /Lvalue at 
each temperature. The thermal resistance curve 
was constructed on semilog paper by plotting these 
derived /Lvalues versus the exposure temperatures 
and fitting a straight line hy means of the least- 
squares method. The inverse of the slope of the 
thermal resistance curve yielded the 5-value.

RESULTS
The Ri culture of Micrococcus radiodurans ap­

pears to be inactivated in the meat substrate at an 
exponential rate (Fig. 1-4), with /Lvalues, as 
determined by least-squared method, as follows:

Temperature (°F) D value
125 17.55
130 7.62
135 1.92
140 0.75

The thermal resistance curve (Fig. 5) reveals 
a 5-value of 10.65 as determined by least-squares 
method.
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Figs. 1-4. Survival curves of I?! cultures in beef at four temperatures.
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DISCUSSION

Heat destruction of the Rx culture in beef 
approximates an exponential rate. This is 
of interest since survival curves obtained 
after exposure to gamma radiation and to 
germicidal ultraviolet light appeared to be 
sigmoidal in nature (Duggan et al., 1959, 
1962a). One of the theories considered in 
attempting to explain the sigmoidal radia­
tion survival curves (and to account for 
part of the radiation resistance), was that 
the cells were multinuclear or multicellular 
in basic makeup. However, if the organism 
were truly multinuclear or if a multicellular 
phenomenon were involved, it is natural to 
expect that the heat survival curves would 
also be of sigmoidal plot. Since sigmoidal 
survival curves were not observed on ther­
mal treatment, the multitarget proposal 
would seem to be unsupported. This as­
sumption, however, presupposes that the 
same essential structure is involved in inac­
tivation by heat and by radiation.

The r-value near 11 falls within the usual 
range of 10 to 14 (Foster et al., 1957) or 
8 to 20 (Olson et al., 1952) observed for 
vegetative cells.

Both psychrophilic and mesophilic strains 
of Micrococcus radiodurans have been iso­
lated, and all strains are apparently capable 
of at least limited growth in canned irradi­
ated meats. Their potential for spoilage 
must be limited, then, whether or not they 
are refrigerated.

Determination of a thermal process de­
signed to result in a “commercially sterile” 
meat according to canning-industry stand­
ards would involve, first of all, agreement 
as to the maximum possible levels of spoil­
age that would be tolerated. For pathogens, 
the maximum possible spoilage level has 
been set by the canning industry at levels 
on the order of one in 1012 samples (Gil- 
lespy, 1951; Townsend et al., 1954). For 
nonpathogenic thermophilic spoilage organ­
isms, maximum possible spoilage tolerances 
are often on the order of one in 102 or in 
103 samples (F  =  5 D ) (Townsend et al.,
1954) at the rarely attained temperatures 
favorable to thermophiles. Non-pathogenic 
mesophilic spoilage is limited to a maximum 
possible spoilage tolerance in the range of

one in 103 to one in 105 samples (F  =  5 D 
to 7 D ) (Townsend et al, 1954). Using 
the data collected here, certain calculations 
can be made if we assume a maximum 
initial count in hamburger of about 2,500 
viable cells per gram (approximately 106 
per pound), and a maximum possible spoil­
age level of one in 10,000 samples (for 
example) of one-pound size. These figures 
would indicate that an over-all reduction of 
10“10 from the initial load is required—a 
reduction over 10 log cycles. A  maximum 
possible spoilage level of one in 1012 samples 
would require an over-all reduction of 10”18.

Transversing 10 log cycles involves ex­
posing the samples to 10 D-values (in min­
utes) at the temperature used. At 140°F, 
the samples would be subjected to the equiv­
alent (Stumbo, 1953) of 10 x  0.7535, or 
about 7.5 min. Similar figures for a reduc­
tion of 10 18 at 140°F would be 18 X 0.75, 
or about 13 min.

It would seem reasonable to accept as 
“commercially sterile” with respect to this 
micrococcus, any meat all parts of which had 
been held for either 1 or 2 min (depending 
on the spoilage level adopted) at a minimum 
temperature of 150°F (where D ls0° would 
be less than 0.1 min). Holding for 1 min 
at this temperature would reduce initial 
numbers by a factor of 10-10, whereas hold­
ing for 2 min would reduce numbers by a 
factor of at least 10-20.

The required time of exposure (of a 
sample) to a lethal temperature depends on 
the size, shape, and thermal diffusivity (Ball 
and Olson, 1957) of the sample, as well as 
the nature of the container, form of heat, 
and other factors as they influence the total 
destructive effect of the “integrated heat 
value” (Stumbo, 1953). Therefore, no at­
tempt will be made to estimate exposure 
times in any container. One could calculate 
safe processes for any sample, however, 
using the rate-of-destruction curves pre­
sented here, after heat penetration data had 
been accumulated for the sample.

If both radiation and heat are to be used 
in radiation preservation, tbe influence of 
each agent should be assessed in terms of its 
effect on the numerical destruction required 
of the other agent. Pre-irradiation would
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reduce initial numbers present before heat 
treatment, and would result in a lowering of 
thermal process necessary to reach the same 
level of spoilage limitation. Post-heating 
radiation would likewise reduce the sur­
vivors of thermal processes to a point where 
considerably less thermal destruction would 
be required. In addition, it has been shown 
that heat treatment reduces the resistance 
of this organism to subsequent irradiation 
(Duggan et al., 1962b). It has also been 
shown that irradiation at higher tempera­
tures (40 and 50° C) is more effective in 
activating this organism than irradiation at 
temperatures below 40°C. It may be of 
some advantage, then, to use radiation and 
heat treatment concomitantly in attempting 
to limit spoilage due to this organism.
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SUMMARY
B io log ica l sp o ilage  o f  non-carbonated orange drink is caused m ain ly  by 

yeasts that are n ot inh ib ited  by preservatives at perm itted  leve ls. A stain that 
d istin gu ishes liv in g  from  dead yeast cells was used  to develop  a tech nique that 
detected  yeast grow th w ithin  2 4 -3 6  hr o f  the add ition  o f  on e  viable yeast cell 
per 190  m l o f  pasteurized orange drink.

INTRODUCTION
The aim was to develop a rapid test for 

the routine control of biological defects in 
a non-carbonated pasteurized orange drink 
containing 5% of pure orange juice. The 
product has a pH of 3.5, titratable acidity 
as citric 0.25%, and specific gravity 1.039, 
and is flavored with an emulsion of cold- 
pressed orange oil. It is pasteurized 20 sec 
at 170°F, cooled to 80°F, and packed in 
polyethylene-lined “Tetrapak” cartons with 
a capacity of one-third imperial pint (190 
ml). The product is stored at ambient tem­
peratures ranging from 40 to 100°F in shops 
and canteens, for periods of 1-4 weeks.

Commercial experience and laboratory 
tests indicate that the pH and composition 
of the drink inhibits most bacteria, and that 
lack of head-space in the pack appears to 
control the growth of most of the molds. 
However, a yeast isolated from orange juice 
grows readily in the drink over a wide range 
of temperatures. No specific identification 
of this yeast has been attempted, but in­
formation and photomicrographs supplied by 
the Low Temperature Research Station, 
Cambridge University (Ingram, 1960a), in­
dicate that it may be a strain of Saccharo- 
myces acidifaciens or A. elegans.

Australian Health Regulations limit the 
use of preservatives in “Summer or Tem­
perance Drinks” to 0.006% SOo or 0.02%. 
benzoic acid, or proportionate mixtures of 
the two substances. These preservatives, 
and sorbic acid at 0.02%., have been tried

against the yeast, but have shown no signifi­
cant inhibiting effect. These negative results 
agree with those reported by Ingram (1959) 
on fermentation of squashes containing
0.06% benzoate, and by Smith et a!. (1962), 
who found that some yeasts utilized up to 
34% of the sugar in apple juice (pH 4.0) 
containing 0.025% of sorbate or benzoate. 
In the light of these facts, it was decided to 
rely on efficient pasteurization of our orange 
drink for maintenance of shelf-life, and to 
concentrate, in laboratory control work, on 
developing a test that would detect minimal 
initial yeast infection as soon as possible 
after the manufacture of each batch.

EXPERIMENTAL METHODS
Initial experiments. Plating of 1 ml of orange 

drink on potato-dextrose agar, buffered yeast ex­
tract, etc., regularly failed to detect yeast in sam­
ples that had been artificially infected and sub­
sequently became fermented. Similar failures were 
experienced when 10-ml samples were centrifuged 
and the deposits plated and incubated.

Alicro-filtration was found to be useful in de­
tecting infection once a reasonably large number 
of cells were present. Unfortunately, the maxi­
mum amount of orange drink that would go 
through a 3.5-sq-cm membrane filter was 3 ml, 
and direct microscopic examination of the filters 
often failed to reveal viable cells in samples that 
ultimately showed fermentation.

Attempts were also made to apply the direct 
microscopic technique of Stevens and Manchester 
(1944) and other methods involving staining and 
examining 0.01 ml with an oil immersion lens. 
This work not only failed in most instances to
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detect yeast in artificially infected samples, but 
when cells were seen it was not possible to say 
whether they were viable cells or some that had 
been destroyed by pasteurization.

The reason for these failures became clear when 
further work demonstrated that the addition of 
only one viable yeast cell per 190-ml sample of 
sterile orange drink was sufficient to cause vig­
orous growth and fermentation within 4-8 days 
at room temperature. It now became obvious that 
a yeast-detection test was required that used the 
entire contents of one pack (190 ml) as the test 
sample, and could detect an initial infection of 1 
viable cell per 190 ml.

Microscopic examination of yeast cultures in 
wet mounts had shown that most of the cells 
settled to the bottom of the liquid on the slide 
within 1-2 min. This observation led to a series 
of experiments with 190-ml samples, as follows: 
The entire contents of the one-third-pint sample 
pack were poured into a separating funnel (capac­
ity 250 ml) followed by 20 ml of 10% yeast ex­
tract, then inoculated with one viable budding 
yeast cell. The outlet tube at the base of the fun­
nel was suitably protected from airborne con­
tamination (see Fig. 1), then the funnel and con­
tents were incubated 16-20 hr at 26° C. Then a 
1-ml sample was run from the base of the funnel 
and plated on buffered yeast extract agar. The 
plate was then incubated at 26° C, and usually 
showed one or more yeast colonies after 48 hr 
of incubation. This work proved that an initial 
infection of only one active cell per 190 ml would 
result in one or more yeast cells per ml at the 
base of the funnel after 16-20 hr. The next prob­
lem was to find a rapid method of proving their 
presence without waiting a further 48 hr for
colonies to show on the plates. It was realized 
that, if a stain could be found that clearly dis­
tinguished between living and dead yeast cells,
then 10 ml could be taken from the base of the 
funnel at 16-20 hr and centrifuged, and the deposit 
examined microscopically to detect any viable
yeast cells present.

A distinguishing stain. A number of recom­
mended stains (Ketterer, 1956) were tried, and 
the best was that described by Townsend and 
Lindegren (1953). Unfortunately, their technique 
required that the cells be washed in distilled water 
prior to staining, which was virtually impossible 
with the small number of cells involved. Ingram 
(1960b) suggested that a stain described by Wol­
ford ( 1953) should be tried. This stain was de­
veloped primarily to improve the counting of 
microbial cells in concentrated orange juice by 
creating more distinction between the cells (dark 
blue) and the background (pink to purple) than 
was obtained with other stains. However, Wolford

did make reference to a distinction between viable 
and dead cells: “In some instances, when stains 
were made of juice containing actively growing 
micro-organisms, the microbial cells have appeared 
to be only lightly stained by the methylene blue. 
This result gives the staining method a differen­
tiating property, as it gives some degree of dis­
tinction between actively respiring and inactive 
or dead cells."

Wolford's claim was found to be very modest 
when the stain was used on our yeast cultures. 
Pasteurized cultures showed 100% of the cells to 
be stained deep red to reddish purple, whereas in 
actively growing young cultures that had not been 
heated, the cells remained unstained. Older cul­
tures showed some stained cells among clumps of 
unstained living cells. Mixtures containing known 
proportions of pasteurized and unpasteurized cul­
tures showed the expected proportions of stained 
and unstained cells (see Figs. 2, 3). The appar­
ent variation in the appearance of the living cells 
in Fig. 3 is due to variations in cell density, not 
to the presence of any stain. Wolford’s stain was 
a development of Gray's (1943) methylene blue-

Fig. 1. Separating funnel, centrifuge, and flask 
with centrifuged deposit.
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Fig. 2. Dead cells in a pasteurized culture, 
deeply stained. 600X wet mount.

basic fuclisin and North's (1945) aniline oil- 
methylene blue stain, and was prepared as shown 
in the Appendix.

The new microscopic yeast-detection test. Ap­
plication of the Wolford stain to the initial ex­
perimental work previously described has resulted 
in development of the following test, which has 
detected the presence of yeast in pasteurized non- 
carbonated orange drink within 24—36 hr of the 
addition of one viable yeast cell per 190-ml sample.

1) Pour the contents of a %-pint pack (190 ml) 
into a sterile 250-ml separating funnel (Fig. 1) 
using normal aseptic methods.

2) Add 20 ml of 10% yeast extract.
3) Invert funnel to nnx well, then incubate 

16-20 hr at 26°C. Invert funnel several times 
during incubation if convenient, but do not dis­
turb the sample in the last 3-4 hr of incubation.

4) Remove funnel carefully from the incubator 
and run 10 ml from the base, through a sterile 
200-mesh sieve, into a centrifuging flask.

5) Centrifuge 15-20 min at 5000 rpm.
6) Pour off the supernatant, leaving 1-2 drops

of lii|uid in the flask. Mix the deposit and the 
liquid with a sterile platinum loop, then incubate 
for 6-8 hr.

7) Place 0.01 ml of deposit on a glass slide, 
add 0.01 ml of Wolford stain, and mix with the 
platinum loop, using a rotary motion and spreading 
the mixture over an area of about 1 sq cm.

8) Examine microscopically as a wet mount 
with 8x eyepiece and 10X lens. Examine the 
entire area of the sample before it dries. If an 
unstained yeast cell is seen, switch to a 40X lens 
and check for morphology and lack of staining. 
Dead cells will appear deep red to reddish purple.

9) If no cells are seen, incubate the centrifug­
ing flask 12 or 24 hr further, and re-examine. No 
subsequent growth has been observed to date in 
any sample that showed no viable cells after 40 
hours from the time the funnel was incubated.

Table 1 shows the time required with the new 
technique to detect viable yeast cells in artificially 
infected samples.

When cultures of the yeast used were developed 
from a single cell with orange drink and yeast

Fig. 3. Cells in a mixture of pasteurized and 
viable cultures. 600x wet mount.
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Table 1. Time required to detect viable yeast 
cells in artificially infected samples.

No. of 
samples

Cells added/190 ml
U nstained

budding
cells

observed 
a t (h r)Budding

Non­
budding

2 2 18-20 16
3 5 16-20
3 1 24
2 1 30
7 1 36-40
4 2 36-40
3 i NVC ■
2 1 NVC
2 2 NVC

a NVC, no viable cells observed after 10 days
of incubation.

extract as the medium, some of the resultant cells 
were only % -% the size of the parent cell ( see 
Fig. 4). These small cells were actively budding 
and apparently mature. When normal-sized cells 
were plated on yeast extract-agar medium, some 
colonies were composed almost entirely of small 
cells, interspersed with occasional full-sized cells. 
When the small cells were grown in orange drink 
without enrichment with yeast extract, the result­
ant cells were of normal size. In examination of 
centrifuged deposits, therefore, a careful watch 
was kept for the smaller cells, which sometimes 
appeared sooner than cells of normal size.

Fig. 4. Small-type yeast cells. 680X wet mount.

APPENDIX
The Wolford stain is prepared as follows: 
Solution A. (North’s stain). Dissolve 3 ml aniline 

oil in 10 ml 95 9o ethanol, add 1.5 ml concentrated 
HC1 with stirring, add 30 ml saturated alcoholic 
solution of methylene blue, then add 55.5 ml dis­
tilled water.

Solution B. Dissolve 1 g of basic fuchsin in 100 
ml of 95 r/c ethanol.

The Wolford stain is prepared by adding 10 ml 
of Solution A and 2 ml of Solution B to 88 ml 
of distilled water. The mixed stain should be 
filtered before use and held under refrigeration. 
It should be discarded after 3—4 weeks.

DISCUSSION
Liquid foods are usually distributed to 

retail outlets within 1-2 days of manufac­
ture, so rapid appraisal of the probable 
shelf-life of each day’s production is very 
desirable. The foregoing work assists in 
meeting this requirement with orange drink. 
The technique described may have an appli­
cation in the laboratory testing of pasteurized 
fruit juices, squashes, wines, beer, and other 
liquid foods in which fermentation by yeasts 
is an important factor.
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SUMMARY
A n ion on io lecu lar  surface-film  m ethod  was used to evaluate lip id  changes 

in bacteria iso lated  from  refrigerated  poultry m eat. Changes in cell lip ids were 
studied  as fu n ction s o f  reduced growth tem perature and growth in the presence  
o f  low concentrations o f  ehlortelracycline. T em perature reduction did not 
cause lip id changes in representative psvchrophilic  bacteria hut did cause  
profound changes in a gram -positive rod having a lesser ab ility  to grow 
al 4°C . Growth in the presence o f  CTC caused lip id  increases in all strains.

INTRODUCTION
Investigations dealing with bacterial lipids 

have been confined, for the most part, to 
problems of lipid chemistry, lipid storage, 
or cellular organization. Problems of lipid 
chemistry have been associated primarily 
with the Mycobacteria, other bacterial spe­
cies (Saltón, 1960, 1962 ), as well as protozoa 
and fungi (LIutnerand llolz, 1962). Studies 
of lipid storage have been mostly confined 
to the yeasts. Recent interest, however, has 
increased concerning poly-/3-hydroxy butyric 
acid and whether it should be considered, 
along with triglycerides and glycogen, as 
a major reserve material in many bacteria 
(Gunsalus and Stainer, 1960).

Effect of environment on chemical changes 
and on increases in fat inclusions in micro­
bial cells has been considered primarily from 
the make-up of the nutrient medium in which 
the cells have been grown (Hutner and 
Holz, 1962). Herbert (1961), in a review- 
paper, recently made several suggestions 
concerning future work on the chemical com­
position of bacterial cells. He pointed out 
a need for consideration of the external en-

" Journal paper 1898 of the Purdue Agriculture 
Experiment Station.

” Present address : Midwest Research Institute, 
Kansas City, Missouri. This report is part of a 
Ph.D. thesis, Purdue University, by the senior 
author.

vironment and a need for more work to 
better relate external environment to the 
composition and size of the cell.

Although intact-cell and cell-wall struc­
ture of grant-negative or grant-positive bac­
teria has been investigated with great vigor, 
studies concerned specifically with lipids 
and lipid changes are not numerous. This 
is especially true with regard to environ­
mentally induced changes. The relative 
amounts of lipids in species have been re­
ported by Salton (1953, 1962), Salton and 
Horne (1951), and Cummins and Harris
(1955). Differences in the saturation of 
bacterial lipids as a function of temperature 
were shown by Graughran (1947). Graugh- 
ran’s report stated that as the growth-tem­
perature for mesophiles was increased the 
degree of saturation and the quantity of 
cellular lipids decreased. The papers pre­
sented at the eleventh symposium of the 
Society for General Microbiology (1961) 
only tend to emphasize the paucity of infor­
mation in this area.

In light of the structural differences be­
tween the gram-negative and gram-positive 
bacteria and the relation of temperature to 
growth rate, a study was suggested that 
would relate lipid changes to the environ­
ment of psychrophiles. Ingraham and Bailey
(1959) thought that differences in growth 
rates between psvchrophilic and mesophilic

140



WELLS. HARTSELL, AND STADELMAN 141

bacteria might be due to changes in cellular 
organization. Such a change could, con­
ceivably, be reflected in changes in the lipids 
of the bacterial cell.

In the present study, cell lipids and growth 
rates were measured in isolates from re­
frigerated poultry meat that had undergone 
a typical spoilage at 4°C. Effects of tem­
perature reductions and growth in the pres­
ence of chlortetracycline (Aureomycin) were 
evaluated. This antibiotic was chosen since 
it is permitted as an extender of shelf-life 
of fresh poultry meats.

EX PE R IM E N T A L  METHODS
Bacterial strains. The species used were isolated 

from poultry meat that had been held 8 days at 
4°C. Selection and characterization of the isolates 
were continued until three cultures exhibiting dif­
ferent low-temperature growth patterns were cho­
sen for study (Wells, 1961): Pseudomonas fluo- 
rcsccns, Achromobactcr gnttatns, and Brcvibac- 
tcrium linens. The Brevibacterium species was 
included for comparison of reactions of gram­
negative and gram-positive rods. The Pscudo- 
monas-Achromobacter species were chosen because 
of the predominance of these types in poultry meat 
spoilage (Ayres et at., 1950).

Culture preparation. All cells u'ere grown on 
trypticase-yeast extract agar (2% trypticase, 0.5% 
yeast extract). When growth in the presence of 
chlortetracycline (CTC) was desired, the steri­
lized medium was allowed to cool to 50°C and 
a filter-sterilized solution of CTC was added to 
a final concentration of 1 jtg/ml. Cells were 
harvested during the exponential growth phase 
by washing the cell-mass from the agar surfaces 
with sterile distilled water. After breaking the 
cell clumps by shaking with glass beads, the sus­
pensions were filtered through double-layered 
cheesecloth and centrifuged. The packed cells V'ere 
suspended in water and spun again. Washing in 
this manner was repeated four himes.

Finally, the cells were suspended in enough 
water to make a thick slurry. This slurry was 
frozen as a shell in a 60-ml vial and dried from 
the frozen state under vacuum (Virtis freeze 
dryer).

Lipid determination. A rapid and reproducible 
method for determining small quantities of lipids 
was available in the ntonomolecular surface-film 
method described by Bergquist and Wells (1956). 
The method, as applied to bacterial cell lipids, 
was changed somewhat in that it was not found 
necessary to add the alkali solution before extrac­
tion ; precipitation and coagulation of native pro­
teins was not a problem, as it was with egg al­

bumen, for which the method was originally de­
veloped. The procedure for determination of bac­
terial lipids was as follows: approximately 150 
mg of lyophilized cells were weighed into a cov­
ered 50-ml Erlenmeyer flask. Ten ml of 6N  HC1 
was added, and the suspension heated 2 hours at 
100°C. After the hydrolysate cooled to room 
temperature it wras transferred to a 4-oz oil-sample 
bottle. Extraction of lipid was accomplished by 
addition of 50 ml of a 1:1 mixture of ethyl ether- 
petroleum ether, shaking the ether-hydrolysate 
mixture 100 times through a 1-foot arc, then 
allowing the mixture to stand until the solvent 
separated, which required about 2 minutes. Twenty- 
five nd of the ether layer was then transferred to 
an aluminum evaporating dish, and the ether was 
evaporated from the dish on a steam bath. There­
after, the procedure of Bergquist and Wells (1956) 
was follow'ed. The reader is referred to the or­
iginal description of material and methods for 
calculation of lipid. The spreading coefficient was 
determined from extracts of whole cells. The 
averages presented in the tables were determined 
from nine analyses.

RESULTS
Pseudomonas fluorcsccns grown at 25°C was 

found to have a lipid content of 12.2% based on 
dry cell v'eight. Growth at 4°C did not appear 
to induce changes in this relative proportion 
(Table 1). Achromobactcr gnttatns was also

Table 1. Percent lipid in psychrophilic bacteria 
grown at different temperatures.

Incubation tem perature

Culture 4°C 25°C

Pseudomonas fluorcsccns 11.8% 12.2%
Achromobactcr gnttatns 18.4% 18.5%
Bret '¡bacterium linens 16.7% 7.2%

found to be uninfluenced by changes in growth 
temperature in regard to the relative abundance 
of lipid material. The most noticeable difference 
between these two organisms appeared to be a 
normally higher lipid level in A. gnttatns.

Brevibacterium linens responded differently to 
temperature reduction. At 25"C it had a dry cell 
lipid content (7.2%) less than that of either
P. fluorcsccns or A. gnttatns. When grown at 
4°C, how'ever, it responded by increasing its lipid 
fraction to a quantity intermediate to that of the 
other two test strains.

Analysis of all three test strains, grown in the 
presence of CTC, indicated that exponential-phase 
cells had responded to the antibiotic through in­
creased amounts of lipid in the cells (Table 2).
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Table 2. Lipid changes in psychrophilic bacteria 
in the presence of Chlortetracycline.

Incubation te mperaturc

4°C 25°C
1 ppm 1 ppm

Culture CTC CTC

Pseudomonas fhiorcsccns 16.3% 14.3%.
Achromohactcr guttatus 21.1% 20.0% .

Chlortetracycline at 1 ,ug/ml brought about a 
lipid increase of 17.2% in P. fhiorcsccns when the 
cells were grown at 25CC. The addition of CTC 
to the growth medium of this strain, grown at 
4°C. brought about an increase in lipid amounting 
to 38.1%.

As previously noted, reduction of the growth 
temperature from 25°C to 4°C had little effect on 
lipid changes in the cells of /'. fhiorcsccns; how­
ever, with CTC present, at both 25 and 4°C the 
amount of lipid in cells harvested at the lower 
temperature increased nearly 14%.

CTC at 1 gg/ml in the medium caused similar 
responses in A. guttatus. though not to the same 
degree as observed with P. fhiorcsccns. The anti­
biotic added at 25°C increased the lipid level 
slightly (8% ). CTC added at 4°C resulted in a 
greater lipid increase than CTC added at 25°C.

The effects of CTC on B. linens could not be 
determined, because this antibiotic, added to the 
growth medium, suppressed cell growth for over 
one month. When growth did occur, it was scant 
and insufficient for analysis.

To determine just where the upper limit of 
response to antibiotic lav, / ’. fhiorcsccns was 
grown at 25"C in the presence of several concen­
trations of CTC. Fig. 1 shows the responses. 
With amounts in excess of 5 gg/ml, the change 
in percent lipid was negligible.

DISCUSSION

The primary objective of the work was 
to determine whether the relative propor­
tion of lipids in poultry spoilage bacteria 
could he changed by environmentally in­
duced factors. Further, if such changes did 
occur, could they he related to the ability of 
bacteria to grow at temperatures used for 
storage of fresh poultry meats ?

In view of the constancy of the lipid con­
tent in the two active psychrophilic strains 
and the lipid increase resulting from lower­
ing the growth temperature for the Brevi- 
bactcrium strain, the data suggest that cell 
lipid change is either involved in or does 
determine whether a cell will grow at tem­

peratures commonly used to refrigerate 
fresh meats.

P. fhiorcsccns and A. guttatus are repre­
sentative of the organisms predominating on 
poultry meat stored at 4°C (Ayres ct ah. 
1950; Walker and Ayres, 1956; Ng et ah.
1957). Brcvibactcrium linens is representa­
tive of the types that are evident at the be­
ginning of storage but decline during stor­
age.

Chlortetracycline used to extend the shelf 
life of fresh poultry meat gives rise to pop­
ulations exhibiting increased lipids. With 
an increase in lipid, especially if in the cell 
wall, an organism could experience impaired 
absorption. Impaired absorption could af­
fect rates of enzymatic action ( in addition 
to temperature reduction ) since building 
materials entering the cell would become a 
limiting factor.

However attractive this suggestion may 
lie, much work yet needs to be done before 
it can be finally proven. The cells used for 
the lipid assays were taken during the ex­
ponential growth phase. This introduced 
a variable. Although the growth phase was 
the same for all cells, the time required to 
reach that phase differed. With temperature 
as the environmental factor, no increases in

PeTCtn t  
L ip id

C h l o rt e t r a c y c l in *  (ppm )

Fig. 1. Effect of level of exposure to chlortetra­
cycline on percent lipid in cells of Pseudomonas 
fluorescent (at 25°C).
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lipid in the psychrophiles were noted, and 
we may assume that temperature reduction 
had little selective action. With antibiotic 
as the environmental factor, however, lipid 
increases were noted. The problem that 
arose—at the moment unresolved—was 
whether the increase in the lipid fraction 
was a consequence of the selection of anti­
biotic-resistant strains (where high lipid 
is a factor in the resistance) or whether 
the increases were the result of physiolog­
ical adaptions, e.g., degree of saturation of 
the lipid.

The authors feel that we are not simply 
selecting resistant strains where the resist­
ance is a function only of the higher lipid 
content. Fig. 1 shows that as antibiotic con­
centration increased, lipid increased until 
the level of 5 /xg/ml was reached. From 
this point upward, to 10 /xg/ml, little in­
crease in lipid was obtained.

The lag phase was considerably longer, 
however, in cells grown in the presence of 
antibiotic at 10 /¿g/ml than at 5 /ig/ml.

Since the size of the inoculum was equal 
in each case, it would appear that the cells 
challenged by 10 /xg/ml antibiotic were 
under some added stress. The lipid content 
was no greater in cells influenced by the 
higher level than in those influenced by the 
lower antibiotic level. It is our feeling that 
the lipid increases due to the presence of 
CTC noted in this study are a physiological 
response although this response could have 
a bearing on antibiotic resistance through 
changes in cellular absorptive characteristics 
followed by a different sequence of biosyn­
thetic functions.

( )ther investigators have shown that 
growth rates may differ between large and 
small colonies within a strain (Stokes and 
Bayne, 1957; Clowes and Rowley, 1955). 
These investigators postulated that rate dif­
ferences may he related to permeability of 
the cells. A decreasing ability to absorb 
nutrients could also partially explain the dif­
ferences in growth rates of bacteria at low 
temperatures. Cell lipids and changes (in­
creases or no response) induced bv lowered 
growth temperatures or the presence of CTC 
could have an influence on permeability 
rates.
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SUMMARY
The growth o f  P seu d o m o n a s g en icu la ta  in sterile  m aple sap in the presence  

and absence o f  5 ppm  form ald eh yde at several tem peratures was investigated . 
At 2 7°C , the growth o f  inocula  as low  as 1 0 3 c e lls /m l was rapid, and the effect 
o f  form ald eh yde, i f  any, was n eg lig ib le . At 7°C , the tem perature slowed the  
growth o f  the bacteria, particularly in  cultures inoculated  with 10 3 or 10 4 
c e lls /m l. F orm aldehyde further  inh ib ited  the cultures, in itia lly  causing a de­
crease ill the num ber o f  v iable organism s and len g th en in g  the lag  period before  
growth began  again . T his was particularly noticeab le  in the cultures with  
the sm aller inocula.

Tapholes for the collection of sap from 
maple trees are liable to infection bv ad­
ventitious organisms. Xaghski and Willits 
( 1955) demonstrated that "prematurely 
dried-up" tapholes, a condition in which 
sap flow diminishes or ceases completely, 
are heavily contaminated with bacteria. 
Sheneman cl al. (1959 ) found a high de­
gree of correlation between the occurrence 
of large populations of bacteria early in the 
sap season and low yields of sap. Since 
the premature stoppage of sap flow results 
in serious economic losses of the maple sirup 
crop, an intensive investigation was carried 
out to find inhibitors for bacterial growth in 
sap. Paraformaldehyde (a polymer of for­
maldehyde) has proven the most promising 
compound in controlling the growth of mi­
croorganisms in a taphole (Sheneman ct al.. 
1959; Costilow ct al., 1962).

Formaldehyde, the active ingredient of 
paraformaldehyde, is a well known bacterial 
inhibitor. There is, however, a great deal 
of variation in the reports of the action of 
formaldehyde on microorganisms, due, per­
haps, to the differences in the experimental 
conditions and organisms used. McCulloch

a Eastern Utilization Research and Development 
Division, Agricultural Research Service, U. S. 
Department of Agriculture.

and Fuller (1941) found that 1 ' i  formalin 
inhibited the growth of Erysipclothrix rhit- 
siopathiac for only 24 hours after 10 min­
utes of exposure, and it required 30 minutes 
of exposure for a 4% solution of formalin 
to kill the organisms. ( )ther studies (M c­
Culloch, 1945) also used concentrations of 
formaldehyde as great as 5% to prevent the 
growth of a variety of organisms. Tem­
perature, too, affects the activity of formal­
dehyde ; McCulloch and Costigan (1936) 
reported that a solution of formaldehyde 
having germicidal activity at 40°C may be 
of questionable value at 20°C and almost 
inert below 10°C.

Pseudomonas geniculata is the organism 
most frequently isolated from maple sap. 
Costilow ct al. (1962 ), in a report issued 
while this paper was in preparation, indi­
cated that the growth of this organism, at 
an inoculum level of 104 organisms/ml, is 
completely inhibited by 30 ppm formalde­
hyde, and some inhibition occurs at lower 
concentrations.

The quantity of dissolved formaldehyde 
in sap collected from tapholes containing 
paraformaldehyde pellets is 5 ppm or less 
in approximately 92% of the saps studied 
(actually about 70% of the saps contained 
1 ppm or less of formeldehyde) (Costilow 
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ct a!., 1962). The temperature conditions 
under which maple sap is collected are usu­
ally below 10°C. Thus, according to the 
literature, the conditions in which parafor­
maldehyde is used in maple tapholes should 
not be conducive to inhibition of bacterial 
growth in the maple sap after it leaves the 
taphole.

This report describes a limited study of 
the effect of the specific concentration of 
formaldehyde most likely to be encountered 
in the field, namely 5 ppm, on the growth 
of Pseudomonas geniculat-a at 7 and 27°C. 
It was important that this concentration of 
formaldehyde he studied since it is antici­
pated that maple sap will eventually he used 
in controlled fermentations to yield sirups 
of desired properties.

M ATERIALS AND METHODS
Ps. geniculate, strain 4, was isolated from maple 

sap (Naghski and Willits, 1955) and has been 
shown to produce maple flavor precursors in 
sterile sap through controlled fermentation. The 
organism was cultured in a medium containing 
maple sap sterilized by autoclaving 15 min at 
121 °C and decanted under aseptic conditions from

Fig. 1. The effect of temperature on formalde­
hyde inhibition of the growth of Ps. geniculate. 
Control (no formaldehyde), -------- ; 5 ppm for­
maldehyde, ------------- .

the heat-precipitable material. To this sap was 
added a quantity of sterile Difco (no endorsement 
implied) yeast extract solution to give a final 
concentration of 0.5% in the medium. After incu­
bation at room temperature (25°C) for approxi­
mately 48 hr the cells were collected by centrifu­
gation and suspended in sterile distilled water. 
Appropriate dilutions were made in sterile dis­
tilled water.

Erlenmeyer flasks, of 500 ml capacity, were 
charged with 200 ml of sterile maple sap and 
inoculated with cell suspensions to give the re­
quired cell concentration. One hundred ml of the 
suspensions were transferred to other 500-ml 
Erlenmeyer flasks and received sufficient formal­
dehyde to give a final concentration of 5 ppm. 
The pairs of inoculated flasks (with and without 
formaldehyde at each inoculum level) were incu­
bated at 7° C or at 27° C without agitation or 
aeration.

Flasks were sampled immediately after inocu­
lation and every 24 hr for the appropriate time 
period. The samples, after dilution in sterile dis­
tilled water, were plated on tryptose-glucose-beef 
extract agar (Difco) and incubated at 27°C. 
Counts were made after 48 hr of growth.

RESULTS
Ps. geniculate was inoculated into sets of the 

medium to give population levels of 10'1 and 10* 
organisms/ml. These flasks were incubated at 
27 or 7°C. Fig. 1 shows the results of the effect 
of formaldehyde and temperature on the growth 
of the bacteria. At 7°C, growth in the control 
flasks (without formaldehyde) was slow, showing 
an increase only by the second 24-hr period. Max­
imum growth was not attained even after 72 hr 
of incubation. In the presence of formaldehyde 
there was an initial decrease in the number of 
viable cells. The culture containing, originally. 
10* cells/ml appeared to recover after 24 hr and 
the growth rate then paralleled that of the con­
trol culture. In the 103 cells/ml culture, however, 
the inhibitory action of the formaldehyde appeared 
to be greater, and the cell count did not increase 
appreciably until after 48 hr of incubation.

By contrast with the growth pattern at 7°C, 
growth at 27°C was almost explosive. Maximum 
growth was attained in 24 hr or shortly thereafter 
in both the control and formaldehyde-treated cul­
tures. There is, however, some indication that the 
formaldehyde may have initially inhibited growth 
of the cells, since the treated-cell counts at 24 hr 
are somewhat less than the control counts. Al­
though no viable counts were made before the 
24-hr sampling, so the pattern of early growth is 
not known, it may be that even at this tempera­
ture, which favored the rapid growth of the or­
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ganisms, the formaldehyde initially affected the 
cells in a manner similar to its action at 7°C.

Since formaldehyde inhibited the growth of 
Pseudomonas at 7° when a small inoculum was 
used, the effect on larger inocula was also investi­
gated. Maple sap media, with and without for­
maldehyde, were inoculated to contain 10s, 10*, 
10°, and KF organisms per ml. Growth of these 
cultures at 7° is shown in Fig. 2. The control 
cultures originally containing 105 and 10° organ- 
isms/ml grew within 24 hr, indicating that the 
low temperature had less effect on the continued 
growth of large numbers of organisms than on 
cultures containing fewer than 10‘ cells/ml. The 
presence of 5 ppm formaldehyde, however, was 
still effective against the higher-inocula cultures, 
inhibiting growth for at least 24 hr.

DISCUSSIO N
The bacteriostatic, or bactericidal, activ­

ity of a compound must be considered in 
relation to many factors: the organisms in­
volved, the numbers of organism used, con­
centration of the compound, composition of 
the medium, and the temperature of incu­
bation. The effect of formaldehyde, an ac­
cepted bacterial inhibitor, has been variously 
assessed, primarily because of variations in 
the testing conditions. Since this inhibitor 
has been shown to reduce the degree and 
rate of contamination of tapholes in maple 
trees, the effectiveness of low concentrations 
of formaldehyde on the growth of bacteria 
in collected sap was evaluated under condi­
tions similar to those likely to prevail in the 
field.

Ps. geniculate, isolated from sap, was se­
lected as the test organism. Although some 
yeasts, molds and other bacteria have been 
found in maple sap this species is the pre­
dominating organism. Formaldehyde, at a 
concentration of 30 ppm, has been shown to 
be bactericidal to Ps. geniculate, but only 
under laboratory conditions (Costilow ct al..
1962). Under field conditions the organ­
isms would be growing in maple sap, which 
is a minimal medium for maintaining the 
growth of this organism, and at tempera­
tures of approximately 0°C. In a study of 
the solution rate of paraformaldehyde pel­
lets designed to be used in the tapholes, the 
formaldehyde concentration in stationary 
water approached the 30-ppm lethal dose 
in 24-48 hr, whereas, in a simulated taphole, 
flowing water contained about 5 ppm of the

GROWTH T I M E ,  HOURS

Fig. 2. The effect of inoculum size on the for­
maldehyde inhibition of the growth of Ps. gcnicu-
lata at 7°C. Control (no formaldehyde), -------- ;
5 ppm formaldehyde,--------.

inhibitor (Costilow et al., 1962). Under 
actual conditions, collected sap was found 
to contain less than 5 ppm formaldehyde in 
92% of the samples tested. Thus, from the 
literature reports, it would appear doubtful 
that the formaldehyde concentration in the 
field would be great enough to inhibit the 
bacteria, although actual trials did show 
substantial inhibition of taphole contamina­
tion. The findings of this limited study in­
dicate that two factors are involved in inhi­
bition of the growth of small populations of 
bacteria. In the control cultures, low tem­
peratures result in a decrease in the over-all 
growth rate and there is a definite lag pe­
riod of about 24 hr before growth occurs.

The inhibitory effect of the formaldehyde 
can be distinguished from temperature-in­
duced inhibition. At the low inocula levels, 
particularly at 103 cells/ml, the number of 
viable cells decreases in the first 24 hr, and 
the amount of growth is appreciably less 
than in the control cells exposed to low tem­
perature only.

(Low viable counts could possibly be due 
to a carry-over of formaldehyde to the plat­
ing medium. However, cultures were di­
luted at least 1 :100 before plating, thus re­
ducing the maximum amount of formalde­
hyde possibly carried over to 0.05 ppm. 
Since 0.5-ml samples of the dilutions were
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plated in approximately 10 ml agar me­
dium, the final formaldehyde concentration 
per plate was less than 0.025 ¡ig.) Even at 
the higher inocula levels, where the effect 
of low temperature is not so evident, the 
cells exposed to formaldehyde undergo an 
initial period during which no increase in 
the growth rate occurs. Although the 
growth rate of the bacteria is very rapid 
at 27 °C, there appears to he some indica­
tion that the formaldehyde may have had a 
transient inhibitory effect readily overcome 
by the bacteria.

It is not possible to decide from the data 
whether the action of low temperature and 
formaldehyde in inhibiting the bacterial 
growth was additive or synergistic. How­
ever, it is suggested that one effect of the 
lower temperatures in reducing the meta­
bolic activity of the cells is to render them 
more susceptible to the action of the formal­
dehyde. This appears to he particularlv 
true at the lower inocula levels.

It is interesting to note that the inhibitory 
activity of formaldehyde at 5°C is contrary 
to the findings of McCulloch and Costigan
(1936) that lower temperatures decreased 
the activity of this compound.

Another consideration of this study was 
the possible effect of the formaldehyde inhi­
bition of bacterial growth on the flavor of 
maple sirup. Sirup made from sterile sap 
lacks the full characteristic maple flavor, 
and some bacterial action (by the proper 
bacteria) is necessary for complete develop­
ment of this unknown factor. Reduction of

the bacterial population with formaldehyde 
could result in the production of flavorless 
sirup. The data indicate, however, that for­
maldehyde, under the conditions stated, is 
bacteriostatic, inhibiting growth temporarily. 
Full development of the flavor factors can 
be expected to occur in the treated sap, 
either by outgrowth of the normal flora of 
the sap or by controlled fermentation with 
selected bacterial strains.
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SUMMARY
T he starch -liq uefy in g  ab ilities o f  a lpha-am ylases from  pancreas, cereals, 

fu n g i, and bacteria were studied  by fo llo w in g  changes in  the viscosity o f  p o ­
tato starch pregelatin ized  and cooled  in  the A m ylograph under standardized  
cond itions and acted on  by the enzym e at 3 7 °  C. T he optim al pH  activity for  
starch liq u efaction  was 4 .0  fo r  fu n g a l, 4 .5  for  cereal, 6 .5  fo r  bacterial, and 7 .0  
for  pancreatic am ylase. A com parison o f  liq u efy in g  action  o f  the enzym e sys­
tem s at a constant level o f  dextr in ogen ic  activity show ed the pancreatic enzym e  
m ost active, fo llow ed  by cereal, with the fu n g a l least active. T he relative d if­
ferences betw een the activity o f  the bacterial and fu n ga l enzym es at their  
optim um  pH ’s and at 3 7 °  depended  on the levels o f  enzym e added. T he ther­
m ostab le  bacterial am ylase a lso  exh ib ited  h igh  stab ility  toward h igh  acid ity. 
T he pattern o f  starch liq u efaction  by action  o f  the various enzym es, and the  
relation  betw een viscosity drop and enzym e activity, are discussed.

Starch is liquefied by an amylase of the 
alpha type (Kneen, 1950). Through the 
years, many methods for evaluating starch- 
liquefying properties have been proposed, 
but few apparently have the accuracy needed 
for quantitative determination. Many fac­
tors, such as method and temperature of 
mak'ing the paste, and the method and con­
ditions under which the measurements are 
made, may influence the results. The author 
has reported on the action of amylases on 
commercial pregelatinized wheat starch 
(Pomeranz and Shellenberger, 1962a) and 
the susceptibility of various starches to the 
liquefying action of amylases (Pomeranz 
and Shellenberger. 1962b). These studies 
were concerned with the action on starches 
heated at a uniform rate, conditions com­
parable with those taking place in the bread­
baking process. This report deals with a 
study of the action of each fungal, bacterial, 
or pancreatic amylase and three cereal 
(from wheat, barley, and sorghum) amyl­
ases on starch pregelatinized under stand­
ardized conditions. The Brabender amylo-

“ Contribution 399, Kansas Agricultural Experi­
ment Station, Manhattan.

graph (Anker and Geddes, 1944), a torsion 
viscosimeter that provides a continuous 
automatic record of changes in the viscosity 
of starch, was used to measure changes in 
the viscosity of the gelatinized starch, held 
at 37°C, as a result of the action of known 
(in terms of dextrinogenic activity) levels 
of alpha-amylase.

Measurement of alpha-amylase activity 
through the liquefying action of the enzyme 
has a number of desirable features. The 
results are not influenced by the presence of 
beta-amylase. The viscosity of starch paste 
is reduced rapidly by the action of relatively 
small amounts of alpha-amylase. This abil­
ity to cause a decrease in viscosity is ex­
tremely important in many industrial proc­
esses ; the high response should be useful in 
detecting very low levels of alpha-amylase 
activity.

MATERIALS AND METHODS
Starch. Four samples of unmodified potato starch 

were obtained from three manufacturers.
Amylase supplements. Four types of amylases 

were studied: cereal, bacterial, fungal, and pan­
creatic. Among the cereal amylases, two samples 
of wheat, two samples of barley, and a sample of

149
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sorghum amylase were tested. Of the amylases 
of microbiological origin, S fungal and 4 bacterial 
samples were tested. One of the wheat malt prep­
arations, and also the sorghum malt, were partly 
purified. The other enzymes were concentrates 
furnished by three different commercial firms. The 
dextrinogenic activities of the tested alpha-amy­
lases (expressed as SKB units per gram) were:

Wheat amylases 19 and 414
Barley amylases 52 and 284
Sorghum amylase 840
Fungal amylase 908 ; 4,590 ; 5,000 ; 7,900 ; 

and 8,140
Bacterial amylases 5,480; 7,950; 8,000 and 

11,880
Pancreatic amylase 1,715

Preparations within each of the classes of an en­
zyme source had similar properties (optimal pH 
activity, and liquefying action on a fixed dextrino- 
genic-activity basis). One preparation of each 
type of enzyme source was selected for detailed 
study. Each amylase, except the sample of en­
zyme of pancreatic origin, was diluted with a
0.2% calcium chloride solution and added to the 
pregelatinized potato starch in the amylograph 
bowl. In each case the dilution was prepared in 
such a way that 1 ml of a 0.2% calcium chloride 
solution of the enzyme was added. The pancreatic 
amylase was prepared by suspension of the powder 
in a 0.02.1/ NaCl solution. Similarly, the starch 
suspension for this enzyme was 0.02.1/ NaCl.

Starch dextrinogenic activity of amylases. Dex­
trinogenic activity was determined by the modified 
Wohlgemuth method (Wohlgemuth, 1908; Sand- 
stedt et a!., 1939; Redfern, 1947) to give the rela­
tive alpha-dextrinogenic (SKB) activities of the 
different enzymes.

Viscosimetric determination of alpha-amylase 
activity. Unless otherwise stated, 27.5 g of potato 
starch were suspended in 450 ml of a buffered 
water solution and placed in the amylograph bowl. 
The contact thermometer was adjusted to start 
heating at 30°C, the temperature of the suspension 
was increased at a constant rate of 1.5°C per min 
up to 75 "C, subsequently cooled at the above rate 
to 37°C, and kept at 37°C for 10 min. After the 
enzyme was added, the amylograph was operated 
at a constant 37°C, and the viscosity was recorded 
by the instrument during 60 min. Temperature 
control was automatically provided by the instru­
ment.

Determination of optimum pH. Each of the 
enzymes was added to a pregelatinized, cooled 
starch suspension in a 0.024/ buffer. For each 
enzymatic system one control determination was 
made with an unbuffered substrate system, one 
with an acetate buffer at pH 5.2, and one with a

citrate-acetate buffer at pH 5.35. In addition, at 
least six determinations were run with mixtures 
of phosphate buffers to cover the tested pH range. 
For each enzyme system, determinations of opti­
mum pH were made at two enzyme levels: 0.2 
SKB and 0.8 SKB units for cereal, pancreatic, 
and bacterial amylases and 2.0 SKB and 8.0 SKB 
units for the fungal amylase. These levels of 
enzyme were chosen so as to obtain the high, as 
well as the medium, extent of starch liquefaction. 
The effect of pH on the stability of the enzyme 
was determined by a prior incubation of 0.8 SKB 
unit of cereal, bacterial, or pancreatic amylase or 
8.0 SKB units of fungal amylase in various 0.24/ 
phosphate buffers for 1 hr in the absence of sub­
strate, and subsequently determining the residual 
alpha-amylase activity after adding them to a pre­
gelatinized and cooled starch suspension readjusted 
to the optimum pH for the respective enzyme.

RESULTS AND DISCUSSION
The starches from the several manufac­

turers exhibited pronounced inherent vari­
ations in viscosity. Different lots from the 
same manufacturer gave excellent repro­
ducibility, respectively within 2% and 4%

Fig. 1. Pancreatic alpha-amylase starch lique­
fying activity as influenced by pH (0.024/ buffer). 
Conditions: 37°C, 27.5 g potato starch, 0.024/ 
sodium chloride, 0.2 and 0.8 SKB units, respec­
tively, 60 minutes' reaction time.
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’’.able 1. Effect of using starches from three 
manufacturers on determination of wheat a-amvlase 
activity.

Starch Starch Starch
1 II 111

Weight ( g I 29.0 32.5 27.5
Reading at end of cool-

ing period ( B l’ ) 1000 1000 1000
Drop in viscosity ('/, l 

as result of adding 
0.08 SKB unit 54 42 53
0.20 SKB unit 63 55 62
0.80 SKB unit 86 81 85

for high and medium levels of added enzyme. 
Adjusting the starch concentration to give a 
reading of 1000 instruments units at the end 
of the cooling cycle enables one to use potato 
starches from various manufacturers for 
determination of alpha-amylase activity 
(Table 1). The viscosity of a paste of gela­
tinized starch can he lowered to a large 
degree by vigorous mechanical action. The 
change during this process is a disruption 
of the swollen starch granules, similar to

Fiji- 2. Wheat alpha-amylase starch liquefying 
activity as influenced by pH (0.02.1/ buffer). Con­
ditions: 37°C, 27.5 g potato starch, 0.2 and 0.8 
SKB units, respectively, 60 minutes’ reaction time.

Fig. 3. Barley alpha-amylase starch liquefying 
activity as influenced by pH (0.02.1/ buffer). Con­
ditions: 37°C, 27.5 g potato starch, 0.2 and 0.8 
SKB units, respectively, 60 minutes’ reaction time.

liquefaction under the action of a liquefying 
amylase. A gelatinized starch paste left 
without motion tends to exhibit increased 
viscosity. It is desirable in gelatinization 
studies to maintain a uniform mixing speed 
(IIolo ct al., 1959 ). To prevent a shearing 
action due to intensive mixing, the velocity 
should he regulated so that only the sedi­
mentation of starch grains is prevented. Pre­
liminary results have shown that variations 
in the speed of bowl rotation influence vis­
cosity measurements. Rotation below 50 rpm 
was insufficient to prevent settling of the 
starch : above 100 rpm, mechanical starch 
disintegration took place. Consequently, all 
reported determinations were made at 75 
rpm.

The activity of amylases tended to increase 
with increasing temperatures, accompanied 
by inactivation of most amylases, particu­
larly fungal amylase. Temperatures between 
20 and 40°C are chosen most frequently for 
measurement of amylase activity ( Hopkins.
1946). The temperature used in this study
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Fig. 4. Sorghum alpha-amylase starch liquefying 
activity as influenced by pH (0.02.1/ buffer). Con­
ditions: 37°C, 27.5 g potato starch, 0.2 and 0.8 
SKB units, respectively, 60 minutes' reaction time.

for measurement of alpha-amylase activity 
was 37° C.

The hydrogen ion activity of the solutions 
and substrates has been known to have a 
marked influence on the stabilities and ac­
tivities of amylases. The optimum hydrogen 
ion activity for amylases from various 
sources depends on a number of factors, such 
as purity of the preparation, enzyme and 
substrate concentrations, the nature of the 
electrolytes present, temperature, and the 
length of time the reactions are carried out. 
It is therefore not surprising that different 
optima are found in the literature (Blom 
et al., 1937 ; Caldwell and Adams, 1946; 
Geddes, 1946 ; Hopkins, 1946 ; Redfern and 
Landis, 1946; Sandstedt and Gates, 1954).

In this study neither the presence nor the 
kind of buffer had, per sc. any significant 
effect on amylase activity; only the hydro­
gen ion concentration affected the results. 
Figs. 1-6 show the effect of variations in 
hydrogen ion concentration on starch lique­
faction activity of the various alpha-amyl-

OF A L P HA -A M Y LA S ES

Table 2. Inactivation of enzymes by holding for 
1 hour in 0.2.1/ buffer.

Viscosity drop (% )  
a fte r holding a t:

Amylase
Level
SKB

pH
3.0

pH
5.0

pH
7.0

Sorghum 0.8 0 75 63
Wheat 0.8 0 87 84
Barley 0.8 0 85 86
Fungal 8.0 20 90 89
Bacterial 0.8 46 85 88
Pancreatic 0.8 0 91 93

ases. These results were obtained by plot-
ting the change in viscosity ( %) versus the 
pH of the buffered starch suspension. Opti­
mum pH values for the various systems were 
at or about: 7.0 for pancreatic, 4.0 for fun­
gal, 6.5 for bacterial, 4.5 for sorghum, 4.5 
for wheat, and 4.5 for barley alpha-amylase. 
For each tested alpha-amylase, using the 
higher enzyme level resulted in a broader 
peak of optimum activity than any tested 
using the medium enzyme level. This was 
especially pronounced with bacterial amylase.

Fig. 5. Bacterial alpha-amylase starch liquefying 
activity as influenced by pH (0.02M buffer). Con­
ditions: 37 °C. 27.5 g potato starch, 0.2 and 0.8 
SKB units, respectively, 60 minutes’ reaction time.
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The results shown in Figs. 1-6 and Table 
2 seem to point to another feature of bac­
terial amylases and their high liquefying 
action. Holding the enzymes in a 0.23/ 
buffer of pH 3.0 resulted in complete inac­
tivation of the cereal amylases and 80% 
inactivation of the fungal amylase. Adding
0.8 SKB unit of bacterial amylase held as 
acid as pH 2.5 for 1 hour, resulted in a 
viscosity drop of 27% when the enzyme was 
allowed to act on a pregelatinized starch sus­
pension buffered at pH 6.5. This stability 
to acid is especially interesting since the 
bacterial amylase exhibits a high pH opti­
mum, unlike those of the cereal or fungal 
amylases.

According to Kneen (1950). the kinetics 
of the liquefaction of starch by amylases 
apparently differ somewhat from those oper­
ative in starch dextrinization or sacchari­
fication. No linear relation could be observed 
between quantity of enzyme and decrease in 
viscosity. The viscosity of gelatinized starch 
drops 50% when only 0.1% of the glucosidic 
linkages are opened, whereas 7% of the

activity as influenced by pH (0.023/ buffer). Con­
ditions: 37 °C, 27.5 g potato starch, 2.0 and 8.0 
SKB units, respectively, 60 minutes’ reaction time.

Fig. 7. Pancreatic alpha-amvlase starch liquefy­
ing activity as influenced by enzyme concentration. 
Conditions: 37°C, 27.5 g potato starch, 0.023/ 
phosphate buffer pH 7.0, and 0.023/ sodium chlo­
ride. Reaction times 20, 40, and 60 minutes, re­
spectively.

linkages must be broken before the remain­
ing dextrins failed to give a blue color with 
iodine (Hagberg, 1960). It seems, there­
fore, that previously reported failures to find 
linear relation between amylase action and 
drop in viscosity were due to measurements 
being made after the action of excessive 
levels of enzyme and/or for too long times.

This hypothesis is confirmed by findings 
summarized in Figs. 7-10. In each case, 
there was a linear relation between enzyme 
activity and viscosity reduction for the very 
low levels of enzyme concentration. Higher 
levels of enzyme resulted in a curvilinear 
relation. The linear relation was exhibited 
for the range up to 0.02 SKB for pancreatic 
alpha-amylase, up to 0.04 SKB for cereal

activity as influenced by enzyme concentration. 
Conditions: 37°C, 27.5 g potato starch, 0.023/ 
phosphate buffer pH 4.5. Reaction times 20, 40, 
and 60 minutes, respectively.
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amylase, and up to 0.2 for bacterial or fungal 
amylase. The above figures refer to SKB 
units per 27.5 g of starch, with the reduction 
of viscosity measured after 20 minutes of 
enzyme action. Comparing viscosity drop 
after various reaction times showed that, for 
pancreatic amylase, for example (Fig. 7), 
there was a linear relation between viscosity- 
drop and enzyme level up to 0.02 SKB unit 
for the 20-minute reading. The linearity- 
held true up to 0.01 SKB unit for the 40- 
minute reading, and up to about 0.005 SKB 
unit for the 60-minute reading. Results were 
similar for the other amylases. It is possible, 
however, that, because of prolonged action 
of very low concentrations of amylase, the 
results obtained may be affected by denatur- 
ation of the enzyme.

Comparing the various amylases on an 
equal basis of dextrinogenic activity showed 
that fungal amylase was the least potent in 
liquefying action, and pancreatic amylase 
the most potent. Cereal amylases ranked 
second in potency. Bacterial amylase re­
sults were more complex. Over the linear 
range up to 0.2 SKB unit, bacterial amylase 
was comparable to fungal amylase, but over 
the higher range of enzyme activity, at or 
above 0.8 SKB unit, it resembled cereal 
amylase. These results point to the possi­
bility of different patterns of liquefying 
action by amylases from bacterial and fungal 
sources. Such differences were not noted in 
comparing the various cereal amylases.
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Fig. 9. Bacterial alpha-amylase starch liquefying 
activity as influenced by enzyme concentration. 
Conditions: 37°C, 27.5 g potato starch, 0.02.1/ 
phosphate buffer pH 6.5 ; reaction times 20, 40, 
and 60 minutes, respectively.

Fig. 10. Fungal alpha-amylase starch liquefying 
activity as influenced by enzyme concentration. 
Conditions: 37°C, 27.5 g potato starch, 0.02.1/ 
phosphate buffer pH 4.0; reaction times 20, 40, 
and 60 minutes, respectively.

York, Northern Aroostock Starch Co., Minne­
apolis, and Stein, Hall and Co., St. Louis, for 
samples of unmodified potato starch.
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SUMMARY
A series o f  chem ical and physical m easurem ents were carried out on  sam ­

p les o f  the lo n g issim u s dorsi m uscles from  10 D anish  Landrace p igs. T he  
sam ples were taken out im m ediately  after  stick ing  and held at 37°C . E stim a­
tions were m ade at intervals o f  the conten t o f  lactic  acid , adenosin e triphos­
phate, creatine ph osp hate , aden osin e  nu cleo tid e, and inosin c  nu cleo tid e, and  
o f  pH  and ex ten sib ility , un til rigor m ortis was com p lete . T he m aterial could  
be divided in to  two groups, A and B. G roup A was characterized by a slow  
fa ll o f  pH  (m a x . 0 .6 5  un its h o u r) and by a slow decrease in  exten sib ility  
( fu l l  rigor at 2 8 0  m in ) ,  whereas group B show ed a rapid fa ll o f  pH  (m a x .
1 .0 4  u n its /h o u r ) and a rapid develop m en t o f  rigor (fu ll  at 1 6 0  m in ) .  T here  
was a sim ilarly  clear d ifference betw een the rates o f  the other changes. Q,0 
for  the rate o f  pH fall was 2 .7 0  over the tem perature range 36 — 41 °C. T he day 
after  slaughter, all carcasses that gave sam ples o f  type A were o f  exce llen t  
quality , w hereas those g iv in g  type B were m ore or less pa le  and watery. T he  
differences betw een the two groups could not be exp la in ed  by d ifferent han ­
d lin g  o f  p igs before  slaughter.

INTRODUCTION
Many workers have investigated, from 

diverse points of view, the so-called “mus- 
keldegeneration” (M D) disease of Danish 
Landrace pigs, which is characterized hy a 
pallid and watery appearance of the meat 
after slaughter and by more or less severe 
exudation of sarcoplasmic fluid from it 
(Ludvigsen, 1954; Wismer-Pedersen, 1959; 
Lawrie, 1960; etc.) Unfortunately, how­
ever, it cannot he said that any satisfactory 
explanation has yet been given of the basis 
of the phenomenon. At the same time, it 
has been established that the disease is on 
the increase, particularly among the pigs at 
progeny-testing stations.

From the physiological standpoint, one 
of the most interesting features of the con­
dition is the occurrence in the meat, p2 to

" The following abbreviations are used through­
o u t: ATP = adenosine triphosphate, LA = lactic 
acid, CP =  creatine phosphate, T SP  =  total soluble 
phosphate, AN = adenosine nucleotide, and IN = 
inosine nucleotide.

11 Present address: Low Temperature Research 
Station, Cambridge, England.

Lt hr after slaughter, of a higher lactic- 
acid content and a lower pH than normal 
(Ludvigsen, 1954). This means that, be­
cause of the long-drawn-out processes in­
volved in preparation of the carcass for 
pork or bacon, the meat from such pigs will 
he exposed to acid conditions (< p H  6.0) 
while the temperature of the carcass is still 
high (> 3 5 °C ), and it is precisely such a 
combination of high acidity with high tem­
perature that can be shown experimentally 
to produce in otherwise normal meat the 
pallor and exudation characteristic of the 
MD condition (Briskey and Wismer-Peder­
sen, 1961 ; Bendali and Wismer-Pedersen,
1962). The problem is, therefore, to explain 
the exceptionally high rate of lactic acid 
production and of fall of pH, post-mortem, 
that is the main factor determining the oc­
currence of the phenomenon.

Toward this end we undertook a detailed 
examination of the post-mortem physical 
and chemical changes occuring during the 
rigor process in Danish Landrace pigs, 
which may he compared with work in other 
countries on animals such as rabbits, horses, 
whales, oxen, and pigs (Bate-Smith and 
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Bendall, 1949; Bendall, 1951; Lawrie, 1953; 
Marsh, 1952, 1954; Howard and Lawrie, 
1956; Lawrie, 1953).

We found, as Lawrie (1960) did with 
English pigs, that the rate of the changes 
varies greatly among animals of the same 
breed, although it is possible to classify them 
into two broad groups, a slow group and a 
fast group. It is of some interest that the pH 
changes in our slow group of Danish Land- 
race are as fast as, or faster than, the most 
rapid that Lawrie (1960) described in 
normal English Large White pigs. Since 
only the faster of our two groups of pigs 
showed more or less severe symptoms of 
wateriness, only this group was physio­
logically capable of producing a large amount 
of lactic acid fast enough post-mortem for 
the carcass to be at a low pH while the 
temperature was still high. It follows that 
wateriness is unlikely ever to become a 
serious problem among the much “slower” 
English pigs of the present Large White 
breed.

METHODS
Condition of slaughter. The pigs used in the 

experiment were all of Danish Landrace with a 
live weight of 85 to 95 kg, and were purchased 
from two producers. The pigs were transported 
to the slaughterhouse, preferably singly in the 
truck (in only three cases was another pig also 
present). Slaughter was carried out at the Ros- 
kilde Cooperative Slaughterhouse. On only three 
occasions was there more than one pig on the 
slaughter floor at once. In nearly all cases the 
pigs were slaughtered according to the procedure 
recommended in Denmark; that is, they were 
shackled by one leg, hoisted, stunned, and stuck. 
In a few cases the pig was hung up by a shackle 
round one hindleg for 1 min prior to stunning, 
hut this did not seem to affect the course of post­
mortem changes.

Preparation of experimental material. Four 
min after sticking, a sample of ca. 500 g was cut 
from the longissimus dorsi muscle between the 
12th and 15th ribs and placed in a room at a 
constant temperature of 37°C. The carcass there­
after went through the normal processing proce­
dure.

Three pieces were cut from the main sample of 
muscle. One piece, ca. 5 X 0.7 X 0.5 cm, was used 
for measurement of extensibility, by the method 
of alternate loading and unloading described by 
Rate-Smith and Bendall (1947). Two pieces of 
ca. 20 g were placed on a glass slide, each in its

own tube, and were used for pH and chemical 
determinations. To ensure fully anaerobic condi­
tions, a stream of moist N2 was passed over the 
3 samples.

Measurement of pH and lactic acid content. The
pH was measured after maceration of ca. 2 g of 
muscle in 10 ml of 0.005iV sodium iodoacetate, by 
means of a Radiometer pH meter 22. To deter­
mine the Qd of the rate of pH fall, two pieces 
were cut in each case from the main samples of 
muscle from 5 pigs. One piece was placed at 
36°C and the other at 41 °C, both under moist N». 
Samples for the estimation of pH were taken every 
10-15 min.

Lactic acid was measured by the method of 
Barker and Sununerson (1941) except that 4% 
perchloric acid was used instead of TCA to pre­
cipitate the proteins.

Estimation of phosphate, ATP, and nucleotide 
content. ATP, as labile phosphate, and CP and 
TSP were measured by the method of Lolnnann 
as modified by Bendall (1951). AD and IN were 
measured by the spectrophotometric method of 
Kalckar as modified by Bendall and Davey (1957), 
using a Zeiss uv spectrophotometer. For measure­
ment of all these values a sample of ca. 2 g 
muscle was weighed out quickly, and macerated 
in 10 ml of 4% perchloric acid at 3°C, by means 
of an Ultra-Tarrax mixer. The supernatant, 
cleared by centrifugation and filtration, was used 
for the estimations. Samples were taken for the 
various analyses at intervals of 30 min in the 
early stages and of 45 min toward the end of rigor.

RESULTS
The results showed that the pigs could be 

divided, on the basis of post-mortem changes at 
constant temperature, into two groups, A and B. 
Group A was characterized by slow post-mortem 
change, and group B by fast change. Five of the 
10 pigs used in the work fell into each group. 
Figures 1 and 2 show the various changes in the 
two groups as a function of time. The curves are 
drawn through the mean values of the various 
parameters, the vertical lines giving the standard 
error of the means.

pH changes. The pH values measured 10 min 
after sticking (pH w) show a scarcely significant 
difference between the groups, the mean value for 
group A being 6.78 and for group B 6.66. Because 
of the much higher rate of pH fall in group B, 
this small difference becomes completely insig­
nificant when the curves are extrapolated back to 
zero. In group A the pH falls 0.25 pH unit/hr, 
until it reaches pH 6.5, when the rate increases. 
From pH 6.3-S.6 the rate is again nearly constant, 
hut the maximum rate is now 0.65 pH unit/hr. 
The rate then declines rapidly, and after 270 min
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there is no further change in pH. In group B, 
however, the rate is high from the start, and 70 
min after death (at pH 6.0) reaches a maximum 
of 1.05 units/hr. The pH fall is complete in this 
group after 150 min. The pH at completion of 
rigor (ultimate pH) has a mean value of 5.40 in 
both groups.

Temperature coefficient (Q10) of the pH changes.
When the rates of pH fall in samples of longis- 
simus dorsi muscle from the same pig are com­
pared at 36 and 41 °C, it is found that the average 
Qio in this temperature range is 2.70 with a stand­
ard deviation of ±0.15 (5 estimations). There is 
no significant difference between the Qio values for 
the fast and slow portions of the pH/time curves, 
nor does the Qm depend on the absolute rates of 
change, whether of type A or B. The average ap­
parent energy of activation of the processes under­
lying the pH change, calculated from the Hood- 
Arrhenius equation, is ~  19 kcal per g mole lactic 
acid from 36 to 41 °C.

Lactic acid formation. The formation of lactic 
acid in the two groups agrees more or less exactly 
with the corresponding pH values. At 10 min after 
death there is a higher content in group B ( — 51 
gmol/g) than in group A (38 gmol/g), whereas 
the final value in both groups is ~  130 gmol/g in

spite of the fact that the rate of formation is much 
greater in group B. Correlation of the pH with the 

ALA
lactic acid values gives -------- =  56 gmol/pH/g
for both groups. ApH

Changes in ATP (7 min P ). The rate of dis­
appearance of ATP differs markedly in the two 
groups. In group A, the ATP concentration re­
mains high and nearly constant for the first 30 
min, and then falls at constant speed until 280 
min, whereas in group B it falls rapidly from the 
start until 150 min. When the ATP/time curves 
are extrapolated back to zero time, the A TP level 
at the moment of death appears to lie between 5.7 
and 7.5 gmols/g. The average values of the two 
groups do not differ significantly from one an­
other at this time (7.1 ± 0 .2  gmol/g (s.e.) for A, 
and 6.8 ±  0.4 gmol/g for B). Because of these 
random variations in initial level, the A TP con­
centrations are given on the curves in Fig. 1 as 
percent of the values at zero time.

The above values for ATP were calculated from
7-min P values, but, as Bendall and Davey (1957) 
have shown, they can also be calculated from the 
increase in IN. Curves drawn from the IN esti­
mations show initially good correlation with the 
above values, but toward the end of rigor they

Fig. 1. Time course of some chemical changes during rigor. Temperature 3 7 °C --------------ATP
as 9c of zero-time value. _--------------- LA g m o l/g .------------------ CP ^niol/g. A indicates curve for
group A pigs, mean of 5 pigs. B indicates curve for group B pigs, mean of 5 pigs. Vertical line gives 
the standard error of the mean.
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give a lower, and probably more reliable, measure 
of tbe ATP level. This is because the 7-min P 
values taken at the end of rigor include some phos­
phorous from the hexose mono- and di-phosphates 
formed during the process.

The total turnover of labile phosphate can be 
calculated from the known values of CP, IN, and 
pH or lactic acid (Bendall and Davey, 1957), and 
is found to reach a maximum in group A of 1.04 
/nmols P /m in/g at pH 6.0, and in group P of 1.63 
Mmols P /m in/g at pH 5.95. These two rates differ 
significantly from one another at p <  0.2.

Creatine phosphate. The CP concentration at 
10 min after death varies from 3 to 11 /imols CP/g. 
The average value for group A is 8, and for group 
B 5.5 gmols/g. The CP content falls very rapidly 
in group II and is < 2  gmol/g after 35 min, whereas 
this value is reached in group A only after 100 
min. The TSP content is nearly identical in both 
groups (1.85 mg P /g  in A, and 1.82 in R).

Extension changes. The extension of the muscle 
decreases in a different way in the two groups. 
Group A is characterized by a drop of about 109r, 
which occurs comparatively quickly, but after this 
the extension decreases slowly until rigor is com­
plete at ca. 280 min. In group B, the extension falls 
initially at the same rate as in group A. but the 
ensuing slow phase lasts only a short time, and 
after 80 min the extension falls precipitously, at a 
maximal rate three times as great as that in group 
A, so that rigor is complete at ca. 160 min. When 
the extensibility changes are correlated with the 
ATP concentration, it is found that the rapid de­
crease in extensibility first sets in when the ATP 
concentration is ca. 30% of the initial value, in 
both groups.

Assessment of meat quality. The day after 
slaughter, samples from the carcasses were evalu­
ated for quality. All the samples from group A 
were of satisfactory quality, but those from group 
B were more or less of pale and watery appear­
ance.

Effect of ante-mortem treatment. It was at­
tempted to relate the ante-mortem treatment to the 
course of the post-mortem changes, and especially 
to see whether short-term excitement and exertion 
would provoke a rapid fall of pH.

Three pigs were therefore hung up for one min­
ute by a hind-leg and then stuck. This did not 
appear to have any effect on the subsequent rate 
of pH fall. Similarly, it did not seem that the 
violence of the convulsions after sticking were of 
any special significance.

DISCUSSION
( )ur investigations differ essentially from 

earlier work by Brisker and Wisnier-Peder­
sen (1961) on the muscles of Landrace pigs

in that they were carried out at constant 
temperature. Under these conditions our 
material can be divided, with respect to 
post-mortem processes, into two groups, A 
and B. which differ from one another in 
the time for completion of the changes. Thus, 
the changes are complete 120 min sooner 
in group B than in group A. At first sight, 
this difference might he attributed to the 
lower initial pH and CP content in group B, 
hut this can he only part of the explanation, 
because there is also a highly significant 
difference between the rates of change in 
the two groups. It was not possible from 
the experiments to explain the reason for 
these differences in rate, because all attempts 
failed to provoke faster changes by varying 
the pre-mortem handling of the animals.

Experiments of the same kind as those 
carried out here have been reported for 
many different animals: rabbit (Bate-Smith 
and Bendall, 1947. 1949: Bendall, 1951). 
whale (Marsh, 1952), ox (Howard and 
Lawrie, 1956), horse (Lawrie, 1953), and 
pig (Lawrie, 1960). Apart from the last 
author and Marsh (1952), no one has pre­
viously found that the processes in the same 
muscle from different animals of the same 
breed treated in the same way could be 
classified into two distinct groups according 
to the rates of the reactions.

Lawrie (1960) undertook a long series of 
investigations on English pigs, mostly of 
the breed of Large White X Middle White. 
11 is results differ markedly in many respects 
from those found here, although they most 
nearlv resemble those described for group A. 
A time course similar to that in our group 
B is not mentioned. Lawrie finds a typical 
pH of ca. 6.70 at 60 min post-mortem 
(pH00) and an ultimate pH of ca. 5.5, 
which agree with those for our group A 
(6.63 and 5.40, respectively). On the other 
hand, there is a big difference in the rate of 
pH fall; thus, the pH in Lawrie's experi­
ments was 6.30 at 160 min and 5.80 at 260 
min, whereas the corresponding values for 
group A at these times were 5.8 and 5.42. 
Lawrie also finds a very large variation in 
rate, so that the time recptired for the pH 
to fall from 6.70 to 5.50 can vary between 
180 and 460 min, compared to an average 
of 170 min for group A.
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liven from his average curve, however, 
the maximum rate of pH fall, at pH 6.0, is 
only —0.33 units per hour, compared to
0.65 and 1.05 unit-hr, respectively, in our 
groups A and B. and with 0.65 units per 
hour in the rabbit psoas and beef longissimus 
dorsi muscles (Marsh, 1954). It thus ap­
pears that English pigs of the Large White 
X Middle White breed are remarkable for 
an exceptionally slow fall of pH at 37°C.

The Q10 of the reactions underlying the 
fall of pH has been studied in detail by 
Marsh (1954) in beef longissimus dorsi. He 
found the Q10 to increase very rapidly at 
temperatures above 30°C, where it is —2.0, 
to —3.7 at 36°C and to —6.8 at 40°C. < )ur 
results with Landrace pigs show a Qln of 
— 2.70 between 36 and 41°C, compared with 
Marsh's value for beef of —5.2, the appar­
ent energy of activation in the two cases 
being —19 and —32 kcal per g mole lactic 
acid, respectively. Compared with these high 
values at 38.5°C, however, the energy of 
activation at room temperature is less than 
4 kcal per g mole. Thus, the greatest care

must be taken in interpreting rates of pH 
fall, particularly in the intact carcass, where 
measurements of temperature must be very 
accurate before it can be decided whether 
an apparently high rate of pH fall is due 
to a real change in the absolute rates or 
merely to a higher average temperature.

Ludvigsen (1955) proposed that the dif­
ferent rates of pH fall might be explained 
by differing buffer capacities. Lawrie meas­
ured the buffering capacity in the longissi­
mus dorsi of normal and MD pigs, and 
found, respectively, 59.1 and 56.6 neq 
HVpH/g. We measured the buffering ca­
pacity in terms of ALA/ApH and found 56 
yuequiv H +/p H /g  for both groups of pigs. 
We have also estimated the buffering-capac- 
itv by titrating 5 g of muscle macerated with 
20 ml of 0.13/ KC1 +  1 ml of 0.1 M  iodo- 
acetate. We titrated the samples with 0.LY 
XaOH in intervals of ca. 0.10 pH units 
from pH 5.4 to 7.2. Xo difference could be 
established between normal and MD pigs. 
The buffer capacity, in /¿eq H+/pH /g, was 
not constant over the range, but varied as

m in . offer s t ic k in g

Fig. 2. Time course of pH and extensibility during rigor. Temperature 37°C. --------------pH.
---- — ;-------extensibility as 9'<■ of initial length. A indicates curve for group A pigs, mean of 5 pigs.
B indicates curve for group B pigs, mean of 5 pigs.
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follows: 57 at pH 5.60, increasing evenly 
to 65 at pH 6.80, and then falling again to 
56 at pH 7.20.

The curve given by Lawrie (1960) show­
ing ATP and CP against time, is in good 
agreement with our group A, although the 
ATP concentration in his experiments was 
a little higher than ours (ca. 8 /unol/g at 
60 min, against ca. 6.7 /xmol/g). These 
differences decrease with time. On the other 
hand, I.awrie's results on the extension 
changes differ very greatly from ours. He 
found, for instance, that the extension de­
clines extremely rapidly after 120 min and 
that the change is complete at 180 m in; the 
concentration of ATP and the pH are there­
fore very high, both at the beginning and 
end of the rapid phase of rigor. From 
Lawrie’s Figs. 2 and 4, the pH is 6.5 and 
the ATP ca. 6.5 /miols/g at the beginning of 
rigor, and 6.1 units and 3.5 /unols/g at the 
end. In our group A, the fall of extension 
is stretched out over a longer interval, 
whereas the fall of pH is quicker. Indeed, 
the rapid fall of extension begins in both 
groups, A and B, only when the pH has 
reached 6.0 and the ATP concentration has 
fallen to ca. 30% of the initial value (i.e., ca.
2.1 /tmols/g). Moreover, the fall in exten­
sion reaches completion in both groups at 
the same time as the fall of the pH and of 
ATP. Considerably better agreement is ob­
tained, however, by comparing our results 
for the relationship between pH, ATP, and 
extension with those reported for rabbits, 
ox, and horse. ,

We have calculated the maximal rate of 
turnover of ATP from our results and 
found it to be 1.04 /miol P/m in/g for group 
A, and 1.63 /unol P/m in/g for group B. 
Bendall (1951) gives a value of 0.74 /imol 
P/min/g for rabbit, and, calculating from 
Lawrie’s results (1953 and 1960), we find 
a value of 0.78 for horse and 0.55 /unols/ 
min/g for English pigs. Thus, the rate for 
our group A pigs is of the same order of 
magnitude as those for rabbit and horse. 
The rate in English pigs is, however, very 
low, in good agreement with the slow fall 
of pH, whereas that for our group B (1.63) 
is seen to be considerably higher than any 
reported for other species of animal.

Briskey and Wismer-Pedersen (1961) had 
earlier investigated the various post-mortem 
changes in pigs of Danish Landrace, but it 
is difficult to compare their results with 
ours, because they cooled the carcasses from 
which they took the samples, so that the 
temperature was varying throughout the ex­
periments. On the basis of their results they 
divided the pigs into 4 classes according to 
the rate and course of pH fall after death. 
The changes in their groups 1, 2, and 3 do 
not, however, show anything that would not 
correspond to our group A, if the tempera­
ture had been constant at 37°C. Group 4. 
on the other hand, is characterized at 1 /  hr 
after death by a pH of 5.1-5.4 in the carcass, 
as measured by a probe glass electrode, and 
this would seem to indicate a considerably 
faster fall of pH than that found in our 
group B. It must he remembered, however, 
that the temperature during the first 90 min 
after sticking is probably higher than 37°C, 
and this must necessarily mean an increased 
rate of chemical reaction, as shown by the 
high Qio of 2.70 found in this temperature 
range. In addition, the pH values as meas­
ured by the probe electrode at this higher 
temperature will be lower by ca. 0.2 units 
than ours, which were measured at room 
temperature. This is explained by the fact 
that the pK values of the buffer systems of 
the meat are highly temperature-dependent 
(Bendall and Wismer-Pedersen, 1962). This 
means that muscles from group 4 animals 
at 90 min after sticking would give pH 
values of 5.3 to 5.6, if measured after macera­
tion by our method. The pH 90 min after 
death in our group B was 5.65. There is. 
therefore, nothing to suggest that the pigs 
of Briskey and Wismer-Pedersen’s group 4 
could not be included in group B.

Lastly, it should he noted that we always 
observed in our experiments that meat which 
was allowed to go into rigor at a constant 
temperature of 37°C became watery and of 
pallid appearance, similar to the typical AID 
condition. Bendall and Wismer-Pedersen
(1962) also observed that the water-reten­
tion, extractability and titration curves of 
meat going into rigor at 37°C closely resem­
ble those of AID pigs. It is, therefore, prob­
able that the reason for the pale and watery
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appearance of the meat is the combination 
of high temperature and low pH, and that 
this could be prevented from occurring, even 
in pigs of type B, if the carcass could be 
cooled fast enough to below 30°C.

CONCLUSION
It is shown from the experiments that, 

with reference to the post-mortem changes, 
pigs can be divided into two groups, a slow
(A ) and a fast (B ). Nothing similar has 
been observed earlier. Pigs belonging to 
group A were all of good quality, whereas 
group B pigs were all more or less of MD 
type. It thus appears that, 4 minutes after 
sticking, it is already certain whether MD 
(watery and pallid meat) will or will not 
develop.
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SUMMARY
W hen potatoes are stored in  n itrogen  at low  tem peratures, starch d ecom posi­

tion , release  o f  starch-bound phosp horus, and accum ulation  o f  inorganic  ph os­
phorus are less than during storage in  air. A lthough there is a com p lete  
suppression  o f  sugar accu m ulation , evid en ce is presented  that the starch re­
m oved appears as substances, probably end-products o f  anaerobic g lyco lysis, 
that are vo latile  a t the tem peratures used to d eterm ine percent dry w eight. T he  
decreases in  starch-bound ph osp horus are balanced by a corresponding increase  
in  inorganic  ph osp horus in  both  air-stored and n itrogen-stored potatoes. T he  
decrease in  the ph ytic  acid ph osp horus in  air-stored tubers can be accounted  
fo r  largely  as an increase in the fraction  con ta in in g  ph osp lioprote in s, nu cle ic  
acids, and p h osp h o lip id s, whereas the corresponding loss o f  ph ytic  acid ph os­
phorus in  n itrogen-stored tubers appears largely  in  the fraction  conta in ing  
nu cleo tid e  coen zvm es and h exose  p h osp hates. T h e  sign ifican ce  o f  these  find­
ings is d iscussed in  term s o f  the requirem ents fo r  h igh-energy phosp hate  
derived from  the respiratory process and needed  fo r  b iosynthesis.

Under stress conditions such as exposure 
to temperature extremes, desiccation, or 
ionizing radiation, potato tubers develop 
sugars at the expense of starch (Schwimmer 
and Burr. 1959). This sugar accumulation 
requires energy, as evidenced by previous 
observations that sucrose does not accumu­
late in potatoes stored anaerobically (Mc- 
Creadv, 1948; Nelson and Auchincloss, 
1933) or in the presence of respiration in­
hibitors (Craft, 1956), and that it disappears 
in anaerobically stored potatoes previously 
stored at low temperature in air (Barker 
and el Saifi, 1952). This suppression of 
starch-to-sucrose conversion may be due to 
by-passing of the normal synthetic pathway 
for sucrose synthesis, via glycolysis, or there 
may be a suppression of starch decomposi­
tion as well. Evidence in this paper indi­
cates that both processes are operable in 
potatoes stored at low temperatures in nitro­
gen.

0 Rockefeller Foundation Fellow, 1960, on leave 
from College of Agriculture, Krakow, Poland.

M ATERIALS AND METHODS
Potatoes of mature White Rose and Kennebec 

varieties used in previous studies (Samotus and 
Schwimmer, 1962a) were stored for 5 weeks after 
harvesting. One-kilogram lots from each variety 
were then transferred to desiccators containing 
nitrogen gas and alkaline pvrogallol (500 g KOH 
and 150 g pyrogallol in 1 L ). The desiccators 
were thoroughly flushed by repeatedly reducing 
the pressure within the desiccators and re-intro­
ducing nitrogen gas. They were then placed at 
32 °F for 6 weeks. Every 5 days during this stor­
age period, the above flushing procedure was re­
peated. Other 1-kg lots of each variety were also 
placed at 32° F exposed to air.

Details of the methods of fractionation of the 
tubers and analysis are given in previous publica­
tions (Samotus and Schwimmer, 1962a,b,c). Sol­
ids and carbohydrate contents are expressed as 
percent of fresh weight before storage at 32° F, 
and the phosphorus components as mg of phos­
phorus per 100 g of fresh tubers before storage.

RESULTS
Changes in carbohydrate composition (Table 1).

Total weight losses were considerable in the stor­
age period (at 25°) between harvest and storage

163
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Table 1. Weight and carbohydrate changes (% of fresh weight) in potatoes stored in air 
or nitrogen at zero degrees.

Component or 
measurement V ariety  a

Before 0 3 
storage 

(B )

A fter 0° storage in : Differences h

A ir
(A )

Nitrogen
(N ) A-B N-B

Tuber wt loss w 4.85' 6.45 " 5.48d
+1.90K 7.01' 9.21d 6.39a 0.0

Dry weight' W
K

23.2
22.8

22.6
23.0

20.7
21.7 -0.2 -1.8

Starch W 18.5 14.3 15.5
-3.8K 18.3 14.9 16.8 -2.3

Non-starch solids W 4.7 8.3 5.2
+3.6 +0.4K 4.5 8.1 4.9

Total sugars W
K

0.58
0.44

4.44
3.49

0.55
0.35 +3.5 - 0 .1

Sucrose W 0.38 2.47 0.31
+2.0 - 0 . 1K 0.32 2.31 0.24

Fructose W 0.08 1.38 0.15
+1.2 +0.1K 0.05 1.06 0.10

Glucose W 0.12 0.59 0.09
+0.3 0 .0K 0.07 0.12 0.00

“ W  =  White Rose variety : K =  Kennebec variety. 
b Difference expressed as mean of difference of botli varieties.
'Loss of weight in the time interval after harvest and before storage at 0°. 
11 Loss of weight in the time interval after harvest and after storage at 0°.
0 As measured by weighing the samples before and after heating 1 hr at 30°.

at 33 °F. The subsequent storage at 32° F in 
nitrogen did not result in appreciable weight 
loss. However, significant losses in “dry weight" 
(as measured by weighing the samples before 
and after heating 1 hr at 130°) (Samotus and 
Schwimmer, 1962a) did occur in tubers stored 
at 32 °F in nitrogen, but not in air. The starch 
contents of both air- and nitrogen-stored samples 
decreased, with the air-stored tubers showing the 
greater loss. In contrast, there was no change in 
the already very small sugar content of nitrogen- 
stored tubers, whereas the sugar content of the 
air-stored samples increased, as expected, to about 
the same extent that the starch content decreased. 
The changes in the levels of non-starch solids 
show about the same pattern as those of the 
sugars, although the initial content of the former 
was about 10-fold that of the latter. The increase 
in sugars stored in air was due mainly to the 
appearance of sucrose and, to a lesser degree, 
fructose. Only the White Rose variety accumu­
lated glucose to any appreciable extent.

Changes in phosphorus composition (Table 2). 
The results obtained from storage in air are in 
agreement with those previously reported (Samotus 
and Schwimmer, 1962a,b,c). In air at 32°F the

starch-hound phosphorus decreased both with re­
spect to unit weight of the tuber (P ,,)  and per 
unit weight of starch (P SJ), as did the trichloro­
acetic acid (TCA)-soluble organic phosphorus 
(P „); whereas inorganic phosphorus (P i) and 
TCA-insoluble non-starch phosphorus (P /)  in­
creased. The change in P„ was due almost en­
tirely to decrease in phytic acid phosphorus (P 
phytic) whereas the level of TCA-soluble, non- 
phytic acid phosphorus (P  ester) remained con­
stant.

After storage in nitrogen, at 32°F, the level of 
starch-bound phosphorus (P.„, P.,.,) decreased, 
and that of inorganic phosphorus (IY) increased 
as in the case of air-stored potatoes. However, 
as in the case of starch levels, the change was not 
as great as in air. In contrast to the air-stored 
potatoes, the P„ and P* levels remained constant. 
However, the invariance of P„ was due to the 
balancing of an increase in phytic acid phosphorus 
( P phytic) by a decrease in the non-phytic acid 
fraction of the TCA-soluble organic phosphorus 
(P  ester). Finally, it may be pointed out that 
the increase in starch-bound phosphorus per unit 
weight of starch (P ,,)  upon storage in air or 
nitrogen confirms previous calculations that the
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amount the starch lost upon storage is richer in 
phosphorus than either the starch remaining or 
the starch present before storage. This indicates 
that the process of starch decomposition proceeds 
via similar, if not identical, mechanisms in air 
and in nitrogen, and that the phosphorus is dis­
tributed inhomogeneously within the starch gran­
ule (Samotus and Schwimmer, 1962c).

DISCUSSION
'['lie small loss of total weight of nitrogen- 

stored tubers can be reconciled with the 
relatively large decrease in percentage dry 
weight only on the assumption that certain 
substances other than water are volatilized 
during the determination of percent dry 
weight. ( in the basis of this assumption, the 
decrease in starch content of the nitrogen- 
stored tubers may be accounted for largely 
as an increase in volatile substances, whereas

the corresponding decrease in starch content 
of air-stored tubers appears as increase in 
sugar content (Table 3). Thus, anaerobi- 
osis does not completely suppress the de­
composition of starch, indicating that this 
process, in contrast to the accumulation of 
sugars, is not entirely an energy-requiring 
process. These volatile substances are likely 
to be the products of anaerobic glycolysis. 
Thus, Barker and Saifi report the accumu­
lation of lactic acid, ethanol, and acetalde­
hyde during the prolonged storage of tubers 
in nitrogen ( Baker and el Saifi, 1952). The 
requirement for oxygen for the synthesis of 
sucrose is consonant with the need to re­
generate uridine diphosphate glucose for the 
progressive accumulation of this sugar 
(Schwimmer and Rorem, 1960).

Table 2. Changes in phosphorus (mg/g fresh weight) in potatoes in air or nitrogen at 
zero degrees.

Before 0° 
storage 

(B)

A fter 0° storage in : Differences "

Fraction or
measurement a V ariety b

A ir
(A )

Nitrogen
<N) A B N B

p . , \Y
K

16.5
19.7

11.6
14.9

13.2
17.5 -4.8 -2.7

P i W
K

15.7
19.4

19.6
25.2

18.3
22.0 -3.8 +2.6

p „ W
K

18.9
20.5

17.6
17.2

18.8
19.7 —2.2 -0.3

Px W
K

11.7
14.6

12.8
16.9

12.0
14.2 +1.7 0.0

P phytic W
K

14.9
17.0

13.3
13.7

12.6
14.4 -2.5 -2.5

P ester W
K

4.0
3.3

4.3
3.5

6.2
5.3 -0.3 +2.0

P „ \Y
K

89.3
107.8

81.1
100.0

85.4
104.3 -8.0 -3.5

l7r W
K

161.0
134.0

178.0
146.0

168.0
140.0

124.0"
102.0"

131.0"
98.0"

" P„, — mg of starch-bound phosphorus per 100 g of fresh tubers, 
lb =  Inorganic phosphorus.
]’„ =  TCA-soluble organic phosphorus.
P- =  TCA-insoluble non-starch phosphorus.
P phytic =  phytic acid phosphorus.
P ester =  TCA-soluble non-phytic acid phosphorus.
P., =  mg of starch-bound phosphorus per 100 g of starch.
/■_ =  Periodicity of occurrence of phosphorus in amylopectin moiety of starch expressed as 

number of glucosyl residues per atom of amylopectin hound phosphorus. 
b \Y =  White Rose variety, K =  Kennebec variety. 
r See footnote 2. Table 1.
" of amylopectin moiety of starch lost during storage.
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Table 3. Distribution of components as percentage of non-moisture constituents.”

Component
Before storage 

(B )

A fter storage in : Differences

A ir (A ) N itrogen (N ) A-B N-B

Starch 80 64 70 -1 6 -1 0
Sugars 2 18 2 +  16 0
Other solids 18 18 20 0 + 2
Volatiles b 0 0 8 0 +8

* Average value of Kennebec and White Rose varieties. 
b Volatiles other than water.

Table 4 expresses the phosphorus distri­
bution as a percentage of the total phos­
phorus content; values for both varieties 
were averaged. This table clearly shows 
that all of the starch-bound phosphorus that 
disappeared during storage in either air or 
nitrogen could be accounted for as inorganic 
phosphorus. The decrease in the phytic acid 
phosphorus content of the air-stored tubers 
corresponds to an increase in the TCA-in- 
soluble non-starch phosphorus, consisting 
largely of phosphoproteins, nucleic acids, 
and phospholipids. The formation of ester 
bonds in these compounds apparently re- 
quires a source of high-energy phosphate. 
The fraction of non-phytic acid phosphorus 
that contains nucleotide coenzymes and hex- 
ose phosphates, did not increase during cold 
storage in air. Mori ct al. (1960) showed 
that the extent of incorporation of tracer 
inorganic phosphates into these classes of 
compounds increases in potatoes stored in 
the cold. In nitrogen-stored tubers, there 
appears to be a net synthesis of these phos­
phate esters apparently at the expense of 
phytic acid phosphorus. The pattern of 
change suggests that the phosphorus of 
phytic acid, which under aerobic conditions 
is destined to appear as a net increase in 
the fraction containing phospholipid, nucleic

acids, and phosphoprotein, is prevented from 
being thus converted under anaerobic condi­
tions, because there is no supply of high-en­
ergy phosphate derived from the respiratory- 
processes. The accumulation of this pool 
of active metabolic phosphorylated inter­
mediates may also be related to the partial 
suppression of net starch decomposition.
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SUMMARY
Investigation  was m ade o f  the effect o f  pH , enzym e concen tration , cystein e, 

sod ium  ch loride, and tem perature on the ex ten t o f  so lub ilization  o f 0.101V 
sod iu m  hyd roxid e-so lu ble  protein s, e lastin , and collagen  o f  b iceps fem oris  
m uscle  o f  b eef by ficin  and brom ela in . All protein fractions o f  b eef are so lu ­
bilized  m axim ally  at pH 7 and 80°C  by both  ficin  and brom ela in . F icin is 
particu larly e ffective  in the so lub ilization  o f  e lastin , even at 20°C . C ysteine and  
sod ium  ch loride increase the ex ten t o f  so lub ilization , especia lly  o f  collagen  and 
elastin  (so d iu m  ch loride o n ly ) .  T he availab le data ind icate  that collagen  m ust 
be denatured before  ficin  and brom elain  can so lub ilize  it.

Previous workers have shown that a num­
ber of proteolytic enzymes can solubilize the 
proteins of beef muscle and that there is a 
certain degree of selectivity among these 
enzymes in solubilizing the different protein 
fractions (Gottschall and Kies. 1942; Tap- 
pel ct al., 1956; Wang et al.. 1958). Ficin, 
bromelain, and papain, all from tropical 
plants, and trypsin, from the pancreas, pos­
sess collagenase and elastase activities. But 
the microbial enzymes Hydralase TP, Hy- 
dralase D, fungal amylase, protease 15, and 
HT proteolytic had little or no effect on 
collagen. [The source of these microbial 
enzymes is given by Wang et at. (1958)].

While it is clear that many of the pro­
teolytic enzymes can solubilize the proteins 
of beef, it is not clear how such factors as 
enzyme concentration, pH, temperature, 
ionic strength, activators, and native vs. de­
natured protein affect the results. Obvi­
ously, all of these are important if the en­
zymes are to be properly used.

The present work was carried out to eval­
uate the influence of these factors on the 
solubilization of beef proteins by ficin and 
bromelain.

MATERIALS AND METHODS
Materials. Ficin was obtained from Merck and 

Co., and bromelain from Dole Corporation. Ficin 
contained 4.94% water and 79.1% protein on a 
moisture-free basis; bromelain contained 3.20% 
water and 51.5% protein on a moisture-free basis.

Protein was determined by the biuret method 
(Layne, 1957). Casein was of “Hammersten" 
quality, obtained from Nutritional Biochemicals 
Corj). The ground-meat substrate was prepared 
by first freeze-drying the biceps femoris muscle 
of beef in a Stokes 2004L lyophilizer at a pressure 
of 0.1 mm Hg and a plate temperature of 27°C. 
It was then passed through a Wiley Mill equipped 
with a 10-mesh screen and stored at —27°C. The 
moisture content was 4.24% as determined in a 
vacuum oven. Cysteine was a reagent-grade prod­
uct of Nutritional Biochemicals Corp. All other 
salts used were of reagent grade.

Methods. Bromelain and ficin were assayed on 
casein by a slight modification of the method of 
Kunitz (1947). The reaction mixture contained 
1% casein, 1.25X10A1/ each of cysteine and ver- 
sene, and 0.2.1/ phosphate buffer, pH 7.0. At 35°C, 
ficin had 1.05 units of activity per mg of enzyme, 
and bromelain had 0.721 units of activity per mg 
enzyme against casein. Under the same condi­
tions, but without cysteine and versene added, 
ficin and bromelain respectively had 0.21 and
0.496 units of activity per mg of enzyme.

Separation of beef proteins into soluble pro­
tein, non-protein, collagen, and elastin fractions 
by sodium hydroxide extraction, trichloroacetic 
acid precipitation, and hot-water extraction was 
carried out essentially as described by Miyada 
and Tappel (1956). who modified a method first 
used by Lowry ct al. (1941). Triplicate 1-g sam­
ples of ground, freeze-dried biceps femoris muscle 
of beef were rehydrated with 5 ml of water or 
appropriate buffer or salt solution for 30 min at 
room temperature. Enzyme and water were added 
to bring the total volume to 10 ml. Incubation
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was then carried out under the appropriate condi­
tions. Reaction was stopped by addition of 20 ml 
of 0.10.Y sodium hydroxide. Subsequent extrac­
tions and precipitations were carried out as de­
scribed by Miyada and Tappel (1956), using one- 
fifth the volumes they used. Xitrogen content of 
each fraction was determined by micro-Kjeldahl. 
All values, tbe average of at least three deter­
minations, are reported as percent of total nitro­
gen. The data in Figs. 1-5 represent a decrease 
in soluble proteins nitrogen, elastin nitrogen, and 
collagen nitrogen, and an increase in non-protein 
nitrogen, over the control. It should be noted 
that the data do not express the results in per­
centage peptide bonds broken, but rather reflect 
changes in the solubility properties of the pro­
tein fractions.

RESULTS AND DISCUSSION 
Effect of pH. Fig. 1 shows the effect of 

pH on the disappearance of heef proteins 
and the appearance of non-protein nitrogen 
when ground meat is treated with ficin and 
bromelain at 60°C for 1 hour. Maximum 
activity of both these enzymes is near pi T 7 
for solubilization of all fractions of beef pro­
teins. It is near pH 7 for casein and gelatin 
hydrolysis by ficin ( Whitaker, 1957a,b). 
In contrast to the results reported here tor 
elastin in freeze-dried heef. purified elastin 
has been found to be hydrolyzed more rap­
idly at pH 5.0-5.5 than at pH 7 (Yatco- 
Manzo and Whitaker, 1962). It was pre­
viously shown that the maximum activity of

Fig. 1. Effect of pH on the decrease in collagen, 
elastin and soluble proteins (and on the increase 
in non-protein nitrogen) in beef treated with ficin 
and bromelain at 60°C lor 60 min. Enzyme con­
centrations were 5 rr.g ficin and 10 mg bromelain 
per g of freeze-dried biceps femoris muscle. The 
buffers were: pH 2-6, 0.25.1/ citrate: pH 6-8, 
0.25.1/ phosphate; and pH 8-10, 0.25.1/ borate.

Fig. 2. Effect of enzyme concentration on ex­
tent of action of ficin and bromelain on beef pro­
teins held at pH 5.6 and 60°C for 60 min.

ficin, papain, and bromelain on collagen was 
near pi I 5 at 35"C, and that this was due 
to denaturation of collagen by acid followed 
by subsequent enzymatic attack (Hinrichs 
and Whitaker, 1962). However, at 60°C, 
maximum activity of ficin on purified col­
lagen was at pi 1 7.0-7.8.

Change in pH has more influence on the 
extent to which collagen and elastin are at­
tacked than on the extent to which the 
XaOH-soluble proteins are attacked by these 
enzymes. For example, there is respectively
10.6, 25.8, and 5.15% change in nitrogen 
of the soluble proteins, elastin. and collagen 
fractions at pH 4.0, and 26.2. 98.0, and 
100% change in nitrogen at pH 7.0 in 60 
min at 60°C when ficin is used. The pH 
of the rehydrated freeze-dried biceps fe­
moris muscle of beef used in this work was
5.6. and subsequent experiments were car­
ried out at this pH. It is not practical to 
add buffer to influence the pi I of raw. fresh 
meat, hut this may he done readily during 
the rehydration of freeze-dried meat.

Effect of enzyme concentration. Fig. 2 
shows the effect of ficin and bromelain con­
centration on the disappearance of beef pro­
teins in 60 min at pH 5.6 and 60°C. Over 
80%; of the collagen and elastin disappear 
at the high enzyme concentrations while only 
about 55% of the XaOH-soluble proteins 
fraction disappears. There appears to be 
some inhibition of bromelain by the meat 
substrate, as indicated by the intercept on 
the .Y-axis being at 2.5 mg rather than at 
the origin.
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Fig. 3. Effect of cysteine concentration on ex­
tent of action of ficin and bromelain on beef pro­
teins at pH 5.6 and 60°C for 60 min. Enzyme 
concentrations were 5 mg ficin and 10 mg brome­
lain per g of freeze-dried biceps femoris muscle.

Effect of activator concentration. Both 
ficin (Whitaker, 1957b) and bromelain 
(Murachi and Neurath, 1960) have been 
shown to be activated by sulfhydryl com­
pounds. Gottschall and Kies (1942) showed 
that beef contained enough sulfhydryl groups 
to activate completely the papain used in 
their studies. Fig. 3 shows the effect of 
cysteine concentration on the hydrolysis of 
beef proteins by ficin and bromelain.

Addition of cysteine may have two effects 
on the extent of solubilization of the pro­
teins. First, it may increase the percentage 
of active enzyme, and, second, it may in 
some manner affect the proteins so as to 
make them more easily solubilized by the 
enzyme. From a comparison of the data 
in Figs. 2 and 3 and the effect of cysteine 
on the hydrolysis of casein by ficin and 
bromelain (see Methods), one may sepa­
rate these effects. The following results are 
obtained (in percentage change in nitrogen) : 
for ficin, soluble proteins 50.0 and 51.4; 
elastin, 76.0 and 88.0; and collagen, 76.0 
and 95.5; and for bromelain, soluble pro­
teins 28.7 and 31.7; elastin, 54.6 and 46.5; 
and collagen, 62.0 and 100. The first value 
given for each protein fraction is the result 
one would expect if the only influence of 
the cysteine were in increasing the percent­
age of active enzyme, whereas the second 
value is the result obtained in the presence 
of the maximum amount of cysteine used. 
There is no effect of cysteine on the soluble 
proteins fraction. From the data with ficin

it would appear there is some effect of 
cysteine on elastin, but this is not the case 
for bromelain. There is a large influence of 
cysteine on collagen as measured by both 
enzymes. Grant and Alburn (1960) re­
ported that calcium salts, salicylates, ar­
ginine, creatinine, and guanidine all per­
mitted trypsin, chymotrypsin, elastase, and 
endopeptidase from procarboxypeptidase A 
to solubilize collagen. There is also an in­
creased solubilization of collagen by ficin in 
the presence of arginine (Flinrichs and 
Whitaker, 1962).

Fig. 3 shows the relative effectiveness of 
ficin and bromelain in hydrolyzing the pro­
teins of beef muscle in the absence of added 
cysteine. In this study, 5 mg ficin and 10 mg 
bromelain per g freeze-dried beef were per­
mitted to act for 60 min at 60°C and pH
5.6. On an equal-weight basis of enzyme 
(1 mg), bromelain is about as effective as 
ficin on collagen (4.13 vs. 5.92%), and 
ficin is about 3 times as effective as brome­
lain on the soluble proteins fraction (6.64 
vs. 2.26%) and on elastin (12.5 vs. 3.78%). 
At higher enzyme concentrations, where the 
substrate is limiting, this difference is not 
noticeable. With the enzyme preparations 
used here and in the absence of cysteine and 
versene, casein is hydrolyzed 2.4 times more 
by bromelain than by ficin in 20 minutes. 
Wang et al. (1958) reported ficin to be 
twice as effective on elastin as bromelain.

In the absence of added cysteine, brome­
lain solubilizes collagen and elastin to about 
the same extent, and about twice as much

Fig. 4. Effect of sodium chloride on extent of 
action of ficin and bromelain on beef proteins at 
pH 5.6 and 60°C for 60 min. Enzyme concentra­
tions were 5 mg enzyme per g of freeze-dried bi­
ceps femoris muscle.
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Fig. 5. Effect of temperature on extent of ac­
tion of ficin and bromelain on beef proteins at pH 
5.6 and 60 min. Enzyme concentrations were 5 mg 
ficin and 10 mg bromelain per g of freeze-dried 
biceps femoris muscle.

as the soluble proteins fraction. On the 
other hand, ficin solubilizes elastin to twice 
the extent of collagen, and the soluble pro­
teins fraction is solubilized to a little larger 
extent than is collagen. This clearly dem­
onstrates the difference in method of at­
tack on beef proteins by these two pro­
teolytic enzymes.

Effect of sodium chloride. As shown in 
Fig. 4, the maximum solubilization of beef 
proteins in 60 min at 60°C by both ficin 
and bromelain is near 0.43iV sodium chlo­
ride (0.43 ionic strength) ; a further in­
crease in sodium chloride concentration de­
creases the extent of solubilization. There 
is a large increase in the extent of solubili­
zation of collagen by both ficin (120% ) and 
bromelain (450% ) as the sodium chloride 
concentration is increased up to 0.43.V. 
Added sodium chloride also produced a sig­
nificant increase in the extent of solubiliza­
tion of purified collagen by ficin (Hinrichs 
and Whitaker, 1962). The effect of sodium 
chloride on dénaturation of collagen has been 
discussed previously (Hinrichs and Whit­
aker. 1962). Sodium chloride also influ­
ences the extent of solubilization of elastin 
by bromelain (330%) more than it does 
with ficin (96% ). It should be noted that 
ficin solubilizes elastin readily in the absence 
of salt. Influence of sodium chloride on the 
extent of solubilization of the soluble pro­
teins fraction by either ficin or bromelain

is less marked than on collagen and elastin.
Effect of temperature. Extent of action 

of ficin and bromelain on soluble proteins, 
elastin. and collagen fractions increases with 
temperature up to 80°C (Fig. 5). Even at 
80°C there is no indication that heat dé­
naturation of the enzymes is faster than the 
increase in solubilization of the beef pro­
teins. E’nder other conditions the tempera­
ture optimum for ficin has been reported 
to be 63°C at pH 7.5 (Whitaker. 1957a) ; 
at pH 2.86 it is 35CC (Hinrichs and Whit­
aker. 1962). This indicates the degree of 
protection of the enzymes by the presence 
of the beef proteins.

It should be noted that there is a small 
but significant solubilization of the beef pro­
teins by ficin and bromelain at 0°C. Tappel 
et al. (1956) found some hydrolysis by 
papain at this temperature. Change in tem­
perature has more influence on the solu­
bilization of collagen and elastin than it does 
on the solubilization of the soluble proteins 
fraction. There is very little solubilization 
of collagen by either ficin or bromelain be­
low 40°C, but the extent of solubilization 
of collagen increases very rapidly as the 
temperature is increased. Again, this points 
out the need for dénaturation of collagen 
before it is attacked by ficin or bromelain 
(Hinrichs and Whitaker, 1962). There is 
a marked difference in the amount of elastin 
(21.6%) and collagen (0% ) solubilized by 
ficin at 20°C. Apparently, in contrast to 
collagen, elastin does not bave to be de­
natured before ficin or bromelain can solu­
bilize it. Elastin is usually considered to be 
more resistant than collagen to the action of 
proteolytic enzymes as well as to acids and 
hases. However, elastin is solubilized much 
better than collagen by ficin and bromelain 
at temperatures that do not denature col­
lagen.
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SUMMARY
T he m in im ization  o f  post-m ortem  g lyco lysis by 1 )  subcutaneous in jections  

o f  adrenalin e, w hich e lim inates m uscle  g lycogen  ante-m ortem , 2 )  intravenous 
in jections o f  sod ium  iodoacetate , w hich inh ib its phosp hoglycera ld eh yde dehy­
drogenase, or 3 )  rapid cook in g , has resulted  in pou ltry  m eat that is tender w ith­
out ag in g . S ince these  treatm ents accelerate rigor m ortis, the e lim in ation  o f  
post-m ortem  g lyco lysis e lim inates the tou gh en in g  associated  with an acceleration  
o f  rigor m ortis in norm al birds.

A number of physical agents that accel­
erate the onset of rigor mortis in poultry 
have been shown to lead to increased tough­
ness in the aged meat (de Fremery and 
Pool, 1959, 1960). These post-mortem 
treatments, which increase the rate of onset 
of rigor without affecting the ultimate pH, 
include freezing and thawing, heating, ele­
vated temperature, excising or cutting the 
muscle, electron irradiation, and exhaustive 
electrical stimulation. As with other meats 
(Erdos, 1943, Bate-Smith, 1948), the onset 
of rigor mortis in poultry (as measured by 
a decrease in muscle extensibility) is ac­
companied by a decrease in adenosine tri­
phosphate (A T P ), glycogen, and pH. It 
is obviously important to know which of 
these three changes is directly related to the 
toughening. One experimental approach ap­
plicable to this question was developed by 
Radouco-Thomas et al. (1959), who pre­
vented post-mortem glycolysis in several 
mammalian species with an ante-mortem 
subcutaneous injection of adrenaline. Under 
suitable conditions, this technique depletes 
the muscle glycogen prior to slaughter ( Cori 
and Cori, 1928).

* Presented in part at the Twentieth Annual 
Meeting of the Institute of Food Technologists, 
San Francisco, California, May, 1960, and in part 
at the 12th World's Poultry Congress, Sydney, 
Australia, August, 1962.

The present paper reports the effects on 
tenderness in young birds of preventing or 
minimizing post-mortem glycolysis by three 
independent techniques: 1) injections of
adrenaline to eliminate muscle glycogen 
ante-mortem; 2) injections of sodium iodo­
acetate to inhibit glycolysis; and 3) very 
rapid cooking before glycolysis has had time 
to proceed very far. Results show that meat 
is tender when it is cooked in the absence 
(or before the occurrence) of post-mortem 
glycolysis.

EX PE R IM E N T A L  METHODS
Chemical determinations and evaluations of 

toughness were made on the pectoralis major. 
Tissue extracts for the determination of ATP 
were prepared by homogenizing 2 g of muscle in 
a blender with 20 ml of 5% trichloroacetic acid 
(TCA) and filtering. A TP was determined by 
the method of Griswold et al. (1951), except that 
the labile phosphate from ATP was separated by 
precipitation as MgNl f,PO, after hydrolysis in 
LY H-SO. for 15 min at 100°C. ATP-phosphorus 
values are reported as a percentage of total TCA- 
soluble phosphorus (T S P ). Muscle pH was de­
termined on a 15-g sample of muscle, homogenized 
in a blender in 30 ml of 0.005.K sodium bromo- 
acetate.

In all experiments in which whole chickens or 
turkeys were used, birds were processed under 
simulated commercial conditions ( stunned by elec­
tric shock, bled 2 min from an outside neck cut, 
and scalded 60 sec at 53° C or 30 sec at 60° C, 
picked mechanically with minimum force, and
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Table 1. Effect of adrenaline injection on the tenderness of chicken aged for various times.

Experim ent
no.

Aging time Av. shear force
Level of 

significance 
of difference 

(%)
D uring

processing
(hr)

In  ice 
chill 
(h r)

Adrenaline-
treated

(lb)
Control

(lb)

l 0.6 0 10 17 0.1
0.6 24 6 6

2 0.5 0 10 27 0.1
0.7 1 7 25 0.1
0.6 2 8 11 2

0.6 24 5

eviscerated immediately). The relative toughness 
of cooked meat was determined with a Warner- 
Bratzler shear-force apparatus.

RESULTS
Effect of adrenaline on post-mortem biochemistry 

and tenderness. Initial studies showed that the 
following treatment with adrenaline depresses mus­
cle glycogen in fryer chickens to about 5% of its 
normal level and therefore markedly modifies the 
post-mortem biochemistry. Briefly, the treatment 
consists of injecting a 24-hr-fasted bird subcu­
taneously with 1 mg per kg of adrenaline and then 
fasting the bird for an additional 16 hr before 
slaughter. Fig. 1 presents the results from a typ­
ical experiment. It is evident that ATP disap­
peared more rapidly in the adrenaline-treated bird 
than in a control fasted in the same way. The 
time required for the ATP concentration to fall 
to 50% of its initial value was reduced from 3.9 
to 0.6 hr. As expected from the relation between 
ATP level and rigor, the onset of rigor occurred 
sooner in the adrenaline-treated birds.

This treatment also has a marked effect on the 
tenderness pattern, as shown by two tests on 
fryer chickens and one on light turkeys.

The results of the experiments with chickens 
are presented in Table 1. Each figure represents 
the average of 6-8 birds. The birds were frozen 
after processing or after the indicated aging time, 
and then sawed in half. One half from each bird 
was thawed rapidly in tap water, and used in de­
termining the pH of the pectoralis major muscle. 
The other half was cooked from the frozen state 
in vegetable oil at 130°C for determination of the 
shear force of the pectoralis major. The pH 
serves as a check on the effectiveness of the treat­
ment. In experiment 1, the average pH ( ±  stand­
ard deviation) of all control birds was 5.80 
(±0.09) whereas that for the adrenaline-treated 
birds was 6.56 (±0.10). In experiment 2, the 
average pH ( ±  standard deviation) of all control 
birds was 5.71 (±0.14) whereas that for the 
adrenaline-treated birds was 6.51 (±0.17). These

Fig. 1. Effect of adrenaline on the post-mortem 
breakdown of ATP at 16°C.

experiments show that the treated birds are al­
most as tender as the fully-aged control birds, 
even after minimal aging periods.

The experiment on turkeys was conducted with 
light turkey hens (6.0 lb average weight) in 
groups of eight birds each. Each bird in three 
groups received a subcutaneous injection of adren­
aline (1.5 mg/kg). All groups were fasted for 
18 hr and then processed as previously described. 
The pH and shear-force values of the muscles 
were determined as previously described, except 
that the cooking temperature was 110°C. The 
average pH ( ±  standard deviation) of all control 
birds was 5.90 (±0.12) whereas that for the 
adrenaline-treated birds was 6.94 (±0.13).

Table 2 shows that the results are similar with

Table 2. Effect of adrenaline injection on the 
tenderness of turkey hens.

Aging time Av. shear force

D u r in g
p r o c e s s in g

( h r )

I n  ic e  
c h i l l  
( h r )

A d r e n a l in e -
t r e a t e d

( lb )
C o n tr o l

( lb )

— L e v e l  o f  
s ig n if ic a n c e  
o f  d i f f e r e n c e  

(%)
0 . 6 0 8 22 0 .5

0 . 6 i 7 3 0 0.1
0 . 6 2 8 27 0 . 5

0 . 6 24 9
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Table 3. Effect of iodoacetate injection on the 
tenderness of cooked chicken meat.

A sing time Av. shear force
------------------------------ ------------------------------------  Level of

D uring In  ice Iodoacetate- significance
processing chill treated Control of difference

(h r) (h r) (lb) (lb) ( % )

0.5 0 10 31 0.5
0.5 24 10 5 0.1

turkeys and chickens. Treated birds, aged for 
times inadequate for normal birds, were as tender 
as fully-aged control birds.

Effect of sodium iodoacetate on tenderness of 
chicken. Enzyme-inhibiting levels of sodium iodo­
acetate were used to determine how this reagent 
might affect tenderness, or, more specifically, the 
need for aging to achieve tenderness. This was 
done so that glycolysis could be eliminated a sec­
ond way, namely, by inhibiting the enzyme phos- 
phoglyceraldehyde dehydrogenase (Padieu and 
Mommaerts, 1960). Although this method of elim­
inating glycolysis differs in principle from the 
adrenaline method, both methods are accompanied 
by a more rapid onset of rigor and, of course, an 
ultimate pH higher than normal.

Table 3 shows that inhibition of post-mortem 
glycolysis by an intravenous injection of sodium 
iodoacetate is essentially as efficient in yielding 
tender meat without aging as is the prevention of 
glycolysis by adrenaline injection. The results 
were obtained on fasted chicken fryers injected 
with 200 mg iodoacetic acid per kg (as the sodium 
salt) 3-6 min before slaughter. The birds were 
frozen at times indicated in Table 3, and the pH 
and shear force values of the muscles were de­
termined as previously described. Each figure in 
Table 3 represents the average of eight birds. 
The average pH (±standard deviation) of all 
control birds was 5.74 (±0.12) whereas that for 
the iodoacetate-treated birds was 6.76 (±0.25).

Tenderness of chicken muscle cooked very rap­
idly post-mortem. As a third method of avoiding 
or minimizing glycolysis, an attempt was made 
to cook normal chicken muscle so quickly that 
glycolysis would not have time to proceed very 
far. Processing steps, which in our other tests 
took about 30-40 min, were changed so that the 
interval between throat cut and cooking was 1 / - 2  
min. After killing, the pectoralis major muscles 
were excised rapidly. One muscle from each bird 
was clamped between metal plates and placed 
immediately in boiling water, where it reached 
an internal temperature of 85°C in 3.1 min. The 
muscles were cooked for 30 min, and shear values 
were then determined on a one-inch strip from 
each muscle. These shear values were compared 
with shear values for paired control muscles held

for 1 hr before cooking. The results (Table 4) 
clearly show that chicken muscle is more tender 
if cooked quickly, immediately post-mortem, than 
if aged for 1 hr. Quantitatively, this result is not 
so clear-cut as those from the first two methods 
used to avoid glycolysis. That is, fully-aged mus­
cle would be still more tender than the 2-min 
muscle, possibly having a shear value in the range 
of 4-7 lb. However, some glycolysis undoubtedly 
occurred even in the short processing and cooking 
times employed.

The report of Koonz ct al. (1954) on the ten­
derness pattern of chicken muscle under a variety 
of treatments contains data indicating that unaged 
quickly-cooked muscle is more tender than muscle 
aged 1 or 2 hr.

DISCUSSION
The results described in this paper on 

the metabolic changes accompanying rigor 
mortis (ATP breakdown, glycogen break­
down, and pH decrease) show that a rapid 
onset of rigor in young birds does not nec­
essarily result in toughness. In the three 
conditions used to eliminate or minimize 
post-mortem glycolysis (adrenaline injec­
tion. iodoacetate injection, very rapid cook­
ing), rapid disappearance of ATP and con­
sequent rapid onset of rigor were not ac­
companied by toughness. Hence, rapid rigor 
and rapid disappearance of ATP have been 
eliminated as causes of toughening. It is 
not known whether a rapid rate of glycogen 
breakdown, a rapid rate of pH decrease 
(lactic acid formation), or some other post­
mortem change related to glycolysis induces 
toughness when normal muscle goes into 
rapid rigor. However, we may speculate 
that an accelerated rate of formation of lactic 
acid is involved since acids do affect the 
stability of proteins. In this regard, YVismer- 
Pedersen (1959) showed a decreased pro­
tein solubility in pork when post-mortem 
glycolysis is accelerated, even though the

Table 4. Effect of very short aging period on 
tenderness of chicken.

Mean shear force (12 birds)
Aged 2 min = 12.4 lb
Aged 60 min =17.2 lb

Mean pair difference = 4.8 lb*

Standard error = 1.41 lb

* Difference in tenderness significant at the 1% 
level.



176 POST-MORTEM GLYCOLYSIS AND POULTRY TENDERNESS

ultimate pH is normal.
In our experiments, glycolysis was mini­

mized or eliminated primarily to study the 
effect of such treatments on the mechanical 
properties of cooked meat. Since the in­
direct action of adrenaline or sodium iodo- 
acetate was to increase the ultimate pH, 
flavor may have been harmed. This possi­
bility was studied for adrenaline by present­
ing cooked samples of treated and untreated 
chicken to a panel of trained judges. The 
very few adverse flavor comments received 
were divided about equally between control 
and treated birds. Thus, elevation of the 
ultimate pH by adrenaline appears to have 
little or no effect on meat flavor.

The pattern of tenderization in poultry is 
such that meat cooked a few minutes after 
death is more tender than meat allowed to 
age for one hour before cooking. With the 
normal occurrence of glycolysis, the meat 
rapidly becomes tough and remains tough 
until the aging process, in some unknown 
manner, renders the meat tender again. The 
transient period of initial tenderness is diffi­
cult to demonstrate in poultry since the very 
act of cooking accelerates the metabolic 
processes in meat. A period of initial ten­
derness appears to be more easily demon­
strated for beef. Paul ct al. (1952) showed 
that rapidly cooked meat was toughest when 
held for 24 hr before cooking, whereas meat 
held for 1 hr was as tender as meat held for 
144 hr. Slowly cooked meat, on the other 
hand, was toughest immediately after slaugh­
ter. Poultry is apparently similar to beef 
in post-mortem tenderization, although the 
times are much shorter.

The prevention of post-mortem glycolysis 
by injecting adrenaline or sodium iodoace- 
tate or by cooking meat so soon that gly­
colysis has not had time to proceed very far, 
provides evidence that glycolysis causes 
toughness. It also appears definite that the 
faster the glycolysis the greater the tough­
ness. Evidently this influences the normal 
post-mortem changes in the muscle fibers. 
Perhaps it increases the degree of inter- and 
intramolecular bonds that change the muscle 
from an elastic to an inelastic fiber. The 
specific involvement of glycolysis and the 
possible role of lactic acid in toughness de­
velopment are being studied further.
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SUMMARY
T he table-grape variety F lam e T okay conta ins cyani(lin-3-m onogIucoside as 

the principal sk in p igm en t, 82%  o f  the total p igm en t, with no evidence fo r  the  
presence o f  m alv id in -3-m onoglucoside. Skin p igm en t com positions fo r  the Red  
M alaga and E m peror varieties were a lso  determ ined .

INTRODUCTION

Vitis vinifera table-grape varieties Flame 
Tokay, Emperor, and Red Malaga are ex­
tensively grown in the great Central Valley 
of California. The Flame Tokay is essen­
tially confined to an area in and around 
Lodi, where soil, climate, and perhaps other 
factors cause it to develop a particularly 
attractive light-red color. The Emperor and 
Red Malaga are grown in the more southern 
parts of the Central Valley and, though 
lightly pigmented, are usually somewhat 
darker than the Flame Tokay.

Rankine ct al. (1958), from their survey 
of the pigmentation of red grape varieties, 
noted that the principal pigment hand of 
Flame Tokay, Emperor, and Red Malaga 
had the same Rf as hand 5 of the normal 
red vinifera pattern, hut that it so differed 
in color as to suggest that it was a different 
pigment. This paper presents identification 
of the major anthocyanin pigments of these 
three table-grape varieties.

E X PE R IM E N T A L  M ATERIALS
Grapes. Grapes were harvested at maximum 

color development from the Davis experimental 
vineyards of the Department of Viticulture and 
Enology, University of California, Davis. The 
Flame Tokay was taken from the crops of 1959 
and 1960, and the Emperor and Red Malaga from 
the 1961 crop.

Chromatographic equipment. Whatman Nos. 1 
and 3 MM papers in sheets 46 by 57 cm were used

* Taken from an M.S. thesis by Minoru Akiyo- 
shi, University of California, Davis, 1962.

in a Reco Chromatocab, Model A, for pigment 
separations. Glass jars and smaller sheets of paper 
were used for analytical procedures. Color den­
sities of bands on paper strip chromatograms were 
measured with a Beckman Spinco Analytrol, 
Model RB, using interference filters to pass light 
at 500 mg.

Solvent systems for paper chromatography were 
the follow ing:

BAW

BuHCl

2 N  HC1 
Bu : pyridine

Benz : acetic 

E tO A c: acetic 

Forestal 

Bu : ethanol

n-butanol: acetic acid : water, 
4 : 1 : 5  by vol. (upper phase) 
(Bate-Smith, 1950).

»-butanol: 2.Y FI Cl, 1 : 1 by vol. 
(upper phase) (Harborne, 
1958b).

(Bate-Smith, 1950).
»-butanol: pyridine : water, 

6 : 3 : 1  by vol. (Endo, 1959). 
benzene : acetic acid : w'ater, 

2 : 2 : 1  by vol. (upper phase)
( Bray and Thorpe, 1954). 

ethyl acetate : acetic acid : water, 
9 : 2 : 2  by vol. ( Pridham, 
1957).

water : acetic acid : HC1,
10:30:3 by vol. ( Flarborne, 
1958b).

»-butanol: ethanol : water,
5 : 1 : 4  by vol. (upper phase) 
(Heftmann, 1961).

Chromogenic spraying reagents for location of 
sugars and phenolic compounds on paper chro­
matograms were :

Partridge's reagent (1949)—0.93 g aniline and 
1.66 g phthalic acid dissolved in 100 ml of 95% 
ethanol. Papers sprayed with this reagent were 
dried in a fume hood and then oven heated 3 hr 
at 80CC.

Pauly's reagent—5 ml of a 1% solution of sulfa­
nilamide in 10% HC1 and 5 ml of 5% NaNO,.
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were mixed, allowed to stand 1 min, and made to 
50 ml with »-butanol. After one hr the butanol 
phase was separated and used as the spray reagent. 
Sprayed papers were nearly dried in the fume hood 
and then sprayed with one-half saturated Na^COs 
solution.

EXPERIMENTAL PROCEDURES
Isolation of pigment from grapes. The grapes 

were washed in distilled water, dried, and peeled 
with a scalpel. Skins were washed repeatedly in 
distilled water while being rubbed between the 
fingers in order to remove adhering pulp. The 
clean skins were dried between layers of cheese­
cloth and stored in polyethylene bags under a 
nitrogen atmosphere at —4°F.

Pigment was extracted by pulping the skins 
from 6 kg of grapes for 2 min in a Waring 
blender with 200 ml of »-butanol, 50 g NaCl, and 
1 ml cone. HC1. The purée was stored for two 
days at —4°F, and the phases were then separated. 
The aqueous pulp phase was extracted with three 
more portions of »-butanol, and the extracts were 
combined and stored at —4°F to induce separation 
of an aqueous phase. To the butanol phase were 
added two volumes of petroleum ether, which 
caused the separation of a concentrated aqueous 
pigment-containing layer.

Paper chromatographic purification of crude 
pigment. The crude pigment concentrate was puri­
fied with the bar chromatogram technique. Five 
successive 0.25-ml portions were streaked along 
the long dimension of a large sheet of Whatman 
3 MM paper, and 8 such papers were developed in 
the Chromatocab at one time using the BAW 
solvent, descending, for 22 hr at room temperature. 
After drying in a fume hood, the papers were cut 
longitudinally so that separated pigment bands 
could be eluted into separate receivers. The elut­
ing solvent was absolute methanol containing 3 
drops cone. HC1 per 100 ml. The eluted pigment 
solutions were concentrated under reduced pres­
sure and nitrogen atmospheres to very small vol­
umes, and were then taken up into »-butanol. On 
the addition of two volumes of petroleum ether 
and cooling, a small, pigment-containing second 
phase separated. This pigment concentrate was 
chromatographed a second time, using a procedure 
identical with that followed in the first chromato­
graphing except that the papers were dried until 
no acetic acid odor was evident. Final elution of 
the pigment was then conducted.

Quantitative estimation of pigments. For quan­
titative estimations of the relative amounts of 
individual pigment compounds in each of the three 
varieties, aliquots of the crude pigment concen­
trates were bar chromatographed on 10x46-cm 
sheets of Whatman No. 1 paper, cut vertically into

strips 4.5 cm wide, and color densities were meas­
ured in the Analytrol. To assure comparable 
results, each strip was steamed briefly and fumed 
with cone. HC1 vapors before examination in the 
Analytrol. It was necessary to apply a correction 
factor to the value for the band-4 pigment because 
of the response of the Analytrol to this band 
(Albach, 1959, 1960).

Partial hydrolysis of the Flame Tokay main 
pigment. The techniques of Abe and Hayasbi
(1956) and of Harborne and Sherratt (1957) 
were followed in principle for hydrolysis of the 
anthocyanin. One ml of the methanolic solution of 
rechromatographed pigment was placed in a 12- 
ml centrifuge tube and taken to dryness under a 
current of nitrogen. Three ml of 10% HC1 solu­
tion were added, a small cold-finger condenser was 
mounted in the upper portion of the tube, and the 
assembly was placed in a boiling-water bath. At
10-min intervals during 1 hr, aliquots were taken 
for spotting on each of three different chromato­
graphic papers. The individual papers were de­
veloped with BAW, BuHCl, or 2N  HC1.

Identification of sugar moiety. Five mg of ni­
trogen-dried pigment were hydrolyzed by heating 
under reflux for 1 hr in 1 ml of 10% HC1. After 
cooling, the excess HC1 was just neutralized by 
adding small portions of Duolite A-3 (O H -)
resin. The sugar was recovered by repeated ex­
traction of the mixture with absolute methanol. 
The separated methanolic solution of sugar was 
concentrated and spotted on Whatman No. 1 chro­
matographic paper along with the known sugars: 
xylose, rhamnose, glucose, fructose, and galactose. 
Separate papers were developed in BAW and 
B u: pyridine. The sugar spots were made visible 
with Partridge's reagent.

Alkaline degradation. The technique of Karrer 
and Widmer (1927) was followed in its essen­
tials for the pigment degradation. To 45 mg of 
nitrogen-dried pigment in a test tube was added 
2 ml of hot 15% B a(O H )2 solution. With a cur­
rent of nitrogen passing through the upper part 
of the tube, the contents were refluxed for 1 hr. 
At this time, small additions of solid B a(O H )3 
were made until no undegraded pigment remained. 
(Undegradcd pigment was. detected by the appear­
ance of a red color on acidification of a drop of 
the reaction mixture.) After cooling, the reaction 
mixture was acidified with cone. HC1 to the point 
of BaCls precipitation. The mixture was then 
extracted with seven successive 1-ml portions of 
ether, which were combined. The extracted deg­
radation products were investigated chromato- 
graphically on Whatman No. 1 paper with the 
solvent systems: BAW, Benz:acetic, and EtOAc: 
acetic. Spotted on the same papers as knowns
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w ere: gallic acid, syringic acid, protocatechuic acid, 
and phloroglucinol.

Spectra of the Flame Tokay pigment. The
Beckman DK2 spectrophotometer was used to 
record the spectra of the Flame Tokay antho- 
cyanin, anthocyanin, and pigment-aluminum com­
plexes in the range of 400-700 m/i. Pigments were 
carefully purified and dissolved either in absolute 
methanol with 0.01% HC1 or in absolute ethanol 
with 0.01% HC1. The spectral shift on the addi­
tion of A1CB was measured by adding 3 drops of 
a 5% solution of the salt in absolute ethanol to 
the cuvette, mixing, and recording the spectrum 
at 5-min intervals up to 15 min.

RESULTS AND DISCUSSION
Chromatography of the pigment from skins 

of Flame Tokay, Emperor, and Red Malaga 
yields chromatograms in which the majority 
of the pigment is concentrated in hands 4 
and 5 of the numbering system of Rankine 
et al. (1958). Band 4 was shown by Albach 
et al. (1962) to be peonidin-3-monogluco- 
side. Band 5, in the majority of red wine 
vinifera grapes, has been identified as mal- 
vidin-3-monoglucoside, but. in the case of 
the table grape Flame Tokay in particular, 
the color of the pigment with R( correspond­
ing to band 5 is different enough to suggest 
that it is not malvidin-3-monoglucoside.

Partial hydrolysis and chromatography 
of the band-5 pigment of Flame Tokay gave 
results as summarized in Table 1. The fact

Table 1. Rt values of Flame Tokay band-5 
pigment.

RAW BuHCl 2 X  HC1

Original pigment 0.19 0.22 0.12
Hydrolyzed pigment 0.46 0.70 0.03

th a t only one m ore pigm ent w as obtained
bv partial hydrolysis indicates that the orig­
inal pigment was a monoglycoside.

Chromatography of the sugar obtained 
from complete hydrolysis of the Flame To­
kay band-5 pigment gave results as listed in 
Table 2. It is evident from the data that the 
sugar attached to the anthocyanidin is 
glucose.

The nature of the anthocyanidin was 
established by alkaline microdegradation of 
a sample of the Flame Tokay band-5 pig­
ment. The results of chromatography of the

Table 2. Rr values of sugar from hydrolyzed 
Flame Tokay band 5.

Ascending Descending

Bu-pyridine BAW BAW  « Bu-ethanol

Unknown 0.17 0.06 0 .74 0.10
Glucose .18 .06 .76 .10
Galactose .15 .08 .67 .09
Fructose .24 .15 1.00 .14
Xylose .31 .18
Rhamnose .47 .31

" Solvent front ran off bottom of paper. Values 
are relative to fructose.

products of the degradation are summarized 
in Table 3. The data indicate that the prod­
ucts of alkaline degradation of the pigment 
are phloroglucinol and protocatechuic acid, 
the products expected from the degradation 
of cyanidin. It is thus established that the 
Flame Tokay band-5 pigment is a cyanadin 
monoglucoside.

The point of attachment of the glucose to 
the anthocyanidin molecule is assumed to be 
on the number-three carbon atom because 
the spectral characteristics of the Flame 
Tokay pigment band 5 are in agreement 
with those given by Harborne (1958a) for 
cyanidin-3-monoglucoside (Table 4 ). It is 
observed, in addition, that the Flame Tokay 
pigment and its aglycone do not fluoresce 
under ultraviolet light. A sample of cyani- 
din-3,5-diglucoside extracted from the petals 
of the Chrysler Imperial rose, and one of 
the three products obtained from it by par­
tial hydrolysis (presumably cyanidin-5-mono- 
glucoside), do fluoresce brightly. Since 
Harborne (1958b) and Abe (1956) have 
correlated bright fluorescence in anthocya-

Table 3. Rt values of degradation products of 
Flame Tokay band 5.

Compound
Benz-
acetic BAW

EtOAc-
acetic D SA  color

Unknown A 0.04 0.70 0.82 yellow
Unknown B .40 .80 .92 brown-tan
Phloroglucinol .05 .70 .84 yellow
Protocatechuic

acid .40 .80 .94 brown-tan
Gallic acid .07 .63 .76 tan
Syringic acid .81 .87 .95 red
Vanillic acid .83 .97 orange
/i-OH-Benzoic

acid .45 .98 yellow
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Table 4. Spectral characteristics of tokay pig­
ment compared with Harborne's data" for cyanidin- 
3-monoglucoside and cyanidin.

Methanolic 
lU l l#  H t'l

Tokay
pigment

Cyanidin- 
3-monoglu- 

coside a

T okay 
anthocy- 
anidin C yanidin a

Eno/Ema». 0.22 0.22 0.19 0.19
A lda shift + + +
\  max. 527 525 537 535
Ethanolic
0.01% H Cl
X max. 545 545

" Harborne ( 1958a ).

nins with the presence of sugar on the num­
ber-five carbon, lack of fluorescence in the 
Tokay cyanidin-monoglucoside presumably 
establishes it as cyanidin-3-monoglucoside. 
Table 5 gives data obtained in chromatog­
raphy of the Tokay and Chrysler Imperial 
rose pigments.

The identities and relative quantities of 
the pigments in the three grape varieties 
Flame Tokay, Emperor, and Red Malaga 
were determined by measurements of the 
pigment densities on chromatograms made 
with the BAM’ solvent and with the Forestal 
solvent. The values for peonidin were cor­
rected to be comparable with those of cyani­
din and malvidin using the technique devel­
oped by Albach (1959,1960) for the 
Analytrol. The compositions are listed in 
Table 6. It is of interest to note that 
Ribéreau-Gayon (1959) found the Muscat 
Hamburg to be different from all of the 
other vinifera varieties studied in that it had 
pigment of which 65% was cyanidin and 
peonidin glucosides. In comparison, in the 
present investigation, the Flame Tokay is 
found to contain 89%, the Red Malaga 84%,

and the Emperor 67% of these same pig­
ments. In a previous investigation in this 
laboratory (Albach, 1960) the Flame Mus­
cat was found to have pigments 95% of 
which were cyanidin and peonidin gluco­
sides.
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SUMMARY
T he gritty m aterial obtained  by filterin g  com m ercial m ap le  sirup was ana­

lyzed to determ ine its com position  and to relate its com position  to the am ount  
o f  sugar sand deposited  to determ ine the factors responsib le  fo r  the form a­
tion  o f  sugar sand. T he sam p les, taken over a two-year period , contained  
ca lcium , m alic  acid , and un determ ined  m aterial (probab ly  silica ) as the m ajor  
constituents. T he ca lc ium , m alic  acid , and calc ium  m alate  conten t gave h igh ly  
sign ifican t positive  correlations w ith the am oun t o f  sugar sand form ed , whereas 
the p ercentage o f  un determ ined  m ateria l gave a negative  correlation . T here  
was also  evid en ce that the m alic  acid conten t was m ore critical in  the form ation  
o f  sugar sand than the ca lc ium  content. H igh ly  sign ifican t negative correla­
tions w ere obta ined  betw een the percent sugar sand deposited  and th e  iron , 
copper, and boron content. F urther, these constituents also  gave h ig h ly  s ig ­
n ifican t negative  correlations w hen com pared with the calcium  content o f  the  
sugar sand. T he presence o f  potassium , m agnesium , and m olybdenum  ap­
peared to have little  effect on the form ation  o f  sugar sand. T he nonvolatile  
organic acids presen t in  sugar sand were determ ined by paper chrom atography. 
R esu lts show ed that sugar sand contains m alic , citric, succin ic, fum aric, and  
three un identified  organic acids.

INTRODUCTION

Sugar sand, niter, or malate of lime is an 
insoluble substance formed when the sap of
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tion Research and Development Division of the 
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tion, now at Colgate Palmolive Company, New 
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ment of Forestry, Ohio Agricultural Experiment 
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the sugar maple tree ( Acer spp.) is concen­
trated to maple sirup. Some of this sandy 
material is deposited on the evaporating pan, 
while most of the sugar sand stays suspended 
in the sirup and must be removed by sedi­
mentation or filtration to meet federal as 
well as some state standards of clarity for 
table maple sirup.

Willits (1958) reported that the quantity 
and color of sugar sand are not always the 
same, for the constituents of the sap vary 
with the year, run, and sugar bush location. 
He also reported that the species of maple 
will affect the quantity of sugar sand de­
posited. Gallander (1961) found that sugar 
sand ranged in color from almost white to 
black, and further, these extreme color 
changes were noted in different runs from 
the same sugar bush during the same season.

Salts of organic acids are generally agreed
182
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to be important constituents of maple sugar 
sand. Calcium malate has been recognized 
as the principal organic salt in sugar sand 
(Noller, 1958; Shead, 1952; Willits, 1958). 
Nelson (1928) separated and identified the 
following organic acids in maple sugar sand:
1-malic, formic, acetic, fumaric, succinic, and 
citric acids. More recently Willits (1958) 
reported that maple sirup contained the fol­
lowing nonvolatile organic acids: malic, 
citric, succinic, fumaric, glycolic or dihy- 
droxybutyric, and seven unidentified acids.

Some of the first investigators of sugar 
sand found varying amounts of calcium and 
malic acid in this material. Huston and 
Bryan (1899) reported that the sugar sand 
samples they examined contained 12.89% 
calcium and 20.86% malic acid. Warren 
(1911), in a more detailed analysis, deter­
mined some 10 constituents of sugar sand. 
He reported that the constituents varied 
only within narrow limits, and his results 
showed the concentration of calcium to be 
17.16% and malic acid to lie 51.48% An 
investigation by Snell and Lockhead (1914) 
of six sugar sand samples that were washed 
and air dried showed that the insoluble 
material contained 65-85% calcium malate,
6-18.5% silica, minor quantities of magne­
sium, manganese, phosphorus, and iron, and
10-17% undetermined material.

In the present investigation, the amount 
of sugar sand formed in a given amount of 
maple sirup was related to its chemical com­
position. The chemical constituents were 
further examined and their relationship to 
one another and to the quantity of sugar 
sand deposited was studied. The results 
presented represent data from the analysis 
of sugar sand from sirups made in two suc­
cessive years.

M ATERIALS AND METHODS
The sugar sand samples were obtained from 

commercial maple sirup producers located in north­
eastern Ohio. The samples from the 1960 season 
were from 19 producers, and the 1961 samples 
were from 10 producers. Each sample of sugar 
sand represented the deposit formed in at least 
5 gallons of maple sirup. The samples were re­
moved from the filters by scraping the sand into 
polyethylene hags and transporting to the Horti­
culture Laboratories in Wooster, where they were 
kept under refrigeration (32-36°F) until analyzed.

Sugar sand was arbitrarily defined for this study 
as the material deposited on the filter minus the 
moisture content and total sugar content. The 
percent sugar sand for each run was determined 
by the following formula:

% SS =  100 UV SS) / [ (PVMS)  +  ( W F M ) ] 
where .ST =  sugar sand, W  =  weight, MS  =  
maple sirup, FM  =  material retained on the filter.

Preliminary investigations by Davis and Gal- 
lander (1959) showed that an attempt to remove 
the sirup from the sugar sand by washing could 
dissolve and remove some of the constituents of 
the sugar sand. All samples, therefore, w'ere ana­
lyzed without attempting to remove the sirup por­
tion.

The moisture content was determined on the 
“as received" sugar sand samples with the 
A.O.A.C. vacuum oven method (A.O.A.C., 1950). 
The sugar content was determined on the “as 
received” samples from both seasons and on the 
dried samples of the 1961 season. The sugars 
were inverted to reducing sugars by acid hydroly­
sis and determined by the A.O.A.C. procedure 
(A.O.A.C., 1950) and the results calculated as 
percent sucrose. pH was determined with a glass- 
electrode Beckman Zeromatic pH meter. The free 
acid content was determined by titrating 1.0 g 
of sample in 50 ml of distilled wrater to a pH of 
8.3 with 0.0LV XaOH.

The total calcium, magnesium, and potassium 
content of the sugar sand samples was determined 
by flame photometry with a Beckman DU spectro­
photometer with photomultiplier and flame attach­
ment. A 1-g dried sample was ashed at 490°C 
for 7 hr and then cooled and moistened with dis­
tilled water. The ash was treated with 10-ml 
of cone. HC1 and evaporated slowly to dryness. 
A second 10-ml portion of cone. HC1 was added, 
and, after again evaporating to dryness, the resi­
due was dissolved in 20 ml of 1.5AT HNO=, trans­
ferred to a 100-ml volumetric flask, and made to 
volume. After the insoluble material had settled 
out. the solution was analyzed. The flame spec­
trum was measured at the following wavelengths : 
calcium, 422 m g; magnesium, 285.2 m g; and po­
tassium, 767 mg.

The total manganese, boron, phosphorus, mo­
lybdenum, copper, and iron content was determined 
by spectrographic analysis with a B & L 1.5-meter 
replica grating spectrograph. The samples were 
prepared for the analysis by ashing at 490° C for 
7 hr. Absorption readings were also recorded for 
the lines representing aluminum and silica, and 
results relating to these two constituents are 
based on the absorption percent rather than on 
the actual content of aluminum or silica in the 
sample.

Malic acid was determined by a modification of
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the method described by Willits cl al. (1958). 
Since a major portion of the malic acid was pres­
ent in the form of calcium malate, it was neces­
sary to remove the calcium from the malic acid 
component. One g of dried sugar sand was dis­
solved in 125 ml of distilled water anc centrifuged 
to removed insoluble material. The supernatant 
liquid was passed through a Dowex resin column 
(17 X 0.75 in.) containing 50 ml of cation resin 
(H +) at a rate of 2 to 3 ml per min. The resulting 
effluent was diluted to 250 ml by washing the 
column with approximately three bed volumes of 
water. The remainder of the procedure was the 
same as that of Willits ct al. (1958).

The total organic acids content was determined 
by transferring 200 ml of the cation-free sugar 
sand solution that was used in the malic acid 
determination to a Dowex 1-8X (formate) resin 
column (17 X 0.75 in.) and allowing to pass 
through the column at a rate of 2 ml per min. 
The column was washed with distilled water until 
the eluate gave a negative anthrone test for carbo­
hydrate. The acids were eluted off the resin 
column by passing approximately 200 ml of 10.Y 
formic acid through the column at a rate of 1 to 2 
ml per min. A 5-ml sample was transferred to a 
test tube and evaporated to dryness by passing 
filtered air over the surface of the liquid at 40°C. 
Five ml of COs-free water was then added to the 
test tube, and the solution was titrated with 0.01 A7 
NaOH using phenolphthalein as an indicator. The 
percent total acids was calculated using the malic 
acid factor.

The presence of nonvolatile organic acids in 
the sugar sand samples was investigated by paper 
chromatographic methods. A 10-g dried sample 
was dissolved in 500 ml of distilled water and 
filtered to remove the insoluble material. Then 
the filtrate was passed through a Dowex 50 
(hydrogen) cation exchanger. After the column 
was washed with 150 nd of distilled water to 
remove all free acids, the acids were absorbed on 
a Dowex 1-8X (formate) resin. This column was 
washed with distilled water to remove the sugars 
as shown by a negative anthrone test for carbo­
hydrates. The acids were eluted from a column 
w'ith 200 ml of 10rV formic acid, and the effluent 
was concentrated by boiling until the test paper- 
grams w'ould give the best resolution. The acid 
chromatograms were prepared by spotting on 
Whatman No. 1 paper and were developed by 
ascending chromatography with the following 
three solvent mixtures: I) «-butanol-acetic acid- 
water (4:1:5 v/v) ; II) «-butanol-formic acid- 
water (10:2:5 v /v ) ;  and III)  «-pentanol-5(V 
formic acid (1:1 v /v ). The acids were located 
by spraying with a 0.04% solution of broinophenol 
blue in 95% ethanol at pH 6.9.

Data from the foregoing analysis were treated 
by statistical procedures described by Snedecor.
(1956).

RESULTS AND DISCUSSION

Chemical constituents causing the forma­
tion of sugar sand. Tables 1 and 2 show 
complete chemical analysis of sugar sand 
obtained from maple sirups made in 1960 
and 1961. Table 3 shows the correlation 
coefficients of the chemical constituents as 
compared to the amount of sugar sand 
formed. Although there is a highly signifi­
cant positive correlation between the amount 
of sugar sand formed and the percent cal­
cium, total malic acid, total organic acids, 
and calcium malate for the 1960 and 1961 
sirups, the correlation coefficients are not as 
high as was expected. The highly signifi­
cant correlation between the quantity of 
sugar sand formed and total organic acid 
content is actually of little importance since 
in all samples the malic acid is by far the 
major organic acid and there is no signifi­
cant correlation between the amount of sugar 
sand deposited and the percentage of other 
organic acids.

Some of the heavy metals—iron, copper, 
and aluminum in particular—showed sig­
nificant negative correlations with the quan­
tity of sugar sand formed. The correlation 
coefficients for aluminum and silica are 
questionable, since the amounts were not 
measured quantitatively, so that correlations 
were based only on their spectrophotometer 
absorption values.

Thus, the only substances that had highly 
significant positive correlations with the 
amount of sugar sand formed were calcium, 
total malic acid, and calcium malate. These 
results support the theory that calcium 
malate is a major constituent affecting the 
formation of sugar sand.

Although the presence of calcium and 
malic acid in the sap will, to some extent, 
determine the amount of sugar sand de­
posited, the actual amount of these two 
constituents (referred to as calcium malate 
in the tables) in the sugar sand as it comes 
from the filter is less than 50% (Tables 1 
and 2). The sugar content of these samples, 
as shown in Table 2, was at least 30% in 
all samples, and in some it amounted to more



DAVI S. G ALLAN DE R. H A CSKAYL O, GOULD. AN D  W IL L IT S 185

than 80%. Most maple sirup producers 
agree that as the season progresses, the 
amount of sugar sand formed increases. If 
this is true, the percentage of calcium and 
malic acid would also be expected to increase 
accordingly. Table 4, however, shows that 
the probability of having more sugar sand 
deposited in the last run as compared to the 
first run was very small in the 1960 samples 
and highly probable for those samples taken 
from the 1961 sirups. Further, in the sam­
ples from the 1961 season, although the 
amount of sugar sand formed in sirups made

from the last run of sap was significantly 
higher than that in sirup from the first run 
of sap and the malic acid content also showed 
the same trend, the difference in the calcium 
content between the two runs of sirup was 
not significant. These results indicate that 
the amount of malic acid contained in the 
sap could be more critical than the calcium 
content in determining the quantity of sugar 
sand formed during the evaporation of the 
sap to sirup. The data in Tables 1 and 2 
show that the ratio of calcium content to 
malic acid content averages about 1 :3, which

Table 1. Results of the chemical analysis of sugar sand (1960).

S a m p le  
c o d e  n

%  s u g a r  
s a n d  in  

r u n C a
%

Mg
%
K

%  t o ta l  
m a lic  
a c id

%  to ta l  
o r g a n ic  

a c id s

%  a c id s  
o th e r

t h a n  m a lic

%
c a lc iu m  
m a la t e  b

0 3 1 0 . 0 6 1 . 5 2 0 .1 7 1 0 . 6 2 5 1 . 6 7 1 .7 1 0 . 0 4 3 . 2 3

0 3 2 0 . 0 3 0 . 9 8 0 . 1 6 0 0 .2 6 1 2 . 3 6 2 . 6 3 0 . 2 7 3 . 3 4

0 4 5 1 . 2 0 6 . 8 1 0 . 0 4 7 0 . 2 8 9 1 7 . 7 0 1 7 . 9 2 0 . 2 2 2 4 . 5 1

1 0 1 0 . 1 6 0 . 3 5 0.001 0 . 3 2 5 2 . 3 7 2 . 4 6 0 . 0 9 2 . 3 2

1 0 2 1 . 0 9 4 . 6 0 0 . 0 4 4 0 . 2 5 8 1 3 . 9 4 1 4 . 5 6 0 . 6 2 1 8 . 5 4

1 0 3 0 . 6 6 3 . 3 0 0 . 0 4 4 0 . 3 0 0 1 0 . 3 7 1 0 .9 5 0 . 5 8 1 3 . 6 7

1 6 1 0 . 2 3 0 . 3 5 0 . 1 0 3 0 . 3 0 0 1 . 4 4 1 . 5 2 0 . 0 8 1 . 7 9

1 6 2 0 . 0 2 0 . 4 5 0 . 0 7 4 0 . 4 0 0 1 . 4 4 1 . 5 4 0 . 1 0 1 . 8 9

1 6 3 0 . 0 2 0 . 4 5 0 . 0 5 6 0 . 3 5 5 1 .1 5 1 . 8 9 0 . 7 4 1 . 6 0

1 7 1 0 . 1 6 5 . 9 0 0 .0 4 1 0 . 2 0 5 1 5 . 3 4 1 5 . 9 6 0 . 6 2 2 1 . 2 4

1 7 2 0 . 3 5 5 . 7 8 0 . 0 4 4 0 . 3 5 0 1 5 .1 1 1 5 . 8 4 0 . 7 3 2 0 . 8 9

1 7 3 0 .5 1 7 . 5 8 0 . 0 3 8 0 . 3 0 0 2 2 . 3 0 2 3 . 6 6 1 . 3 6 1 1 .1 5

1 8 1 0 . 1 6 0 . 5 5 0 . 0 1 7 0 . 3 7 5 3 . 3 8 3 . 4 0 0 . 0 2 3 . 9 3

1 9 1 0 . 0 9 1 . 1 0 0 . 0 2 9 0 . 2 7 3 4 . 7 6 4 . 8 7 0 .1 1 5 . 8 6

1 9 2 0 . 5 4 7 . 1 3 0 . 0 6 5 0 . 2 1 0 1 7 .9 1 2 9 . 6 2 1 1 .7 1 2 5 . 0 4

1 9 3 0 . 4 4 5 . 7 8 0 . 0 3 2 0 . 2 3 8 1 7 .8 5 1 8 . 0 2 0 . 1 7 2 3 . 6 3

2 1 3 0 . 7 1 6 . 9 0 0 . 0 1 9 0 . 2 1 3 2 5 . 1 8 2 5 . 3 4 0 . 1 6 3 2 . 0 8

2 3 1 0 . 0 9 0 . 3 5 0 . 0 0 6 0 . 2 7 0 1 . 0 7 1 . 9 8 0 . 9 1 1 . 4 2

2 4 1 0 .0 1 0 . 9 8 0 . 0 8 7 0 . 2 3 3 2 . 3 1 2 . 7 8 0 . 4 7 3 . 2 9

2 9 1 0 . 1 2 0 . 4 8 0 . 0 0 6 0 . 3 3 5 0 . 7 1 1 . 3 2 0 . 6 1 1 . 1 9

3 0 2 0 . 0 3 0 . 3 5 0.000 0 . 2 7 0 1 .1 1 1 .4 5 0 . 3 4 1 . 4 6

3 1 1 0 . 0 4 0 . 3 0 0.001 0 . 1 8 8 0 . 5 1 0 . 9 6 0 . 4 5 0 .8 1

3 1 2 0 . 0 1 0 . 3 0 0 . 0 1 5 0 . 0 8 3 0 . 4 8 0 . 8 4 0 . 3 6 0 . 7 8

3 1 3 0 . 0 2 0 . 3 5 0 . 0 2 3 0 . 2 1 5 0 . 7 4 1 . 6 0 0 . 8 6 1 . 0 9

3 5 1 0 . 0 8 5 . 2 5 0 . 0 4 7 0 . 3 3 5 1 4 .4 5 2 0 . 4 8 6 . 0 3 1 9 . 7 0

3 5 2 0 . 1 9 7 . 8 0 0 . 0 3 2 0 . 2 5 0 1 9 . 9 3 2 6 . 8 7 6 . 9 4 2 7 . 7 3

3 7 1 0 . 4 2 6 . 6 0 0 . 0 4 4 0 . 3 0 5 1 7 . 4 2 2 1 . 9 3 4 . 5 1 2 4 . 0 2

3 8 1 0 . 1 8 0 . 8 3 0 . 0 2 6 0 . 3 2 5 3 . 4 2 4 . 7 7 1 .3 5 4 . 2 5

4 1 1 1 . 3 0 5 . 9 0 0.001 0 . 2 5 3 2 1 . 0 2 2 3 . 1 4 2 . 1 2 2 6 . 9 2

4 1 3 1 .1 1 5 . 5 0 0 . 0 2 3 0 . 3 3 5 1 6 .8 1 1 7 . 4 2 0 . 6 1 2 2 . 3 1

4 4 5 0 . 4 0 0 . 6 5 0 . 0 0 6 0 . 3 5 3 1 . 3 4 2 . 3 4 1 . 0 0 1 . 9 9

4 9 1 0 . 0 2 1 . 0 0 0 . 0 1 2 0 .1 2 1 2 . 6 1 4 . 0 8 1 .4 7 3 .6 1

Range
of

0 . 0 1 - 0 . 3 0 - 0.000- 0 . 0 8 3 - 0 . 4 8 - 0 . 8 4 - 0 . 0 2 — 0 . 7 8 —

values 1 . 3 0 % 7 . 8 0 % 0 . 1 7 1 % 0 . 6 2 5 % 2 5 . 1 8 % 2 9 . 6 2 % 1 1 . 7 1 % 3 2 . 0 8 %

* First two numbers designate the collaborator; the last number is the run number. 
6 Percent calcium plus percent total malic acid.
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Table 3. Correlation coefficients between vari­
ous cneniical constituents and the amount ot sugar 
sand formed (I960 and 1961).

Correlation coefficients
Constituents correlated 1960 1961
% sugar sand v s :

c/c  calcium .629 ** .639 **
° /c  potassium -.049 -.263
7r magnesium -.192 -.219
r/c  manganese .044
r/c  phosphorus -.238
ppm iron -.513*
ppm copper -.483 *
ppm boron - .2 8  7
ppm molybdenum -.195
aluminum content -.535 **
silica content -.414
% calcium malate .689 ** .584**
pH -.087
r/c  free acid -.038
% total malic acid .689 ** .562 **
% total organic acids .611 ** .573 **
% acids, other than

malic .062 .434
9r undetermined material -.365

* Indicates significance at the 5% level. 
** Shows significance at the 1% level.

further indicates that the amount of malic 
acid present could be a limiting factor in 
the formation of calcium malate.

The chemical composition of sugar sand. 
Table 2 shows the percentages of the various 
constituents of the dried samples from the 
1962 season, which contained sugar sand 
and adhering sugar. Variations in the total 
sugar content of the samples caused differ­
ences in the sugar sand content, and since 
the adhering sugar could not be removed 
before analysis without the removal of some 
of the sugar sand constituents, this variation 
was mathematically eliminated by adjusting

the values shown in Table 2 and expressing 
them on a sugar-free basis. This was done 
by dividing the percent of each constituent 
shown in Table 2 by the percent sugar sand 
of the dried sample and multiplying by 100. 
The adjusted values are given in Table 5.

These results are similar to those in 
Table 2 in that although there is a wide 
range of values for each constituent, the 
major components were calcium, malic acid, 
and undetermined material.

The correlation coefficients between the 
adjusted amount of chemical constituents 
and the percent sugar sand, shown in 
Table 6, were similar to those reported in 
Table 3 for the unadjusted values except 
that the negative correlations between iron, 
copper, boron, and the undetermined ma­
terial become highly significant. The nega­
tive correlation coefficient between iron con­
tent and percent sugar sand ( — .629) is 
higher than the positive correlation coeffi­
cient between malic acid content and percent’ 
sugar sand (.597) and is almost as high as 
the correlation coefficient between calcium 
content and percent sugar sand (.655).

Although there was no significant corre­
lation between percent sugar sand and per­
cent undetermined material before the values 
were adjusted (Table 3), after the values 
were adjusted to eliminate the effect of total 
sugars content there was a highly significant 
negative correlation ( — .630). Since it has 
been previously reported (Snell and Lock- 
head, 1914) that the silica content in sugar 
sand is quite high, it could be assumed that 
most of this undetermined material is prob­
ably silica. The presence of silica in the 
sap apparently has little importance in the 
formation of sugar sand since the correla­
tion is negative. This assumption was fur-

Table 4. Statistical comparison of 
of the season and the last run of the

various
season.

constituents in sugar sand between the first run

N

F i r s t  ru n L a s t  r u n
X D . F . t P

1960
Amount of sugar sand deposited 8 0.27 0.37 7 1.14 .30

1961
Amount of sugar sand deposited 10 0.30 0.63 9 3.63 .01
Calcium content 10 3.45 5.16 9 1.43 .20
Total malic acid content 10 9.78 15.41 9 3.66 .01
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ther supported by Gallander (1961), who 
analyzed the sap from a cooperator that has 
had no sugar sand formation in the past 15 
years and found that silica was present in 
concentrations equivalent to that of other 
cooperators who had the usual sugar sand 
deposits.

None of the highly significant correlation 
coefficients between the amount of sugar 
sand deposited and the various chemical con­
stituents are particularly high. However, 
there is a definite indication that in those 
sirups in which a large amount of sugar 
sand was deposited, the major constituents 
of the sugar sand were calcium and malic 
acid (presumably as calcium malate). In 
runs in which only a small amount of sugar 
sand was formed, the sugar sand was com­
posed mainly of undetermined material 
(probably silica and extraneous material ). It

Table 6. Correlation coefficients between the 
adjusted values of the chemical constituents and the 
amount of sugar sand formed and the adjusted 
percent calcium—1961 season.
Constituents correlated Correlation coefficient

r/c sugar sand vs :
% calcium .655 **
r/c potassium —.557 *
c/c magnesium -.339
r/c manganese - .2 9  2
r/r phosphorus -.460 *
ppm iron -.629  **
ppm copper —.535 *
ppm boron —.575 **
ppm molybdenum -.333
97 calcium malate .620 **
97 free acids -.438
97 total malic acid .597 **
97 total organic acids .608**
97 acids, other than malic .216
97 undetermined material -.630**

calcium (adjusted) vs:
97 potassium -.428*
97 magnesium -.496*
97 manganese -.696**
% phosphorus -.678**
ppm iron -.818**
ppm copper -.903**
ppm boron -.908**
ppm molybdenum -.283
97 total malic acid .953 **

* Indicates significance at the 5% level. 
** Shows significance at the 1% level.

is quite possible that this deposition of unde­
termined material is fairly constant between 
runs and even between cooperators since its 
importance increased only as the amount of 
sugar sand formed in a given amount of 
sirup decreased.

I able 6 also shows the relation between 
calcium content and several of the other 
important constituents of sugar sand. The 
positive relation between calcium content 
and total malic acid content is highly sig­
nificant (.953) and further sup|>orts the 
theory concerning the formation of insoluble 
calcium malate during evaporation. The 
high negative correlation between calcium 
content and boron content ( — .908) can be 
partially explained by the established nega­
tive effect of calcium on the uptake of boron 
in plants. Experimental results concerning 
the highly significant negative correlation 
coefficients between calcium content and 
copper ( — .903) and iron ( — .818) content 
are still too scanty to permit a general con­
clusion.

The range of values of every constituent 
tested during both seasons is quite large 
(Tables 1 and 2). This is not unusual, 
since the sirup samples represent different 
areas within the state. Table 2 compares 
two runs from the same cooperator, show­
ing only minor differences between the two 
runs of each producer in the amounts of 
potassium, magnesium, and manganese. The 
amounts of magnesium, manganese, and 
molybdenum in the sugar sand samples are 
not correlated with the amount of sugar 
sand deposited, and their presence appar­
ently has no relation to the deposition of 
sugar sand (Tables 3 and 6 ).

Nonvolatile organic acids. Fig. 1 gives 
typical chromatograms showing the location 
of the organic acids in sugar sand. The 
«-pentanol-5;V formic acid (1:1 v /v) de­
veloping solvent gave the best resolution of 
the three solvents used in this study. Be­
cause of the masking effect of the large 
amount of malic acid present, three chro­
matograms were made on each sugar sand 
sample. Each chromatogram represents the 
material washed from approximately one- 
third of a column. The nonvolatile acids 
were identified by relating the Rf value of 
each spot on the chromatogram to the Rr
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Fig. 1. Typical paper chromatograms of a sugar 
sand sample, showing the location of the organic 
acids.

values of the reference compounds. Four 
of the seven acids present were identified 
by their Rt values as citric (spots Ai, Ao, 
and C3), malic (spots Bi, B2, and D3), 
succinic (spot F3), and fumaric (spot G3). 
The presence of these four acids has been 
reported by Nelson (1928) and Porter ct al.
(1951).

It is quite evident in Fig. 1 that the con­
centration of malic acid was considerably 
higher than that of the other acids. These

results, supported by the chemical analysis 
of the sugar sand shown in Tables 1 and 
2 , are attributed to the relatively high con­
centrations of calcium malate in sugar sand.

The presence of other unidentified acids 
in maple products was reported by Willits
(1958), whose results indicated the presence 
of four unidentified acids in maple sap and 
sirup and three additional unidentified acids 
in the sirup.
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A Short-Term Effect of Weather on Malic 
Acid in Pineapple Fruit3
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SUMMARY
T he m alic acid content o f  p in eap p le  fruit is qu ite sensitive to changes in 

su n ligh t or cond itions favoring water evaporation . By contrast, citric acid is 
unresponsive to these factors. T he inverse relation  o f  m alic acid in  the fru it  
and evaporative forces m ay be related to Crassulacean acid m etabolism .

Incidental to a study on composition 
changes during the development of pine­
apple fruit conducted by Dr. V. L. Singleton, 
the writer obtained data on the citric and 
malic acid contents of the fruit during sev­
eral months in 1958. These two acids show ed 
very different patterns, with the citric acid 
rising fairly steadily during the last three 
months of fruit development and showing 
little week-to-week fluctuation. Malic acid, 
in contrast, showed a marked week-to-week 
fluctuation and no tendency to rise during 
development of the pineapple fruit. This 
report shows that the malic acid content in 
pineapple is unusually responsive to short­
term variations in sunlight and other con­
ditions favoring moisture consumption.

EXPERIMENTAL
Two lots of pineapple fruit (Ananas comosus. 

var. Smooth Cayenne) were marked while in the 
flowering stage. They were selected for uniformity 
within lots, and the two lots were estimated (and 
later confirmed at the field-ripe harvest) to be 
one week apart in stage of development. Ten fruit 
from each lot were harvested weekly, and the juice 
from the edible portion was analyzed as duplicate
S-fruit composites.

Citric acid was determined colorimetrically by 
the acetic anhydride-pyridine reaction, using the 
procedure of Saffran and Denstedt (1948) as 
modified by H. Y. Young, of these laboratories.

3 Approved by the Director as Technical Paper 
289 of the Pineapple Research Institute.

Malic acid was measured by optical rotation of its 
uranyl complex (Dunbar and Bacon, 1911). The 
acids were not separated on ion-exchange columns.

DISCUSSION

As shown in Fig. 1, the malic acid was 
quite irregular throughout the period of 
fruit development, showing no tendency to 
rise or fall with stage of fruiting. However, 
ti e two lots were remarkably consistent in 
showing rises and dips in the malic acid 
level. This indicated that some factor in the 
environment was influencing the malic acid 
content of the fruit.

Earlier unpublished work by the writer 
had shown that the hydroxycinnamic acids

Fig. 1. The relation of factors affecting evap­
oration from a standard Weather Bureau pan to 
malic acid content of developing pineapple fruit. 
The pan evaporation data are for the week ending 
7 days prior to fruit harvest. The fruit of lot I 
were one week behind lot II in stage of develop­
ment ; the fruit were flowering at the first sam­
pling and field-ripe at the final sampling.

191
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in pineapple stem tissue—and in the stems 
of crowns of the same fruit used in the 
present test—varied inversely with soil mois­
ture. However, neither soil moisture nor 
rainfall patterns correlated with the malic 
acid level in fruit. Soil and air temperatures 
also failed to vary in the pattern observed 
for malic acid.

An excellent inverse correlation was 
found for fruit malic acid and moisture con­
sumption as measured by evaporation from 
a standard Weather Bureau pan (Fig. 1). 
There appeared to be a lag of about a week 
before the effects of the weather factor 
showed up in the malic acid content. The 
correlation appeared to be best when malic 
acid was related to one week’s accumulated 
evaporation ending 7 days prior to picking 
the fruit. Sunlight appeared to be the factor 
of greatest importance; radiant energy (re­
corded as calories per square centimeter per 
week) also varied inversely with malic acid 
in the fruit, roughly paralleling pan evap­
oration.

It is interesting to note that the malic 
acid was slower to rise and slower to fall in 
the less-developed lot of fruit than in the lot 
one week older. A similar lag was observed 
in the synthesis and breakdown of citric 
acid and numerous other components in the 
juice during development of the younger lot 
of fruit.

These data emphasize that the two major 
organic acids of pineapple—citric acid and 
malic acid—are influenced by quite different 
factors. Citric acid apparently varies pri­
marily with stage of fruit development. Malic 
acid, on the other hand, fluctuates in associ­
ation with weather conditions favoring 
evaporation of water. The malic acid in the

fruit appears to be metabolized during 
periods of high light intensity and accumu­
lates when sunlight and evapotranspiration 
are low.

The possibility that these observations are 
related to “Crassulacean acid metabolism" 
(Ranson and Thomas, 1960) has been sug­
gested by work of Dr. Paul Ekern, of these 
laboratories, as well as by earlier observa­
tions here that pineapple leaves show marked 
diurnal variations in malic acid content 
(Sideris ct a!., 1948). The Crassulacean- 
metabolism features of pineapple leaf acidity 
have been confirmed by more recent work 
in India (Seshagiri and Suryanarayana- 
murthy, 1957).
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Non-volatile Organic A cid s” of the Dwarf Cavendish 
(Chinese) Variety of Bananas

C. L. MILLER » a n d  EDW ARD ROSS
Department of Food Science and Technology, University of Hawaii, Honolulu

The ‘Dwarf Cavendish' variety, known 
locally as “Chinese” banana (Simmonds,
1954), is the most widely grown dessert 
banana in Hawaii. The plant of this variety 
is relatively short and is considered to be 
one of the Cavendish group of bananas de­
scribed in detail by Simmonds (1959, pp. 
53, 79, 105). Although it is known and 
appreciated for its distinctive flavor in other 
areas of the world, it has not received the 
amount of study reported for the Gros 
Michel.

The organic acid composition of several 
banana varieties, especially the Gros Michel, 
has been reported (Steward et al. 1960: von 
Loesecke. 1949). Knowledge of the organic 
acids in the Chinese banana is needed in 
evaluation of problems in the handling, stor­
age, and processing of this variety. The

* Published with the approval of the Director 
of the Hawaii Agricultural Experiment Station 
as Technical Paper 576. This paper is part of 
an M.S. thesis.

The authors thank Mr. Pedio Acopan for gen­
erous contribution of bananas: Dr. R. A. Hamil­
ton and Mr. E. Akamine, Hawaii Agricultural 
Experiment Station, and Dr. G. G. Dull, Pine­
apple Research Institute, Honolulu, for specific 
technical advice: and Dr. Donald C. McGuire for 
cooperating in this joint program in the graduate 
study field of tropical crop science.

b Current address: Royal Hawaiian Liqueurs, 
Ltd., Honolulu.

following information reports on a prelim­
inary exploration of the non-volatile or­
ganic acids in this variety.

Banana ripeness was estimated by refer­
ence to color plates (Fruit Dispatch Co..
1956) that score ripeness by eight color 
changes of the skin ranging from green to 
full ripe. Used in this investigation were 
bananas of Nos. 2, 4, 6, and 8 degrees of 
ripeness—respectively green to yellow ripe.

Alcoholic extracts of banana pulp were 
analyzed by descending paper partition chro­
matography, using Whatman No. 1 paper. 
Extracts had been purified by cation and 
anion exchange (Porter et al., 1951). Re­
sults indicated that malic and citric acids 
were the predominant acids. Phosphoric 
acid was identified by the molybdate benzi­
dine reaction. Three additional acid spots 
were noted that are not acids previously re­
ported as being present for the Gros Michel 
variety. Rf values are reported in Table 1. 
Values for the unidentified acids correspond 
to some of those reported by Steward ct al.
(1960), e.g., value No. 1 to his reported 
No. 17, and No. 3 (Table 1) to No. 27. 
The latter could not he verified as succinic 
acid. Value No. 2 (Table 1) was not con­
sidered to be represented among the uniden­
tified acids reported by Steward ct al.

Banana extracts were fractionated on si­
licic acid columns (Bulen et al., 1952). Malic

Table 1. Rr values for uniractionated banana extracts in solvent compared with values 
from known standards.”

E x t r a c t M a lic E x t r a c t C itr ic E x t r a c t
P h o s -

p h o r ic

U n k n o w n  a c id  v a lu e s

1 2  3 b

No. 2 ripeness .52 .53 .45 .46 .26 .28 .12 .65
No. 4 ripeness .52 .53 .45 .46 .26 .28 .12 .65
No. 6 ripeness .53 .53 .46 .46 .27 .28 .12 .65 .79
No. 8 ripeness .53 .53 .46 .46 .26 .28 .12 .66

* Solvent a: «-butanol, formic acid 88%, water (4:1 :5). 
b Spot not detectable in ripeness Nos. 2, 4, 8.
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Table 2. R< values obtained with three solvents after silicic acid fractionation, compared 
with values from unfractionated known acids.

Fractionated Malic Fractionated Citric

Sample Solvents::a a b C a b C a b C a b C

Known mixture .53 .53 .39 .53 .53 .39 .45 .46 .23 .45 .46 .23
50:50 mixture of known

and extract .52 .54 .39 .52 .54 .39 .44 .48 .24 .44 .47 .24

Extracts of :
No. 2 ripeness .55 .53 .39 .54 .53 .39 .47 .48 .24 .47 .47 .23
No. 4 ripeness .54 .55 .40 .53 .55 .40 .46 .47 .25 .46 .48 .25
No. 6 ripeness .56 .56 .36 .54 .56 .36 .47 .48 .19 .47 .48 .20
No. 8 ripeness .53 .56 .35 .53 .58 .35 .47 .48 .20 .47 .48 .20
“ Solvent a : n-butanol, formic acid 88%, water (4:1:5).

b : Benzyl alcohol, tertiary butanol, isopropanol, formic acid, water (3 :1 :1:1 :1). 
c : Normal propanol, ammonia, water (6:3:1).

and citric acids were separated and identi­
fied by chromatographic comparison with 
pure acid solutions, alone and added to the 
extracts. It is estimated that these acids may 
account for as much as 80% of the total 
acid fraction with the methods used. R( 
values obtained after fractionation with three 
solvents are reported in Table 2.
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of Apigenin from Grapefruit
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(Manuscript received June 12, 1962)

SUMMARY
Com m ercial naringiii, usually  obtained from  grapefru it p eel, was suspected  

to conta in  a flavone. A m ethod was devised w ithout resorting to colum n  
chrom atography w hereby gram  qu antities o f  the suspected  flavone were 
obta ined . T he crude flavone was first purified  by solvate form ation . After  
conversion o f  the flavanones present to w ater-soluble flavans by potassium  
borohydride reduction , the in so lu b le  flavone was obtained . Characterization  
o f  the flavone led  to the conclu sion  that it was a 7 -rham noglucoside o f  
ap igen in  identical to rh o ifo lin .

INTRODUCTION
Xaringin, one of the bitter constituents 

of grapefruit (Citrus paradisi) has been 
known for over a hundred years. A com­
prehensive review on naringin was pub­
lished by Kesterson and Hendrickson
(1953). Horowitz and Gentili (1961) re­
cently found poncirin (7-neohesperidoside 
of isosakuranetin) to be present in grape­
fruit.

From the leaves of the Japanese wax tree 
(Rhus succedanea), Hattori and Matsuda
(1952) were the first to isolate a flavone 
closely related to naringin. They called it 
rhoifolin and established its structure to be 
the 7-rhamnoglucoside of apigenin. The 
Japanese hitter orange (Citrus aurantium
L .) was later found to contain rhoifolin 
(Hattori ct al., 1952). Matsuno (1959) 
also isolated rhoifolin from Citrus grandis 
Osbeck. From the above findings, and the 
fact that commercial naringin reacted posi­
tive to the borocitric color test for flavones 
(Wilson, 1939) it was decided to attempt 
to isolate the flavone, which research is now 
reported. Dunlap and Wender (1962) re­
cently chromatographicallv isolated rhoi­
folin, neohesperidin, poncirin, and kaemp- 
ferol from commercial naringin.

An additional reason for isolating rhoi­
folin stems from interest in non-toxic spas­
molytic agents. Apigenin, and related agly-

cones, have been reported to possess sig­
nificant spasmolytic activity (Janku, 1957; 
Shibata ct al., 1960). The relations of the 
above flavonoids are illustrated in Fig. 1.

R=NEOHESPERIDOSE *

R'=H, R"=OH (NARINGIN)
R'=H. R"=OCHj (PO N CIRIN )

R'=OH R''=OCH5 (NEOHESPERIDIN)

R=NEOhESPERIDOSE ♦
R' = H, R"=OH (RHOIFOLIN)
R = H. R'= OH. R'=OH CKAEMPFEROL) 

Fig. 1. Relations of several flavonoids.
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EXPERIMENTAL
Five hundred and twenty grams of commercial- 

grade naringin were added to 15 L of 99.6% iso­
propyl alcohol. The solution was stirred two days, 
and the crystalline solvate of naringin was re­
moved by filtration. Concentration o: the alcohol 
fraction under vacuum to a volume of 4 L  caused 
a second crop of naringin isopropyl solvate to 
precipitate. This solution was filtered and the 
alcohol evaporated. The residue (29 g) was 
treated as follows: The residue was taken up in 
water, air dried, and dissolved in methyl ethyl 
ketone. The crystalline material (3 g) that formed 
upon stirring was collected by filtration. It was 
temporarily water soluble, but after standing re­
precipitated. The precipitate was collected, dis­
solved in 250 ml of O.LV sodium hydroxide, and 
5 g of potassium borohydride (KBH,) was added. 
Acetic acid (0.5N ) was added slowly. Upon com­
pletion of the reduction reaction the flavone 
precipitated, while the reduced flavanones (the 
chief contaminates) remained in solution. Bauer 
et al. (1954) reported the reduction of flavanone 
with sodium borohydride. Horowitz (1957) used 
sodium borohydride followed by hydrochloric acid 
to detect flavanones on paper chromatograms. 
Work in our laboratories indicated that flavones 
such as diosmin or rhoifolin could be recovered 
unchanged after treatment with sodium or potas­
sium borohydride. Recrystallizing the flavone sev­
eral times through methanol yielded 1.08 g of 
light-yellow, minute, needle-like crystals. Acetyla­
tion and methylation of the aglycone indicated the 
material was a 7-glycoside of apigenin. Paper 
chromatograms and infrared spectra were iden­
tical with authentic rhoifolin kindly supplied by 
Prof. S. Hattori, of the University of Tokyo. See 
Table 1 and Fig. 2.

Table 1. Chromatographic comparison of rhoi- 
folins.

Solvent 
R f’s X 100

Sample H OH 15% HAc
BAW  

(4 :1 :5)

Authentic rhoifolin * 15 42 45
Grapefruit rhoifolin 14 43 45

* Kindly supplied by S. Hattori.

IDENTIFICATION
Hydrolysis. One gram of the flavone glycoside 

was dissolved in 100 ml of methyl cellosolve and 
poured into 1 L of boiling 3% sulfuric acid. After 
one hour of boiling the mixture was allowed to 
cool. The precipitate was collected; the yield was 
429 mg. The ultraviolet spectra and melting point 
agreed with those of apigenin. A portion of the 
liquor from the above hydrolysis was neutralized 
with Ba(OH)» to pH 7.0. The BaSCh was re­
moved and the liquor brought to dryness. Calcu­
lations based on sample size and percent sugars 
in a rhamnoglucoside of apigenin indicated about 
211 mg expected. Actual weight was 260 mg. 
This residue was examined by paper chromatog­
raphy in »-butyl alcohol-acetic acid-water (4:1 :5), 
ethyl acetate-water-pyridine (2:2:1), ethyl ace­
tate-water-acetic acid (3 :3 :1), and the R /s  agreed 
with those of glucose and rhamnose. See Table 2.

Acetylation of the Aglycone
The method of Hattori and Matsuda (1952) 

was used, with modifications. One drop of pyri­
dine was added to 0.1 g of the aglycone dissolved 
in hot acetic anhydride (2 ml). After refluxing 
for 1 hr on a water bath, the mixture was cooled 
and poured into water, and the precipitate col-

I
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lected. Recrystallization from methanol resulted 
in colorless needles with m.p. 179—1810C (litera­
ture, 180-181°C) (Hattori and Matsuda, 1952). 
Méthylation of the Flavone Glycoside Followed by 
Hydrolysis: Preparation of 5,4'Dimethyl Apigenin 

To 0.2 g of the flavone glycoside in 50 ml of 
acetone were added 1.5 g of potassium carbonate 
and 1 ml of dimethyl sulfate. The mixture was 
refluxed for 4 hr on a water bath. Ten ml of 
water was added, and the acetone distilled. Upon 
cooling, a solid was collected. Hydrolysis in 3% 
sulfuric acid resulted in a precipitate that was re- 
crystallized through methanol several times ; m.p. 
265-267°C (literature m.p., 262-275°C) (Hattori 
and Matsuda, 1952).

Table 2. Sugars of rhoifolin.
Solvent 

R f’s X 100

Sample
BAW

(4 :1 :5 )
E W P

(2:2 :1 )
EW A

(3 :3 :1 )

Glucose 26 48 15
Unknown 25 48 17
Rhamnose 40 61 28
Unknown 40 61 27

Spots detected by method of Gordon cl al.
(1956) : periodic acid followed by benzidine.

DISCUSSION

Following this phase of the work, deter­
mination of the amounts of rhoifolin present 
in the whole fruit was undertaken. Fifteen 
grapefruit (Citrus parodist var. ‘Marsh,’ 
white) grown in Rialto, California, were 
peeled. The juice was extracted by gentle 
pressure of the cut fruit portion. Peel, rag, 
and juice fractions were separated. Recov­
ery of the rhoifolin from the peel and rag 
was accomplished by alkaline extraction fol­
lowed by neutralization. The precipitates 
were analyzed using the borocitric color re­
action and tbe following amounts of rboi- 
folin were estimated: peel, 1 mg/ 100 g
(dry-wt basis) ; rag, .02 mg/ 100 g (dry-wt 
basis).

The juice portion was extracted with 
methyl ethyl ketone in a liquid-liquid ex­
tractor. Because of the complex nature of 
this extract, no positive statement can yet 
be made on the amount of rhoifolin in the 
juice. The extract is now being chromato­
graphed on silicic acid.

CONCLUDING REMARKS

It is interesting to speculate if rhoifolin 
might be the end product formed from nar- 
ingiti as grapefruit matures. It is a well 
established fact that grapefruit juice be­
comes less bitter with maturity. Evidence to 
date does not indicate that naringin is con­
verted to naringenin or prunin. Therefore, 
some other route must be the natural one. 
Since rhoifolin is non-bitter, this may be the 
substance that accumulates at the expense 
of the naringin.
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SUMMARY
Extra-cellular starch is isolated  from  dehydrated m ashed potatoes by 

rehydration o f  0 .5 -g  sam ples with 100  m l water at 1 5 0 °F . T he suspension  
is poured over a standard 150-m esh sieve, and the water conta in ing  the freed  
starch gel collected  and filtered. Starch so co llected  o n  7-cm  hardened and 
extrem ely  retentive filter paper is stained w ith iod in e , and its reflection  density  
(R j)  and color characteristics m easured on a color-d ifference m eter. T rans­
m ission  values m ay also  he determ ined . In add ition , extra-cellu lar starch, 
so collected  from  1-g sam p les, m ay be dried and w eighed . R,t values are a 
linear fun ction  o f  the am ount o f  starch. T he tem perature o f  the sam ple  
susp en sion  also  has a linear effect on reflection  density.

Since added stearates do not in terfere  with reflection  density values, the  
effects o f  added em ulsifiers on iod ine color o f  the co llected  starch gel are 
m easurable by color-difference procedures. Color d ifference also provides a 
m eans o f  characterizing other starch changes, such as rétrogradation, induced  
by processing treatm ents.

An insign ifican t num ber o f  the sm allest intact cells pass through the 
screen to be collected  on  the filter paper. T he intact, separated cells  o f  
cooked potato range from  less than 4 0  to nearly 4 0 0  M in diam eter. T hey aver­
age about 180  ,u, and over 90%  have d iam eters betw een 100  and 2 5 0  M.

INTRODUCTION
Sticky or gummy texture in dehydrated 

mashed potatoes results from excessive 
amounts of gelled starch extruded from rup­
tured cells (Harrington ct al.. 1960; Mullins 
ct a!.. 1955; Reeve, 1954). Percent of cells 
ruptured thus provides a general index for 
textural quality (Reeve and Xotter, 1959). 
The degree to which individual cells are 
damaged may vary, however. Microscopic 
examinations of some products reveal many 
of the broken cells to be so completely torn 
that most of their gelled starch content is 
liberated. Other products with a similar 
incidence of ruptured cells show only small 
amounts of extruded gelled starch.

Addition of whole starch, which is gelled 
during reconstitution, is known to impair 
the reconstitution texture of potato granules,

5 A laboratory of the Western Utilization Re­
search and Development Division, Agricultural 
Research Service, U. S. Department of Agricul­
ture.

as measured by the “drop test" (Harring­
ton ct al., 1960). Colorimetric measure of 
the amylo.se readily extracted with water at 
150°F provides a good texture index when 
products of similar manufacture are com­
pared (Mullins ct al.. 1955). With this 
test, the “Blue \  alue Index,” it may be as­
sumed that the soluble starch is more readilv 
extracted from the extra-cellular gelled 
starch than from the starch gel present in 
the intact cells. Ready extractability of the 
amylose, however, is influenced by the de­
gree to which the starch may have been 
retrograded during and after processing 
(Kerr, 1950; Potter ct a!.. 1959). In addi­
tion, use of emulsifiers in the manufacture 
of both potato flakes and granules is known 
to reduce the obtainable “blue value.” 

Bourne ct al. (1960) have shown that su­
crose monostearate complexes readily with 
soluble starch. The complex formed inhib­
its iodine absorption in the helix of the 
molecule. Thus, a product could yield a 
low "blue value" hut contain sufficient free
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gelled starch to render the reconstituted 
product sticky. Moreover, additional cell 
rupturing may occur upon reconstitution. 
Further knowledge of the extra-cellular 
starch, per sc, seems desirable.

There have been no methods described 
that provide for isolation and observations 
on the total extra-cellular starch. The new 
method developed in the present studies per­
mits collection of the extra-cellular starch of 
dehydrated potato products after it has been 
washed free from the product by an excess 
of hot water. This starch, collected on filter 
papers by vacuum filtration, may be weighed 
—or stained with iodine and estimated 
colorimetrically by either reflectance or 
transmission procedures. In addition, the 
soluble starch of the filtrate may be meas­
ured colorimetrically. Reflectance proce­
dures permit color-difference measurements 
of the starch-iodine complex, which reveal 
the influence of emulsifiers and. other proc­
essing treatments on the iodine-staining 
characteristics of the freed starch.

METHODS
A carefully weighed 0.5-g sample of dehydrated 

potato granules is stirred into 100 ml water at 
150°F and stirred intermittently for 3 min. After 
3 min, the sample is stirred vigorously about 30 
sec to separate cell clusters, and then poured rap­
idly and evenly over a standard 150-mesh screen 
(. 100-/x openings) prewet with hot water and 
placed over a collecting pan. The collected liquid 
containing the gelled starch is filtered through a 
Buchner funnel, using mild suction and filter paper 
of 7 cm diameter, “hardened and extremely reten­
tive,” and alkali-resistant (such as S & S No. 576 ). 
Washing of settled gelled starch from the pan is 
unnecessary if the liquid in the pan is vigorously 
swirled just before transfer.

The filter papers containing the trapped starch 
gel are stored temporarily in closed Petri dishes 
until tested; forceps are used for handling all 
filter paper. Although the papers could be dried 
and stored for longer periods, it is preferable to 
standardize the time for shorter periods and to 
test the samples for the reflection densities of their 
stained, collected starches within 1-2 hr of collec­
tion. The filtrates can be saved and tested for 
“blue value” (Mullins ct til., 1955) if desired.

In this study, some samples were also suspended 
in water at various other temperatures up to 
212°F in order to follow the influence of temper­
ature on the amount of starch obtained anti the

iodine color. Both experimental and commercial 
granules were used in these studies. Effects of 
stearates on transmission and reflectance data were 
investigated by addition of either glycerol mono­
stearate or sodium stearate to the products at the 
time of suspension; they were also added to pre­
pared potato starch samples. Appropriate amounts 
of 1% aqueous emulsions of the stearates were 
added by pipette to the heated water in which 
the samples were suspended.

Reflectance procedures. The staining reagent 
consists of 2 ml of a stock preparation of 7.5 g 
each of I- and KI in 250 ml distilled water, further 
diluted with 248 ml distilled water. A preparation 
of 0.02.Y KB may be used, but this was found 
to be less satisfactory for very small amounts of 
collected starch gel, particularly in color analyses 
of the starch-iodine color complex, because of the 
deeper iodine color in the control filter paper.

About 30 ml of the iodine solution is placed in 
a Petri dish, and the filter paper, starch-side up, 
is carefully submerged for a standard time such 
as 30 or 60 sec. The paper is then placed starch- 
side down on a clean 3.25 X 4-in. lantern-slide 
cover glass and a second cover glass added, with 
care to avoid trapping excess air bubbles. The 
control filter paper is handled in like manner. 
This sandwich is then placed starch-side down 
under the standard opaque white plate of a Gard­
ner automatic color-difference meter, the light 
intensity having been adjusted according to the 
standard plate. The reflectance density ( Rd) and 
the .4 and B color values are then determined 
within 1 or 2 min of removal of the test paper 
from the iodine solution. Percent reflectance is 
taken directly as an index, or the value is con­
verted to density simply by calculation of the log 
c/t, where c is percent reflectance of the control 
filter paper and t is that of the test sample. The 
diluted iodine solution should be replaced after 
every third or fourth determination.

Transmission colorimetry. Alternately, trans­
mission colorimetry may be used. The suspension 
of collected starch gel can be measured directly 
by the “blue value" method of Mullins ct at.
(1955), or filtered and the “blue value” of the fil­
trate determined. If measured directly, 49 ml of 
thoroughly mixed suspension is removed (during 
stirring) and 1 ml of the 0.02iV KI3 solution 
added. A reading is made immediately with a 
photoelectric colorimeter, such as the Klett-Sum- 
merson, using a red filter in the range of 640-700 
mii. For measurement on the filtrate, 5 ml of the 
filtrate is diluted to 49 ml with water before addi­
tion of the KIn solution. In either case, the control 
consists of 49 ml water plus 1 ml of the KI3 
solution.
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W eight of extra-cellular starch. When the extra­
cellular starch is to be weighed, it is expedient to 
use 1-g samples of product. The extra-cellular 
starch is collected on pre-weighed filter papers. 
The filter-paper samples, placed in loosely closed, 
labeled Petri dishes, are dried 24-48 hr at about 
45 °C. They are then allowed to equilibrate with 
the air at room temperature and humidity (3 to 
4 hr) before being weighed on an analytical bal­
ance. A control filter paper, treated with water 
only at the temperature of sample suspension, is 
used to provide correction for weight change in 
the filter paper due to humidity. Storage of filter 
paper samples for 24-48 hr over a saturated solu­
tion of NaBr (to provide an atmosphere of 50% 
relative humidity) after drying did not signifi­
cantly alter final corrected weights. Similar 
storage over P2O5 was found to be impractical 
when more than one or two samples were prepared 
at a time, because the rapid weight change due 
to moisture uptake dictates use of a constant-low- 
humidity room.

OBSERVATIONS AND RESULTS
Retention of intact cells. Retention of intact 

cells and passage of the extra-cellular starch are 
essential. Efficiency of the 150-mesh screen for 
such separation was verified by numerous micro­
scopic examinations of filter papers and also by 
size analyses of the rehydrated potato cells sus­
pended in water in counting chamber slides such 
as those used for ruptured cell counts. Cell di­
ameters were measured with a calibrated eyepiece 
micrometer, and size distributions based on 20 
intervals were determined on samples of 1,000 cells 
each. Typical data are listed in Table 1.

About 4% of the rehydrated cells had diameters 
less than 100 n, and about 2/3 of these belonged 
in the range of 80-100 /¿. Calculated as spheres, 
these small cells made up less than 1% of the 
total volume of intact cells. Material retained on 
the screen and resuspended showed size frequency 
distributions virtually identical with those of orig­
inal material. Frequency counts of cells per 20 
microscopic fields for suspensions of equal volume 
were likewise the same before and after screening.

Microscopic examinations of samples on filter 
papers prepared from potato granules of different 
manufacture and degree of cell damage revealed 
no differences in presence of small intact cells; 
in all cases a few small intact cells and a few of 
those ruptured had passed the screen. In addition, 
nearly all samples showed a very few badly torn 
cells. Fig. 1 is from a sample of medium to low 
extra-cellular starch having about 4% cell rupture. 
The linear dimensions of the gelled starch particles 
on the paper average much larger than those of 
the small intact cells. Cup-like pockets of cell

walls of badly torn cells also contain some gelled 
starch. Particles of starch gel on the papers 
ranged up to 25 or more per sq mm, depending 
on the amount of extra-cellular starch in the 
original sample. Counts of the small intact cells 
averaged less than 1 per sq mm, and only about 
10% of these had diameters of 100 fi. It seems 
reasonable that less than 1% of the assumed 
available small cells of the original sample had 
passed the screen.

Microscopic examinations of the reverse sides 
of the filter papers revealed no starch particles 
pulled through the paper. Repeated cold-water 
washings of material retained on the screen, when 
filtered and stained, revealed only very minute 
amounts of additional starch gel, and gave reflec­
tance values very close to those for the control. 
It is evident that the screening operation is effec­
tive in isolating the extra-cellular starch.

Linearity of the gelled starch index. Known 
amounts of gelled potato starch wTere prepared 
from suspensions of 500 mg of an extracted starch 
in 500 ml of water at 150° and at 180° F. After 
the suspensions cooled to room temperature, appro­
priate aliquots were pipetted, during thorough 
mixing, and diluted to provide equivalents of 
original weights of 1, 1.5, 2, 2.5, 3, 4, and 5 mg 
each in 100 ml of water at 150°F. These diluted 
suspensions were then filtered, and reflectance 
values obtained. Replicate samples were prepared 
for determinations of weights of collectable starch 
gel.

Fig. 2 illustrates the linear relation between 
reflection density and starch concentration, and 
also demonstrates removal of more antylose from

Table 1. Size distribution of intact cells of 
rehydrated potato granule.

Maximum diameter 
in)

Cumulative r/c  
below

40 0.1
60 0.4
80 1.5

100 4.0
120 10.0
140 18.0
160 32.0
180 48.0
200 66.0
220 80.0
240 90.0
260 94.5
280 96.5
300 98.5
320 99.5
340 99.9OCCro 100.0
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Fig. 1. Ph o to m icro -  
graph of an area of a 
filter-paper sample show­
ing collected starch gel 
stained with iodine, and 
a small intact cell (i) 
and 2 badly torn cells 
(t) (X 100).

the gelled starch with the higher temperature of 
preparation. The greater increases in R d for 
preparations gelled at 150° indicate progressively 
greater amounts of total starch gel collected than 
for those gelled at 180° F. The starch grains were 
less swollen by the 150° treatment than by gela­
tion at 180°, and lost less of the soluble amylose 
fraction. Tests of the filtrates for soluble starch 
gave "blue values" too low to show significant 
trends for most of these samples. However, the 
weights of collected starch on filter papers for 
replicate samples were uniformly 15-20% less than 
amounts calculated from original suspensions for 
those gelled at 150°, and 20-25% less for those 
gelled at 180°F. Other samples prepared with 
prolonged heating and at higher temperatures, 
as in the cooking of potatoes, showed propor­
tionately less increase in reflection density with 
increased starch, but linear relation was main­
tained.

In another experiment, 0.5-g samples of an 
experimental potato granule were suspended in 
100 ml water at 140, 150, 160, 170 and 180°F. 
Relation between temperature of suspension and 
reflectance density for the collected starch gels 
of these samples is illustrated in Fig. 3. Micro­
scopic counts of ruptured cells failed to reveal any 
significant increase in percent of cells ruptured

with increased temperature for this particular 
granule. However, the amount of starch exuded 
from ruptured cells increased visibly with increased 
temperature treatment. That is, the starch gel 
swelled more ; larger amounts covering larger 
areas could be observed both on filter papers and 
in suspensions prepared for cell counts.

Cell rupture and reconstitution temperature. 
The degree of cell rupture increased with increase 
in temperature of reconstitution of some products, 
notably those that tended to be sticky when pre­
pared with boiling liquid. Several of these are 
compared in Table 2 as to cellular damage, reflec­
tance density, and reconstitution quality. A gen­
eral relation of high reflectance values to stickiness 
is evident.

As should be expected, products of different 
manufacture vary in degree of cell rupture and in 
effects produced by different conditions of recon­
stitution. A and B in Table 2 are experimentally 
produced granules from the same source material 
and processed similarly except for treatment to 
induce more starch rétrogradation in B than in A. 
Thus, when rehydrated at 212°F, B shows less 
cell damage, lower reflectance density, and better 
texture than A. Sample C is an experimental 
granule in which faulty processing caused ex­
cessive cell damage. The results for D show



202 E X T R A C E L L U L A R  STARCH OF D E H Y D R A T E D  PO T A T O E S

Table 2. Relation of cell rupture to reflectance density of stained starch, reconstitution 
conditions, and texture.

% of Reflectance 
cells density 

ruptured (log c /t)

T exture with 
culinary 

reconstitution

Sample Preparation 170° 212°

A 0.5 g suspended directly, 150°F 3.2 0.31 mealy si. sticky
212°F 6.7 0.92

B 0.5 g 150°F 3.1 0.14 grainy mealy
212°F 4.5 0.43

C 0.5 g 150°F 15.0 1.20 sticky gummy

D 0.5 g 150°F 6.4 0.52 creamy gummy
212°F 8.5 0.95

D Culinary r e c o n s t i tu t ion at
170°F, then 2.5 g suspended at
150°F
starch

for collection of free
6.4 0.92 creamy

D Culinary r e c o n s ti tu t io n  at
212°F, then 2.5 g suspended at
150°F
starch

for collection of free
10.5 1.05 gummy

Table 3. Cell rupture and starch characteristics of samples suspended at 150° and 200°F.

Sample and 
temp, of 

suspension

%  of 
cells 

ruptured

Collected
starch
(mg)

Reflection 
density 

(log c /t)

Color difference

A +
(red)

B —
(blue)

A—150° 3.0 6.0 0.29 5.0 13.3
200° 6.0 7.5 0.60 8.5 25.2

B—150° 12.0 11.5 0.53 3.0 26.3
200° 25.0 18.5 0.98 3.2 44.7

C—150° 4.5 3.5 0.21 3.2 11.4
200° 7.0 5.5 0.55 6.0 27.9

D—150° 4.0 5.0 0.23 5.1 11.7
200° 7.0 9.5 0.64 9.3 26.6

E—150° 18.0 9.0 0.45 3.6 21.6
200° 28.0 11.5 0.77 3.7 36.4

F—150° 7.0 8.5 0.40 4.9 19.3
200° 12.0 10.0 0.68 6.5 34.7

G—150° 3.0 6.0 0.31 3.5 17.8
200° 4.5 7.5 0.57 5.0 28.2

H—150° 3.0 3.0 0.22 2.4 12.2
200° 4.5 4.0 0.41 3.7 23.2

1—150° 4.5 5.5 0.25 2.6 15.2
200° 6.0 8.0 0.56 4.0 28.7

J—150° 3.0 2.5 0.18 2.2 12.5
200° 5.0 4.5 0.47 4.2 24.5

K—150° 1.5 1.5 0.13 1.2 8.6
200° 2.5 2.0 0.39 2.8 18.7
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MILLIGRAMS OF SUSPENDED STARCH

Fig. 2. Reflection density (Rd)  obtained with 
starch preparations of known concentration.

excessive cell damage upon culinary reconstitu­
tion at 212°, and consequent texture impairment.

Fig. 4 depicts the linear relation between amount 
of extra-cellular starch and reflection density for 
several granules, each prepared at suspension tem­
peratures of ISO and 200°F. Two of these (tri­
angles) are of commercial source and processed 
with added emulsifier; the rest (circles) are 
experimentally produced granules, only one of 
which contains added emulsifier (Rd 0.23 and 0.64 
for ISO and 200°F, resp.). In general granules 
yielding 7 or more mg of starch per g of product 
suspended at 150°F were either sticky or gummy 
upon culinary reconstitution at 212°F. However, 
no sharp line can be drawn for a textural quality- 
index, because of the influence of starch-complex- 
ing emulsifiers and other factors influencing the 
properties of the extra-cellular starch.

Further data for the products in Fig. 4 are 
listed in Table 3, including degree of cell rupture 
and color difference in their iodine-stained starches. 
The color differences here were obtained by cor­
rection for the background of iodine color in the 
filter papers; that is, the values of the iodine- 
treated control filter papers were subtracted from 
those registered by the test sample. Usually, the 
Rd color values of the controls registered in the 
A — (green) and B-\- (yellow), whereas the test 
samples register in the B — (blue) and with a 
small value in either A — (green) or A -f- (red). 
To correct for the background iodine color, the 
blue values of test samples are appropriately in­
creased and all the A values are converted to the 
red or Graphically', this correction transfers
the test values to the purple quadrant, with vari­
able proportions of blueness and redness (see 
Fig. 5).

As shown in Table 3, the corrected blue color 
component increases with temperature of sample

Fig. 3. Influence of the temperature of suspen­
sion on the reflection density (Rd)  of isolated and 
stained starch from dehydrated potato granules.

Table 4. Influence of added stearates on transmission and reflectance of the stained starch.

%  of 
cells

ruptured

Transm ission values
Dilute
filtrate
(B V I)a

Reflectance 
density 
(log c/t)Sample (diluted at 15U°F)

Original
suspension F iltra te

A collected starch; granule 3.0 36 25 6 0.29
B collected starch; flake 5.5 335 242 29 0.35
C collected starch; granule 12.0 565 440 56 0.70
C collected starch, plus

2.5 mg glycerol monostearate
12.0 162 90 ii 0.73

C collected starch, plus 
2.5 mg sodium stearate

12.0 420 370 45 0.71

Blue-value index.
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Table 5. Influence of added stearates on reflectance and color characteristics of the stained 
starch.

Color difference
Reflectance 

density 
Hog c / t )Sample and preparation

A +
(red)

B —
(blue)

2.5 mg starch gelled at 180°F, then 
suspended at 150°F 4.3 29.7 0.54

As above, plus 2.5 mg glycerol monostearate 
when suspended at 150°F 10.5 27.8 0.57

As above, but with sodium stearate 77 30.8 0.55
Granule E (Table 3) suspended at 150°F 3.6 21.6 0.45
Granule E, as above, plus 2.5 mg glycerol 

monostearate when suspended 8.3 20.3 0.43
Granule E, as above but with sodium stearate 4.0 23.6 0.45
Granule K (Table 3) suspended at 150°F 1.2 8.6 0.13
Granule K. as above, plus 2.5 mg glycerol 

monostearate when suspended 2.7 8.1 0.12
Granule K, as above, but with sodium stearate 1.9 9.1 0.14

suspension and in general proportion with in­
creased cell rupture and amount of collected starch 
for each product. The higher red values at a 
given temperature of sample suspension for 4 of 
the samples indicate a readily visible shift from 
the more typical blue, as produced tv  iodine with 
amylose, toward the red-purple staining of potato 
amylopectin. Samples A and D stained distinctly 
red-purple, C and F were slightly less red-purple 
than A and D, and all other samples appeared 
blue-purple to the eye. Such a shift toward red- 
purple may result from starch rétrogradation or 
from the inhibition of starch-complexing additives 
on the iodine-binding capacity of the starch.

Influence of added stearates. Stearates were 
added in powder form to the products prior to 
weighing and suspension of 0.5-g samples. Trans­
mission values both for the original suspension of 
extra-cellular starch and for the soluble starch of 
the filtrate were reduced by these starch-complex­
ing agents (Table 4). However, the reflectance 
density of the collected starch gel was not sig­
nificantly altered. Addition of the emulsified 
stearate to the water in which 0.5-g samples were 
then suspended did not seem to cause the reflec­
tance density values to differ appreciably from 
effects obtained with added dry stearate.

Iodine-starch color is altered by the added 
stearates, and this alteration may be pronounced 
under certain conditions (Table 5 ); the value for 
the red color component increased markedly with 
added stearate. With the prepared stearate-starch 
complexes, an increase of 2 units in the red com­
ponent could usually be detected as a visible shift 
toward red-purple, but when only 2 or .1 mg of 
extra-cellular starch from a granule constituted 
the sample, the red color change of only one 
recorded unit was readily visible. Xo significant

changes in AT due to added stearate were obtained 
with any of the levels of starch tested here, despite 
the fact that a color filter is not used for reflec­
tance measurements. All color difference values 
obtained (as in both Tables .1 and 5) fall within 
the blue-purple to red-purple visible difference 
( see Fig. 5 ).

The results agree with those of Bourne ct <?/.
(I960), who reported that sucrose monostearate 
forms insoluble complexes with potato starch. The 
insoluble complex competitively inhibits reaction of 
starch with iodine, reducing color intensity in the 
case of transmission measurements and altering 
the color in the case of reflectance.

CONCLUSIONS
To the author's knowledge, direct meas­

urement of the extra-cellular starch of dehy­
drated potato products has not been pre­
viously reported. Isolation of the extra-cel-

MILLIGRAMS OF E X T R A -C E L L U L A R  STA RCH

Fig. 4. Linear relation between reflection den­
sity (AT) and amount of collected extra-cellular 
starch of different dehydrated potato samples after 
suspension at 150 and 200°F. O, experimental 
samples; A, commercial granules.
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lular starch gel from these products, as ac­
complished here, is efficient. Sample prep­
aration is simple and rapid. Relation be­
tween degree of cell damage, amount of 
extra-cellular starch, and textural qualities 
of the products can be more completely doc­
umented than is possible with the more in­
direct testing methods currently in use.

Reflectance measurement of the stained 
starch is reliable and sensitive; the values 
obtained show close linear relation to starch 
concentration at critical levels and are not 
adversely influenced by added emulsifiers 
such as stearates. The deviation of R d read­
ings for replicate samples, as in Figs. 2 and
3. averages less than 0.025. This is well 
below the change in R d value obtained with 
a difference of 0.5 mg in amount of collected 
starch gel. The method can be augmented 
by sensitive analyses of color difference in 
the starch-iodine complex and by colorimet­
ric transmission measurements. Although 
no single analytical procedure for establish­
ing a texture quality index has the practical 
value of simple organoleptic appraisal, these 
new procedures permit a more complete
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Fig. 5. Graph of l<d color values of gelled starch 
preparations. X  =  the color value of a control 
filter paper soaked in the iodine solution.

understanding of conditions that impair re­
constitution qualities. They may be applied 
either to routine tests or to more detailed 
investigation of starch changes in processed 
potatoes.

Suspension of larger samples and use of 
filter-paper discs larger than those used here 
may be desirable when weight of collected 
starch gel is to be determined. Practical 
limits are imposed by the area of the screen, 
however. In general, the efficiency of sep­
aration of the extra-cellular starch from the 
product progressively decreases with use of 
granule samples exceeding 2 g. Repeated 
washings of the residue on the screen also 
result in an increased passage of intact cells 
smaller than 100 ¡x. in diameter. In addi­
tion, filter-paper discs over 7 cm in diameter 
are awkward to use with the color-difference 
meter.

The fact that added glycerol monostearate 
does not interfere with reflection density 
values requires further interpretation. The 
readily soluble amylose available to complex 
with the stearate is precipitated, and iodine 
absorption in the helix of the amylose mole­
cule is inhibited. The amylose remaining 
in the gel, however, is free to complex with 
iodine. Bourne et al. found that sucrose 
monostearate precipitated 78% of the amy­
lose and only 1 1 % of the amylopectin of 
potato starch.

NOTE
Reference to a company or product name does 

not imply approval or recommendation of the 
product by the U. S. Department of Agriculture 
to the exclusion of others that may he suitable.
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SUMMARY
R ates o f  au toxidation  o f -b e e f  and tuna oxym yoglob ins have been deter­

m ined  at pH  5 .9  w ith various bu ffer  concentrations (0 .1 ,  0 .2 , and 0 .6M ) 
and tem peratures ranging  from  0 to 4 0 °C . T he autoxidation  is first-order with 
respect to un oxid ized  m yoglob in  under all cond itions used . T he rates o f  
ox id ation  o f  tuna oxvm yoglob in  were ind ep en dent o f  buffer concentration , 
w hereas those o f  b e e f m yoglob in  decreased w ith increasing buffer concentra­
tion . Tuna oxvm yoglob in  was ox id ized  m ore slow ly than b eef at 0  to 10°C  
at all bu ffer concentrations, and at h igh er  tem peratures and low  buffer con ­
cen tration ; at h igh  tem peratures and h igh  buffer concen tration , tuna oxym yo- 
glob in  was ox id ized  m ore rapidly than b eef. O xidation  o f  a crude prepara­
tion o f  b ee f oxvm yog lob in  was slow er than that o f  pu rified  m yoglob in .

INTRODUCTION
Proper color of meat and fish products is 

a quality attribute of great importance. In 
fresli meats and some fish, conversion of the 
bright-red pigment, oxvmyoglobin (MbCB), 
to brown-colored metmyoglobin ( Mir ) is 
the major discoloration problem (Watts, 
1954; Brown and Tappel, 1958). This re­
action will also he of considerable importance 
physiologically if myoglobin is susceptible 
to autoxidation in vivo, since Mb' cannot 
be oxygenated.

Snyder and Ayres (1961) recently re­
ported on studies of the rate of autoxidation 
in air at various temperatures of crystallized 
beef muscle myoglobin. A discussion of the 
general problem is included in their paper. 
They found the autoxidation of beef muscle 
myoglobin to be essentially the same as that 
reported by (ieorge and Stratmann (1952 
a, b) for horse heart myoglobin. In another 
recent paper, Matsuura ct al. (1962) de­
scribed autoxidation rates of myoglobins 
from fish, sei whale, and horse.

We have been interested in aspects of the 
comparative biochemistry of myoglobins 
(Brown ct al.. 1962) and were particularly

a This investigation was supported in part by a 
researcli grant, RG-9899, front the National Insti­
tutes of Health, U. S. Public Health Service.

interested in determining if the presence of 
a free sulfhydryl group, apparently unique 
to fish myoglobins (Brown ct al., 1961.
1962). would affect the autoxidation rate. 
The present study involved comparison at 
different temperatures of autoxidation rates 
of highly purified beef and yellowfin tuna 
myoglobins.

EXPERIMENTAL
Materials. Myoglobins were prepared from 

aqueous extracts of lean beef and yellowfin tuna 
(Xeotliunnus macroptcrus) red muscle by repeated 
ammonium sulfate fractionation and/or chroma­
tography on diethylaminoethyl cellulose columns 
as described previously (Brown, 1961). Tbe final 
preparations of purified myoglobins migrated as 
single hands during zone electrophoresis on paper 
or cellulose acetate strips. For the "crude” beef 
myoglobin preparation, muscle was extracted with 
water and the extract was dialyzed against several 
changes of water and finally centrifuged. The re­
sulting extract was clear; no problems with pre­
cipitation were encountered. Stock solutions of 
all preparations were stored frozen; aliquots for 
day-to-day use were kept at about 5°C.

Methods. A volume of myoglobin solution con­
taining 4.0 mg was diluted to 5.0 ml with phos­
phate buffer (0.1, 0.2. or 0.6.1/) in a volumetric 
flask. The final concentration of 0.8 mg per ml 
is approximately 4.7x10 A/. The solution was 
then reduced by the addition of 2.0 mg of sodium 
hydrosulfite, transferred to a 16xl50-mm test tube,

207
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and oxygenated by bubbling a stream of oxygen 
through it for 1 min. The autoxidation was fol­
lowed by measuring the decrease in absorbancy 
at 580 mg with a Cary Model 11 recording spec­
trometer ; a 1-cm cell was used. For the absorb­
ancy readings the spectrum was recorded from 
680 to 480 mg ; thus, the completeness of conver­
sion to tlie oxygenated form at the outset could 
lie determined, as also could eventual conversion 
to Mb+.

For the maintenance of constant temperature 
during the experiments the tubes were immersed 
in a water bath controlled to within ±0.5°C for 
temperatures of 20°C or higher, or controlled to 
within ±0.3°C for the 10° and 0°C series where 
a refrigerated bath was used. Absorbancy readings 
were taken at intervals of 15 or 30 min at the 
higher temperatures and 1 hr or more at lower 
temperatures. All readings were made at room 
temperature, with the samples held at higher tem­
peratures being brought quickly to about 20° C in 
an ice bath ; those held at lower temperatures were 
warmed in a room-temperature water bath. Runs 
were continued from 1 hr for the 40° series up to 
50 hr for the 0° experiments, and to 96 hours for 
crude beef myoglobin at 10°. Finally, a few milli­
grams of potassium ferricyanide were added to 
obtain complete conversion to the oxidized form.

Taking the initial absorbancy reading at 580 mg 
as 100% M b02 and the final reading of the oxi­
dized form as 0% MbCb (100% Mb+), a plot of 
log % M b02 vs. time was made for each run. 
Rate constants were obtained from the slope of 
the straight-line plots thus obtained.

RESULTS AND DISCUSSION

Among the factors influencing rate of oxi­
dation are : 1 ) the amount of sodium hydro­
sulfite used to reduce the myoglobins in the 
preparation of oxymyoglobin ; 2 ) pH ; 3 ) 
buffer concentration; and 4) temperature 
(Snyder and Ayres, 1961 ; Matsuura et a!.,
1962). All of our determinations were done 
on oxymyoglobin reduced with 0.04% so­
dium hydrosulfite, an amount below the 
level at which it affects the oxidation rate 
(Snyder and Ayres, 1961). All determina­
tions were done at a constant pH of 5.9. 
Since the tuna myoglobins start to be de­
natured at pH values of around 5.5 we did 
not wish to use a pH lower than 5.9 in 
order to allow a margin of safety. Buffer 
concentration was varied (0.1 , 0.2 , and
0.6M )  and the temperatures were 0, 10, 20, 
30, 37, and 40°C.

It was found that the autoxidation of 
purified beef and tuna myoglobins was first- 
order with respect to unoxidized myoglobin 
(plots of log % MbOo vs. time yield straight 
lines) at all buffer concentrations and at all 
temperatures. Our data on beef myoglobin 
is similar to data obtained by Snyder and 
Ayres (1961) although actual rate con­
stants, under the same conditions of buffer 
concentration and temperature, were gen­
erally lower in our experiments. We assume 
that this difference is due to differences in 
pH (5.9 vs. 5.7) since Matsuura et al.
(1962) have indicated that rates of oxida­
tion for both fish and mammalian myoglob­
ins increase with decreasing pH. A number 
of runs at the lower temperatures were con­
tinued for prolonged periods, that is, as 
long as 96 hours; the rates of oxidation of 
the purified preparations were remarkably 
constant over the entire oxidation period. 
Data are shown in Table 1.

Table 1. Rate constants (hr ’) for autoxidation 
of myoglobins.

Buffer concentration

°c Myoglobin 0 A M 0.2 M 0.6M

0° Tuna 0.024 0.005 0.002
0.007 0.004

Beef 0.054 0.008 0.004
0.009

10° T una 0.025 0.012 0.009
Beef 0.161 0.016 0.009
Crude beef ...... 0.004 0.003

0.003

20° Tuna 0.043 0.054 0.048
Beef 0.357 0.041 0.034
Crude beef ...... 0.024 0.027

30° Tuna 0.148 0.175 0.152
Beef 0.555 0.170 0.093

0.575
0.515

Crude beef ...... 0.053 0.056

37° Tuna 0.360 0.383
Beef 0.296 0.194
Crude beef ...... 0.119 0.112

40° Tuna 0.681 0.441 0.439
Beef 1.60 0.655 0.2S7

0.577
Crude beef ...... 0.168 0.124
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The effects of buffer concentration were 
opposite to those reported by Matsuura ct at.
(1962), who found oxidation rates to in­
crease with increase of buffer concentration 
from 0.2 to 0.6M. In our experiments the 
rates of oxidation of tuna myoglobin were, 
for the most part, independent of buffer 
concentration, whereas those of beef myo­
globin always decreased with increasing buf­
fer concentration. No explanation is evident.

The tuna myoglobin was oxidized more 
slowly than beef at low temperatures (0° 
and 10°) at all buffer concentrations; it 
was also oxidized more slowly than beef at 
higher temperatures when the buffer con­
centration was low, but at higher tempera­
tures and higher buffer concentration the 
tuna myoglobin was oxidized at rates con­
siderably more rapid that those with beef. 
Snyder and Ayres (1961) suggested that 
the best procedure for maintaining the 
bright-red color of fresh meats would be to 
keep storage temperatures as low above 
freezing as possible. The fact that the rates 
of oxidation of tuna oxymyoglobin show 
pronounced increases with temperature (i.e. 
Qio values range from 1.0 between 0 and 
10°, to 4.6, between 30 and 40°) indicates 
that maintaining low temperatures may be 
of even greater importance for fish products 
that depend on oxymyoglobin for their fresh 
appearance.

Activation energies were calculated (Ta­
ble 2 ) from oxidation rate measurements 
at 0, 10, 20. 30, 37. and 40° for both the 
myoglobins at three buffer concentrations. 
Our values for beef myoglobin are some­
what lower than those of Snyder and Ayres
(1961) ; again, the only apparent difference 
in experimental procedure is the difference 
in pH. Energies of activation of beef myo­
globin were more dependent on buffer mo­
larity than were those of tuna.

A number of determinations were per­
formed with a crude beef myoglobin extract;

Table 2. Activation energies, calories/mole, for 
autoxidation of myoglobins.

B u f f e r  c o n c e n tr a t io n

M y o g lo b in 0 .1  M 0 .2 .1 / 0 .6 .1 /

Yellowfin tuna 1 9 , 9 0 0 1 8 , 6 0 0 2 1 , 9 0 0

Beef 1 3 , 9 0 0 2 0 , 6 0 0 1 8 . 0 0 0

this extract contained seven proteins iden­
tifiable by zone electrophoresis on cellulose 
acetate strips; myoglobin was the major 
component. Rates of oxidation of the myo­
globin were substantially less in this mate­
rial than in purified beef myoglobin, sug­
gesting that the other constituents of the 
extract were exerting a protective effect. 
The oxidation of the crude material followed 
first-order kinetics for about 1 hour at 40°, 
and then increased sharply. This effect 
might be due to loss of protective sulfhvdryl 
groups in some of the other proteins. That 
such protection is due to proteins is sug­
gested also by the fact that the crude extract 
had been dialyzed against several changes 
of water. By implication, therefore, highly 
purified model systems likely give oxida­
tion rates higher than would be observed 
in a meat product, assuming no microbial 
contribution.

W hether the free sulfhydryl of tuna myo­
globins has any protective effect is not clear 
although it may he involved at lower tem­
peratures, at which the rates of oxidation 
of tuna myoglobin were substantially lower 
than those of beef. If this is the case, at 
higher temperatures the sulfhydryl group 
may he oxidized, the protective effect lost, 
and the relatively greater rate of oxidation 
of tuna MbOa follows.
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SUMMARY
R ates o f  ox id ation  o f  so lu tion s o f  h igh ly  pu rified  and “ crude” tuna and  

b ee f oxym voglob ins were m easured at 0 , —5, —10, —1 5 , and —18°C . T he results 
show  that the ox idation  rate decreases w ith low er tem peratures un til so lutions  
actually  so lid ify ; at that tim e the au toxidation  rate increases sharply. T here  
are variations in rates o f  ox idation  betw een tuna and b eef m yoglob ins, as well 
as betw een m yoglob in  so lu tion s at d ifferent buffer concen trations; how ever, 
these are secondary to the changes noted  due to freezing .

INTRODUCTION
It has been suggested that freezing of 

meats per sc is without particular effect on 
color quality (Weir, 1960). However, it 
has been shown that temperature and light 
have marked effects on the stability of color 
in packaged frozen retail beef cuts, where 
the primary cause of discoloration is forma­
tion of metmyoglobin (Mb+) (Townsend 
and Bratzler, 1958). Lane and Bratzler
(1962) found that the formation of Mb+ in 
frozen-meat water extracts was similar to 
the pattern seen in frozen steaks, and was 
significantly increased by exposure to fluo­
rescent lights and by the presence of mag­
nesium and iron chlorides. The primary 
change in color of fish tissue at 0° is due 
to formation of Mb+ (Brown et al., 1957). 
In most fish, the oxymyoglobin (MbCU) 
found along the lateral line changes from 
bright red to the dull brown of Mb+ during 
frozen storage; the change may be sufficient 
to make the product unsalable (Stansbv,
1956).

There have also been tentative sugges­
tions that under certain conditions, color 
deterioration due to Mb+ formation was more 
pronounced in frozen meats and fish than 
in similar products maintained at low tem­
peratures above freezing. Thus the color 
of a few samples of beef stored below 0°F  
was found to be inferior to that of samples

* This investigation was supported in part by a 
research grant, RG-9899, from the National Insti­
tutes of Health, U. S. Public Health Service.

stored at 32-34°F (Ball, 1959). Sana et al.
(1959) found less Mb+ formation in tuna 
meat in polyethylene packages at 0° than at 
—5°C.

Several recent papers have presented data 
on the autoxidation of various myoglobins 
at 0°C or higher (Brown and Dolev, 1962; 
Snyder and Ayres, 1961; Matsuura et al.,
1962). In the present work the autoxida­
tion of highly purified beef and tuna myo­
globins was studied in solution at tempera­
tures below freezing to determine what, if 
any, effect the physical change of ice forma­
tion would have on the oxidation reaction.

EXPERIMENTAL
Sources of materials, preparation of “crude” 

and highly purified myoglobins, and experimental 
methods were described in a preceding paper 
(Brown and Dolev, 1963). In brief, “crude” beef 
and tuna myoglobin solutions were aqueous ex­
tracts of muscle that had been centrifuged and 
dialyzed against several changes of water. Puri­
fied myoglobins were prepared by ammonium sul­
fate fractionation of muscle extracts followed by 
DEAE-cellulose chromatography; these prepara­
tions were electrophoretically homogeneous. For­
mation of Mb+ in solutions held at the indicated 
temperatures was determined spectrophotometri- 
cally hy recording the spectral absorption curve 
in the visible region. Before being read, samples 
were thawed and/or brought to 10° C or higher 
in a water bath maintained at room temperature.

RESULTS AND DISCUSSION
All of the myoglobin solutions were oxi­

dized more slowly at —5° than at 0°, al­
211
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though rates differed with buffer concen­
tration. The rates were usually lower at 
higher buffer concentrations, particularly 
with beef myoglobin. At —5° none of the 
solutions were frozen. At —10°, however, 
the solutions were frozen and the rates of 
oxidation sharply increased. For most of 
the samples, the oxidation rate continued 
to increase as the temperature was lowered 
to —15°. For tuna myoglobin in 0.6M  buf­
fer, however, the rate was lower at —15° 
than at —10° ; similarly, for two samples 
(beef and tuna myoglobins in 0.1 M  buffer) 
run at —18°, the rates of oxidation were 
lower than at —15°. Data are presented in 
Figs. 1 and 2. We interpret these results 
as indicating that as a result of the physical 
changes involved in freezing, rates of oxi­
dation increase, in most cases very substan­
tially. Note that the figures show logarithms 
of the rate constants. These increases in 
autoxidation rates presumably reflect the 
establishment of a more suitable myoglobin-

Fig. 1. Rates of oxidation of purified yellowfin 
tuna oxymyoglobin at various temperatures.

: err r e r a l u r e ,  °C

Fig. 2. Rates of oxidation of purified beef oxy­
myoglobin at various temperatures.

oxygen environment. Under certain condi­
tions there will be localized areas in which 
myoglobin will be concentrated during the 
freezing process; this is followed by local­
ized thawing. On a number of occasions 
this phenomenon was observed in samples 
in this study; invariably, such samples oxi­
dized at much higher rates. The increase 
in rate of oxidation brought about by the 
freezing process apparently begins to be 
counteracted by the negative effect of the 
lower temperature; hence, the observation 
in some of the samples of a “maximum” 
oxidation rate at some sub-freezing tem­
perature.

Samples of “crude” beef and tuna myo­
globins similarly studied gave essentially 
the same results, except that the rates in 
every case at comparable buffer concentra­
tions were always lower, reflecting the pro­
tective effect of proteins other than myo­
globin in such extracts. These differences 
in rates between “crude” and purified myo­
globins were greatest at higher tempera­
tures, and at very low temperatures ( —15°) 
were almost absent. “Crude" beef myoglobin 
in 0.6M buffer at —15° showed a reduc­
tion in rate of oxidation after several hours; 
both the initial rate and the secondary one 
were first-order, with the latter being slower. 
All other samples oxidized at a steady rate. 
In an effort to see if repeated freezing and 
thawing had an effect on autoxidation, rep­
licate samples were taken from the same 
solution of “crude” beef myoglobin and 
held at — 10°C. Some samples were repeat­
edly removed at various time intervals (for 
example at 1, 3, 5, 8 hr, etc.), whereas 
others were undisturbed for several hours 
before the first reading was made. The re­
sults are in Table 1. At —10° these solu­
tions are just below their freezing point, 
and on certain occasions that could not be 
predicted or controlled, specific samples 
would be supercooled and not freeze. Read­
ings were continued on these samples, and 
the results clearly indicate that at this low 
temperature the rate of autoxidation is ex­
tremely slow when the solution is not ac­
tually frozen, compared to a duplicate solu­
tion that has solidified. The results also 
indicate that repeated freezing and thawing 
does not have a strong effect on oxidation
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Table 1. Autoxidation of replicate “crude” beef myoglobin samples at — 10°C, 0.2.1/ buffer, 
pH S.9. Readings shown are absorbancies at 580 m^; lowering indicates transformation of 
MbCb to Mb+. Final value is after oxidation with ferricyanide.

Time (h r)

Sample 0 1 3 5 8 24 51 120 Final

A .485 .425 .365 .330 .280 .270" .265“ .255“ .110
B .485 .380 .335 .290 .180 .130 .100
C .485 .345 .295 .185 .155“ .115 .100
D .485 .305 .185 .130 .115 .100
E .485 .190 .140 .115 .105

Av. .485 .425 .372 .337 .292 .184 .139 .115 .103
a Sample did not freeze following the previous reading; these values not included in averages.

rate; of much greater importance is the 
fact that the solution has become solid.

Two constants can be calculated for solu­
tions that did not freeze, since their autoxi­
dation curves show sharp breaks. For the 
other samples in this series, calculated rate 
constants were 0.010-0.037 hr L The sig­
nificant increases in autoxidation rate noted 
as a result of freezing solutions of purified 
myoglobins suggests that this behavior is 
not without importance technologically.
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SUMMARY
P aper electroph oretic  separation  o f  p igm ents in  b eet extracts and in  intact 

tissue was investigated . P igm en ts in  an extract were separated into  9  d istinct 
bands up on  electrophoresis w ith 0 .15M  pyridine-citric acid buffer , pH  4 .5 . A 
tech n iq u e is presented  fo r  the re-electrophoresis o f  p igm ents in  p ap er section  
o f  an  e lectrophoretogram . U sin g  a veronal bu ffer  (p H  8 .6 )  during re-electro­
phoresis, h eterogeneity  o f  the p igm en ts in  m ajor red and m ajor yellow  bands 
was d isp layed . U nder sp ecific  cond itions, beet p igm ents in  a th in  section  o f  
tissue could  be resolved by electrophoresis.

INTRODUCTION
Simple methods for the separation of all 

pigments in the red root of the beet (Beta 
vulgaris) would be advantageous for deter­
mining the proportions of various pigments 
in the raw beet and for investigating the 
degradation of the coloring matter through­
out the canning procedure. Beet pigments 
have been separated by the methods of col­
umn chromatography, column electropho­
resis, and paper electrophoresis. According 
to Aronoff and Aronoff (1948), beet pig­
ments in an extract were fractionated chro- 
matographically on a talc-siliceous earth col­
umn into at least 11 colored bands. The 
pigments were isolated from the extruded 
column. By using the technique of column 
electrophoresis or modified column electro­
phoresis, the major red pigment called beta- 
nin has been recovered from other pigments 
(Lindstedt, 1956; Wyler and Dreiding, 
1957; Peterson and Joslyn, 1960). Several 
investigators have reported that beet pig­
ments can he separated on paper by electro­
phoresis. Schmidt and Schonleben (1956) 
found that betanin migrated toward the 
anode during electrophoresis when the pH 
of the buffer was above the isoelectric point 
(about pH 2). According to Lindstedt
(1956), pigments of red beets were sepa­
rated into at least 7 colored zones upon elec­
trophoresis (6.3 V/cm ) with a 0.11W ci­
trate buffer, pH 5.5. Reznik (1957) showed 
that high-voltage electrophoresis (30-40 
V/cm ) was more effective than low-voltage

electrophoresis (3.93 V/cm ) for resolving 
beet pigments on paper. Nine colored bands, 
including a major violet-red zone and a 
major yellow zone, were formed when high- 
voltage electrophoresis was carried out with 
a phosphate buffer, pH 6.64, ^  =  0.066. 
With the aid of paper electrophoresis, Wyler 
et al. (1959) found that, along with betanin, 
3 related violet compounds occurred in the 
red beet.

Low-voltage paper electrophoresis is a 
convenient, inexpensive method for frac­
tionating electrically-charged constituents. 
Although several investigators have shown 
that both yellow and violet-red pigments of 
the beet can be separated into bands, de­
tailed information on the resolution of red 
beet pigments by low-voltage paper electro­
phoresis with many types of buffers has not 
been reported. This investigation was un­
dertaken to determine optimum conditions 
for the separation of pigments in beet ex­
tracts and in intact beet tissue by paper 
electrophoresis.

MATERIALS AND METHODS
Beet extract. Detroit Dark Red beets, with 

3—3.5-in. diameters, were cut into small pieces 
and lyophilized. The lyophilized material was 
ground in a Wiley mill to pass a 60-mesh screen. 
The beet powder was stored in an air-tight con­
tainer at —18°C.

Beet pigment extracts were prepared frequently 
with lyophilized beet powder throughout the ex­
periment. To 1 g of lyophilized beet powder, 10 
ml of 60% ethanol solution was added with stir-
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ring. The mixture was allowed to stand 30 min 
at about 23 °C, and was filtered through a sintercd- 
glass filter under vacuum. The residue was ex­
tracted for 10 min with 10-, 5-, and 5-ml portions 
of 60% ethanol solution. To the combined filtrates 
was added ISO ml of anhydrous ethyl ether. After 
mixing in a separatory funnel, the mixture was 
allowed to stand for 1 hr at about 23 "C. The 
concentrated pigment extract was placed in an­
other funnel with 10 ml of 99% methanol. After 
the addition of 100 ml of anhydrous ethyl ether, 
the mixture was shaken vigorously and allowed 
to stand for IS min at room temperature. The 
extract, removed from the ether, was concen­
trated to about 1.7 ml by passing dry nitrogen 
gas over the surface of the extract. The extract 
was stored under nitrogen at —18°C.

Beet tissue sections. Both fresh red beets of an 
unknown variety and frozen ( —18°C for about 8 
months) Ruby Queen beets were used for the 
preparation of beet tissue sections. Each beet 
sample, about 7 mm wide, 23 mm long, and 10 mm 
deep, was frozen to a CO- freezing chamber of 
a microtome. After partial thawing of the tissue, 
thin sections were cut with a razor blade mounted 
on a Spencer microtome.

Electrophoresis. The Spinco model R electro­
phoresis system was used exclusively in this study. 
Eight paper strips, S & S No. 2043 A, were used 
for each electrophoretic run. Electrophoresis was 
conducted either at room temperature (about 
23°C) or at 3°C with a voltage gradient (V /l)  
of 5.2 volts/cm. Paper strips, saturated with buffer, 
were held for at least 20 min at 23°C or 12 hr at 
3°C prior to sample application. To each strip,
0.02 ml of beet extract was applied by a sample 
applicator.

For re-electrophoresis of soluble pigments in 
a paper section of an electrophoretogram, the pig­
ments were concentrated first in a small area by 
capillary flow of the selected buffer according to 
the following procedure. A piece of S & S no. 
2043 A paper, 30 X 45 mm, was placed on a sili­
cone-treated glass plate ( small dimension of paper 
at top) resting on the inside wall of a 250-ml 
beaker containing the selected buffer. The buffer 
was allowed to flow up the paper while the strip 
was immersed to the depth of 5 mm. The im­
mersed, buffer-saturated paper strip was held at 
23°C for at least 5 min. Each pigment fraction 
was cut from the electrophoretogram so that 5 
mm of unpigmented paper was included at one 
end of the section. This unpigmented portion of 
the section was pressed onto the top of the buffer- 
saturated filter paper. To hasten the upward 
movement for concentration of the pigment, dry 
nitrogen was trained on the upper end of the sec­
tion. A glass plate was used to prevent gas flow

on the lower portion of the section. The narrow 
pigmented segment (about 5 mm wide) was cut 
from the upper end of the section and pressed 
firmly onto a buffer-saturated strip in an off- 
center position between glass support rods. The 
adhesion of the pigmented segment to the paper 
strip was facilitated by applying 0.05 ml of buffer 
at the desired position just prior to placement of 
the segment. The electrical polarity was selected 
so that the pigments migrated down the paper 
strips.

Beet-pigment tissue sections were placed on 
buffer-saturated paper strips in an off-center posi­
tion between two glass support rods in the ridge­
pole electrophoretic cell. The tissue was pressed 
firmly to the paper with a metal spatula. The 
sections were allowed to equilibrate with the buf­
fer for about 15 min prior to electrophoresis. Fol­
lowing each run, the strips were dried under a 
fan at room temperature (about 23°C). The dried 
strips were scanned immediately by an Analytrol 
densitometer, Model RB, having 550-m/i inter­
ference filters. 1.5 mm-slit width, and a B-2 cam. 
The Analytrol recorded the optical density be­
tween 0 and 1.5 for pigments along each strip.

The absorption spectra of beet pigments were 
determined with a Beckman DK-2 spectropho­
tometer. For this purpose, the beet pigments were 
eluted from paper sections with 0.1.1/ citrate- 
phosphate buffer, pH 5.0.

RESULTS AND DISCUSSION
Electrophoretic separation of pigments 

in beet extract. For the preparation of 
a beet pigment extract, lyophilized beet pow­
der was extracted with 60% ethanol so that 
extraneous matter such as proteins (includ­
ing enzymes) and polysaccharides would be 
precipitated. Xo attempt was made to re­
move the large amount of sucrose in the beet 
extract. Sucrose, being a non-migrating 
constituent under the experimental condi­
tions. was considered to he unobjectionable 
even though it was responsible for the high 
viscosity of the concentrated extract. Pre­
sumably the naturally-occurring pigments 
were extracted effectively with the 60% 
ethanol solution since they could not be de­
tected in the cellulosic residue. As shown in 
Fig. 1. the visible absorption spectrum of 
beet pigments in a buffered extract (pH 5) 
had two major peaks, at about 478 and 530 
m/j.. Judging from the absorption spectra 
of isolated beet pigments (Aronoff and 
Aronoff, 1948; Wyler and Dreiding, 1957),
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W A V E L E N G T H  , mj j

Fig. 1. Absorption spectrum of beet pigments 
in a buffered extract (pH 5.0).

the two maxima can lie attributed to the 
high concentrations of both yellow-orange 
and red pigments.

During paper electrophoresis, all of the 
beet pigments migrated toward the positive 
electrode when the buffers used had pi I 
values between 4.5 and 8.6. With buffers 
including phosphate (pH 6.5, 7.4), phos­
phate—citric acid (pH 4.6), pyridine-acetic 
acid (pH 4.8), and pyridine-citric acid (pH
4.5), two major pigment bands—red (R) 
and yellow (M Y )—were separated, along 
with 3-7 minor yellow, pink, and orange 
bands. A non-mobile brown band was ap­
parent at the origin of each electrophoreto- 
gram. This brown pigment undoubtedly 
was the result of oxidation of phenolic com­
pounds. As shown in Fig. 2. the sequence 
of pigments from the origin was similar 
when the above-mentioned buffers were used 
for electrophoresis. However, with phos­
phate and phosphate-citric acid buffers, the 
electrophoretograms had an overlapping of 
the major yellow band with a minor pink 
band (Fig. 2-A,B,C). This overlapping was 
obviated by using pyridine as the base in a 
buffer. The pyridine-acetic acid buffer, pi 1
4.8, was satisfactory from the standpoint of 
preventing the pink-yellow overlap, but the

major red pigment tailed excessively. Fig­
ment resolution was much better when
0.154/ pvridine-citric acid buffer was used 
instead of pyridine-acetic acid buffer. Reso­
lution was improved further when electro­
phoresis was conducted at 3°C instead of 
room temperature. For instance, pigment 
boundaries were irregular when electropho­
resis was conducted at about 253C. because 
of excessive evaporation created by high 
buffer conductivity. In contrast, band 
boundaries were straight and pigments were 
resolved into 9 distinct zones with the buf­
fer at 3°C (Fig. 2-E). The Analytrol trace 
(Fig. 3) of the above-mentioned electro- 
phoretogram shows 4 peaks, which repre­
sent 4 red pigments. Sharp peaks are net 
apparent for the two orange pigments. This 
trace illustrates a typical relation of minor 
amounts of orange and red (pink-colored 
bands ) pigments in contrast to the large 
quantity of pigment in the major red pig­
ment band (R) .  Wyler et <;/. (1959) re­
ported that, in addition to betanin. 3 re-

origin
1 + -

4  H R S  
2  5 *C

4 H R S  
2 5  ° C

5 H R S  
2  5 “ C

7 -5  HR S 
2 5  ° C

7 - 5  H R S 
3 ° C

Fig. 2. Electrophoretograms of beet pigments. 
A) phosphate buffer, pH 6.5, m = 0 .1 ; B) phos­
phate buffer, pH 7.4, /x = 0.1 ; C) phosphate-citric 
acid buffer, pH 4.6, 0.14/ ; D) pyridine-acetic 
acid buffer, pH 4.6, 0.1 M  ; E) pyridine-citric acic 
buffer, pH 4.5, 0.15M. Band color : O-orange.
P-pink, R-red (major red), Y-light yellow, MY- 
deep yellow (major yellow), L-overlap of pink 
( P) and deep yellow (M Y).
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Fig. 3. Analytrol trace of beet pigment electro- 
phoretogram with pyridine-citric acid buffer, pH 
4.5, 0.15.1/ (electrophoresis for 7.5 hr at 3°C). 
Band color: O-orange, P-pink, R-red.

lated violet pigments were present in the 
red beet. Yellow pigments do not absorb 
significant amounts of light energy in the 
550-m/a region, and consequently cannot be 
detected in the trace. The high optical-den­
sity value at the origin of the electrophoret- 
ogram is due to the presence of brown pig­
ments.

With a veronal buffer (pH 8.6, ¡x =
0.075 ) one major purplish-red and two ma­
jor yellow bands, along with minor purplish- 
red and yellow bands, were obtained during 
electrophoresis. No orange bands were de­
tected under these buffer conditions. An 
advantage for the use of veronal buffer 
rather than buffers with lower pH values 
is that the major red pigment (R ) migrated 
in a narrow band, with almost all of the 
yellow pigments in preceding bands.

Under specific electrophoretic conditions, 
the electrophoretograms could be repro­
duced. The standard deviations of the mean 
values for migration distance (M ) and hand 
width (B W ) of pigments on electrophoreto­
grams were very small.

Mobility and band width of the beet pig­
ments are influenced by the type and ionic

strength of the buffer. Table 1 indicates that 
the migration of pigments increased with 
a small pH increment (A 0.9) of the phos­
phate buffer, n =  0.1. Except with the ma­
jor red band (R ), the zones were broader 
at the higher pH value. With an increase 
in pH, the negative charge on the pigment 
molecules undoubtedly increases. Accord­
ing to Mabry ct al. (1962), three ionizable 
carboxyl groups are present in betanin. 
Thus, a decrease of hydrogen ions in a buffer 
would provide greater negativity to the beta­
nin because of greater dissociation of the 
carboxyl groups.

Table 2 indicates that the ionic strength 
of the phosphate-citrate buffer influences 
the migration distance (M ) and band width 
(BW ) of some beet pigments. The migra­
tion distance and band width of the minor 
pink band near the origin were not influ­
enced markedly by an alteration of ionic 
strength. When ionic strength was increased 
to 0.167, excessive evaporation caused an 
irregular major red band. The narrow ma­
jor red bands (R ) on electrophoretograms 
obtained with buffers having ionic strengths 
of 0.1 and 0.167 permitted detection of an 
orange-yellow zone, just behind the major 
red band (R ). The band width of the major 
yellow pigment could not be determined, be­
cause the overlapping pink band obscured 
the tailing boundary of the yellow pigment.

In an effort to determine the heteroge­
neity of the major red (R ) and major yellow 
(M Y) bands of the electrophoretogram ob­
tained with 0.15/1/ pyridine-citric acid buf­
fer (pH 4.5). re-electrophoresis of these 
pigments was carried out with veronal buf-

Table 1. The influence of buffer pH on the 
electrophoretic migration (M ) and band width 
(BW ) of beet pigments (in mm).

Band
color

B uffer a

A (pH  6.5) B (p H  7 .4)

M » BW  b M BW

Pink 16 7 21 8

Major red 55 25 59 26
Pink 73 12 83 19
Major yellow 77 83
Yellow 81 4 91 8

Yelow 94 7 106 10

a Phosphate buffer, ¿i = 0.1. 
" Mean for 6 strips.
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Table 2. Influence of ionic strength on the electrophoretic migration (M ) and band width 
(BW ) of beet pigments (in mm).

I o n ic  s t r e n g t h  a

0.025 0.05 0 .1 0.167

c o lo r M  b BW  b M BW M BW M BW

Pink 1 9 8 20 9 1 8 5 1 7 8

Major red 7 4 4 5 7 3 2 9 5 9 17 4 4 1 4

Pink 9 7 1 6 9 5 1 3 7 7 8 6 0 10
Major yellow 102 102 8 3 6 7

a Phosphate-citrate buffer, pH 4.6. 
b Mean for 6 strips.

fer, pH 8.6. Prior to re-electrophoresis the 
major red hand (R ) was divided into a 
highly pigmented zone (R i) and a less pig­
mented tailing zone (R2). With zone R1; 
one purplish-red hand and two minor yellow 
bands were separated electrophoretically. 
The tailing zone (R2) yielded a purplish- 
red band and four light yellow hands. Pig­
ments in the major yellow band (MY ) were 
separated electrophoretically into one deeply- 
colored yellow band and one light-yellow 
hand. Table 3 shows the migration dis­
tances ( M ) and band widths ( BW ) for 
the pigments in the major red (R ) and 
yellow (Y ) bands.

Fig. 4. Visible spectra of some beet pigments 
eluted (citrate buffer, pH 5.0) from bands of 
electrophoretograms (0.154/ pyridine-citric acid 
buffer, pH 4.5). Band color: O-orange, P-pink, 
(near MV band), Ri-red, IT-red, MY-deep yellow.

Fig. 4 shows the visible spectra of some 
pigments eluted with citrate buffer (pi I 5) 
from sections of electrophoretograms ob­
tained with 0.154/ pyridine-citric acid buf­
fer (pH 4.5 ). The pigments in zones Ri 
and R2 of the major red hand (R ) had simi­
lar visible spectra with maximum absorp­
tion at about 530 nip.. With pure betanin, 
the (visible) absorption spectra as reported 
by Wyler and Dreiding (1957) and Peter­
son and Joslyn (1958) were similar to that 
in Fig. 4. The assumption may be made 
that the red pigment in the major red band
(R ) is betanin. With eluted pigments from 
the major yellow hand, a spectrum was ob­
tained having a peak between 460 and 470 
mfi. In the ultraviolet region, all of the 
eluted red, yellow, and orange pigments had 
the same spectra, with 2 peaks at about 250 
and 255 nip. A small amount of pyridine,

Table 4. Results (in mm) of re-electrophoresis 
of the major red and major yellow bands of the 
electrophoretogram obtained with 0.15.1/ pyridine- 
citric acid buffer (pH 4.5).
E le c tr o p h o r e t ic  

s e c t io n s  a
B a n d
c o lo r M  b BW '*

Major red, Ri purplish-red 59 9
yellow 65 6
yellow 89 7

Major red, R2 yellow 20 9

yellow 3 4 10
purplish-red 56 16
yellow 62 6
yellow 71 3

A Taj or yellow yellow 62 6
yellow 68 3

* Obtained from electrophoretograms, using vero­
nal buffer, pH 8 .6 , p = 0.075. 

b Mean for 3 strips.
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Fig. 5. Spectra of some pigments eluted from re-electrophoretograms ( veronal buffer, 
pH 8 .6 , g = 0.075!. 1) red pigment from R, band; 2) red pigment from R2 band; 3) deep 
yellow pigment from MY band; 4) light yellow pigment from MY band.

eluted from the paper sections, proved to be 
responsible for these peaks.

The spectra of some pigments eluted from 
re-electrophoretograms are presented in b ig.
5. As might he expected, the visible spectra 
of the purplish-red pigments from zones Rt 
and R2 had maximum absorption at about 
530 ntfi. In the region between 260 and 340 
lii/x. no appreciable absorption was exhibited 
with these red pigments. However, in the 
ultraviolet spectrum of crystalline betanin 
prepared by Wyler and Dreiding ( 1957) 
and Peterson and Joslyn (1960). a slight 
amount of absorption was shown in the 
region between 240 and 300 m/a. Peterson 
and Joslyn (1958. 1960) implied that an 
absorption band in the ultraviolet spectrum 
of betanin is an impurity. A crude fraction 
of the major red beet pigment displayed 
marked ultraviolet absorption in the region 
of 240-300 m,u (Aronoff and Aronoff,
1948). The deep-yellow hand of the re- 
electrophoretogram for the major yellow 
hand (M Y) had an optimum absorption at 
about 465 m/a. The absorption band for 
the minor yellow pigment from the major 
vellow hand (M Y) was very broad and had 
an optimum absorption between 435 to 445 
m/a.

Electrophoretic separation of pigments 
in beet tissue. The electrophoretic separa­
tion of pigments from intact beet tissue in­

volves very few simple techniques, includ­
ing the cutting of tissue into thin sections 
with a microtome and applying the sections 
on buffer-saturated paper. The thickness 
and width of the sections are critical for 
successful resolution of the pigments and 
prevention of tailing. A section suitable for 
electrophoresis must be flexible enough to 
adhere completely to the buffer-saturated 
paper and must contain a sufficient amount 
of minor pigments so that the minor hands 
can be detected. The optimum thickness of 
a tissue section with a width of about 7 mm 
was found to be about 200-240 /a. Tailing 
of pigments was excessive when the thick­
ness of the tissue was much greater than 
about 240 /a.

Using a 0.154/ pyridine-citric acid buffer, 
pigments in sections cut from fresh beets 
of an unknown variety were separated elec- 
trophoretically into 7 distinct bands ( Fig.
6). The tissue sections after electrophoresis

Fig. 6 . Electroplioretogram of pigments sepa­
rated from beet tissue (0.15.1/ pvridine-citric acid 
buffer, pH 4.5).
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were slightly brown, but no naturally-oc­
curring pigments could be detected visually. 
When fresh tissue was frozen 44 hr in a 
freezer at — 18°C, the pigments migrated on 
paper, during electrophoresis, more rapidly 
than pigments from unfrozen tissue. The 
disruption of the cellular structure by ice 
crystals was presumably responsible for the 
improvement in migration.

Even with tissue from Ruby Queen beets 
that had been frozen 8 months at —18°C, 
resolution of pigments was excellent during 
paper electrophoresis. The Analytrol trace 
of an electrophoretogram with Ruby Queen 
beet pigments is presented in Fig. 7. Defi­
nite peaks representing the red and orange 
pigments are shown in the trace. Major red 
and major yellow bands were cut from each 
of 3 beet-tissue electrophoretograms. The 
pigments were eluted with 0.1.1/ citrate buf-

Fig. 7. Analytrol trace of a beet-tissue electro- 
phoretogram with 0.15M pyridine-citric acid buffer, 
pH 4.5 (Ruby Queen beets frozen for 8  months 
a t —18°C). Band color: O-orange, P-pink, R-red.

fer, pH 5.0, and solutions were brought up 
to a specific volume (4 ml for the major 
yellow pigment and 10 ml for the major red 
pigment). Optical density values were de­
termined at 530 mp. for red-pigment solu­
tion and at 470 nip. for the yellow solution. 
The values of ratio OD530/O D 47o for the 3 
electrophoretograms were 3.2, 3.2, and 3.5. 
Valuable information on the degradation of 
major pigments by physical and chemical 
treatments could undoubtedly be obtained 
from the pigment optical-density ratios.
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SUMMARY
T he gross chem ical com position  o f  the R on gelapese d iet ind icates that 

it is low  in fa t, protein , and ash but fa irly  h igh  in carbohydrate. T he varia­
tion in gross chem ical com position  o f  the d iets exam in ed  m ay be accounted for  
by the broad variability o f  the d ifferent d iets. T he habitat o f  the R on gelapese  
probably does not dem and a h igh-energy d iet, w hich m ay partially  justify  
the low er fa t in take. Levels o f  ca lc ium  and ph osp horus seem  below the  
m inim um  required fo r  m aintenance o f  a proper calcium -phosphorus balance. 
T he diet seem s adequate in m agnesium  and potassium  hut slightly  low  in  
sod ium . T he n ick el, cobalt, and copper conten ts seem  h igh  in the R ongelap  
rations, m angan ese  content is low , and iron and zin c com pare favorably with  
m in im u m  daily requirem ents.

f lig h t  levels o f  cobalt-60  and zinc-65 are associated with each other and  
with rations con ta in in g  local fish . T he h igh er  levels o f  strontium -90 and  
cesiu m -137  are fo u n d  where local fru it was consu m ed . Coconut contributes  
little  strontium -90, and pandanus the m ost. R ations with h igher z inc-65  
also  contain  h igh er  leve ls o f  stab le z in c, ind icatin g  that local sea foods m ay 
he the m ain source o f  zinc in the d iet. C esium -137 , strontium -90 , and cobalt-60  
show no d efin ite  correlation  with stab le potassium , ca lc ium , and cobalt, re­
spectively . T here is probably a net addition o f  m inerals to R on gelap  soils  
from  im ported foods.

INTRODUCTION
Rongelap Atoll was contaminated with 

radioactive fallout resulting from the Bravo 
test, on March 1, 1954, to the extent that the 
population of 82 Rongelapese had to he evac­
uated. Some 200 Marshallese returned to 
Rongelap in June, 1957, after the area had 
been declared again safe for human habita­
tion. Since 1954 several surveys bave deter­
mined levels of radioactive contamination 
at Rongelap Atoll (Dunning. 1957 ). In 
March. 1958, a study of the ecology of the 
atoll relative to radioactive contamination 
was initiated at the request of the U. S. 
Atomic Energy Commission, Division of 
Biology and Medicine.

( )ne of the objectives of the present in­
vestigation was to determine the amount and

a Operated by the University of Washington 
under Contract Xo. AT (45-1) 1385 with the 
United States Atomic Energy Commission.

kinds of radionuclides and minerals ingested 
by the Rongelapese through foods. Eat, pro­
tein, and carbohydrate were determined to 
provide a basis of comparison with known 
diets. To our knowledge there are no pub­
lished data on the diet of the Rongelapese.

Rongelap Atoll lies in the northern Mar­
shall Islands, an area of comparatively low 
rainfall and limited variety of agricultural 
products. The principal plants eaten are 
coconut, breadfruit, pandanus. and the arrow- 
root, or tacca ; some squash and papaya are 
also grown. Bananas and taro have been 
introduced but are not yet in full production.

Fish, clams, langusta, birds, chickens, and 
pigs are eaten. ( )f these, the most important 
is fish. The coconut crab, Birgits Intro, is 
considered a delicacy but is the one food 
item excluded from the diet because of the 
strontium-90 content (Dunning, 1957).

The coconut, “N i” in Marshallese, is eaten 
at different stages of development. The juice
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from the immature nut is preferred for drink­
ing, and only rarely is the germinated nut 
eaten. Copra, the dried coconut meat, is a 
staple eaten alone or mixed with other foods.

The coconut sap is collected from the cut 
ends of inflorescences of coconut trees set 
aside for this purpose in the village area. 
The fresh sap is partaken of by all age 
groups, and the fermented sap, “jekro” or 
“jugaroo,” is consumed by adults.

Breadfruit (Ma) is eaten either baked or 
boiled, and also is made into a preparation 
referred to as “cheese.” To make “cheese,” 
the skin is removed and the pulp is placed in 
salt water for three days, then wrapped in 
breadfruit leaves and buried in the sand for 
at least one week before it is eaten. The 
Rongelapese claim that this “cheese” will 
keep two years or more in the sand.

Pandanus (Bop) is eaten fresh, boiled, or 
baked. “Jenkun,” a preparation said to keep 
for more than five years, is prepared by 
baking or boiling the Pandanus keys and 
scraping out the pulp. The pulp is dried, 
usually on sheet metal, over coals until it 
reaches the consistency of fudge. The dried 
pulp is pressed into a roll and wrapped in 
Pandanus or coconut leaves. Slices are cut 
off as needed.

Tacca or arrowroot (Mokmok) tubers are 
washed with sea water, crushed and passed 
through a sieve into a pan of sea water, and 
allowed to settle for three or four hours. 
When the starch begins to coagulate, the 
water is decanted. Sea-water washes are 
repeated several times, followed by one 
fresh-water wash. Finally the starch is dried 
and stored as a powder. The powder is 
mixed with water for use, and either eaten 
immediately as prepared or boiled or baked.

The papaya is eaten fresh, sometimes 
mixed with rice or grated coconut.

The fish consumed are primarily reef fish 
such as the goatfish, Mulloidicthys sp., mul­
let, Neomyxus sp., surgeon-fish, Acanthurus 
sp., and the siganids. The fish are eaten 
baked, boiled, or raw. The three fish we 
have observed the Rongelapese to eat raw 
are goatfish, mullet, and siganids. Fish are 
also preserved by baking and then drying in 
the sun. Sometimes salt is added before the 
fish are dried.

The langusta, spiny lobster, is eaten boiled. 
The clams are either boiled as a chowder or 
baked in the shell in a covered pit. The clam 
meat is sometimes also dried in the sun after 
baking and kept for several days.

Birds are eaten either baked or boiled, 
and are also dried following precooking. 
Bird eggs, usually hard boiled, form only an 
incidental part of the diet; they are used 
principally when the Rongelapese are visit­
ing islands other than their main island or 
nearby Ailinginae Atoll.

Pig and chicken are eaten primarily on 
special occasions.

The source of fresh water in the area is 
cisterns. Ground water, though potable in 
certain areas during the rainy season, is not 
ordinarily drunk.

Of the imported foods, rice, wheat flour, 
and canned corned beef appear to be the 
most important. Many other products are 
imported from time to time, such as sardines, 
C-ration, ship’s biscuit, and candy. In 1958 
large quantities of C-rations were consumed. 
Many individuals prefer the imported foods.

MATERIALS AND METHODS
The samples were collected during a single

24-hr period in September, 1959, at Rongelap 
Island, taking care that the composition and the 
amount corresponded to the composition and 
amount actually eaten by the individual. (Bwio 
Soap, former village secretary, and Neil Morriss, 
Trust Territory Resident Agriculturist at Ronge­
lap Atoll at that time, or one of the authors col­
lected each sample.) Wet weights of the samples 
were taken in the field. The samples were then 
dried at 90°C and shipped to the University of 
Washington, Seattle.

Caution must be used in collecting to be reason­
ably sure that such daily rations are a true repre­
sentation. Misunderstanding and a misguided 
desire to please can easily lead some Rongelapese 
to provide merely a collection of miscellaneous 
food items rather than actual daily rations of pre­
pared food. It was felt that a few samples com­
posed of items and portions actually seen to be 
consumed were preferable to many samples of 
uncertain origin. Consequently, some samples prof­
fered by individuals were discarded.

Even so, there are obvious discrepancies. Sample 
number 3 (Table 1), for example, appears to be 
ridiculously low in the total amount consumed. 
Doubtless there must have been some “snacking," 
but the eating habits of the Rongelapese are irregu-
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Table 1. Description of food rations collected at 
Rongelap Island in September, 1959 (each sample 
is a 24-hr ration).

Sample
no. Description

W et \vt.
(g)

Total 
dry wt. 

(g)

l a) Pandanus paste, boiled
rice and baked fish
(mixed) 253 374.68

b) Partly baked bread dough
with bully beef 252

c ) Bully beef sandwiches 195

2 a ) Coconut meat (green) 30 175.85
b) Pandanus “pie” 16
c ) Baked fish 23
d) Sardines, canned 20

e) Boiled rice w/coconut milk 249

3 a ) Breadfruit, baked 41 87.12
b) Coconut and bread dough,

baked 24
c) Bread 31
d) Bully beef 17
e) Ship's biscuit 13
f) Rice w/coconut milk,

boiled 49

4 a ) Coconut, ripe 72 321.69
b) V2 papaya 57
c) Rice and fish mixed 306
d) Bread, local (coconut

milk, not saved) 81

5 a) Rice and fish mixed 243 203.16
b) Bread, local 80
c) Rice 197

6 a) Breadfruit, baked 203 484.10
b) Coconut w/baked dough 203
c ) Fish, baked 126
d) Bread, local 75
e) Coconut, entire 50
f) Rice, boiled 291
g) Sardines, canned 154

7 a) Pandanus keys, raw 115 314.90
b) Goatfish, baked 26
c ) Sardines, canned 101
d) Rice, boiled 721

8 a) Fish, baked 155 440.50
b) Bread, local 145
c ) Bully beef 66
d) Sardines, canned 94
e) Rice, boiled 622

9 a) Rice and fish mixed 421 262.30
b) Rice and fish mixed 64

lar and it was impractical to follow each individual 
throughout the day. Therefore, all of the samples 
collected (Table 1) should probably be considered 
as erring toward the low side for total consump­
tion. However, there does appear to be a reason­
able agreement with quantities listed by Murai
(1954) from a study at Majuro Atoll. Catala
(1957) pointed out the difficulties of obtaining 
quantitative data in these areas.

The components of each sample were dried to 
constant weight in the laboratory at Seattle 
(Table 1). The entire diet for each individual was 
then homogenized in water with a high-speed 
blender, dried at 98 °C, and pulverized to a fine 
powder. Subsamples of the powder were taken for 
fat, protein, carbohydrate, and radiochemical anal­
yses. Portions weighing 40-250 g were wet-ashed 
with HNO:> and H-Cb, and the ash dried in 250-inl 
beakers for gamma-ray spectroscopy.

The gamma-counting equipment consisted of a
3-in. thallium-activated sodium iodide crystal used 
in conjunction with a 256-channel analyzer with a 
digital print-out. The total counts per minute 
under the photopeak were calculated by summing 
counts per minute of all channels included in the 
peak and subtracting the background counts. The 
counting efficiency for the gamma energies meas­
ured was determined by calibrating the instrument 
with standards with an error of ±  10%.

Following analysis by gamma spectroscopy, the 
ashed samples were dissolved in a known volume 
of IN  HNOa. Strontium-90 was determined on an 
aliquot by the method of Kawabata and Held
(1958) , in which a combination of nitric acid pre­
cipitation and ion-exchange procedures is used.

Calcium was determined by permanganate titra­
tion of oxalic acid and confirmed by flame spectro­
photometry, with the internal standard technique 
of Chow and Thompson (1955). Potassium was 
determined by flame spectrophotometry at 766-m/i 
w'avelength, and independently confirmed with esti­
mation of potassium by titration of the cobalti- 
nitrite with potassium permanganate (Hibbard and 
Stout, 1933). Sodium w-as determined at 589-mft 
wavelength. The standardization procedure and 
general function of the system have been described 
by Chakravarti and Joyner (1960).

In determining magnesium, an aliquot of the 
ashed sample was dissolved in O.liV HC1 and the 
solution passed through a Dowex-50 X8  100-200 
resin column of precalculated capacity. Interfering 
anions were removed by elution with two-column 
volumes of distilled water. The resin was then 
stripped of cations with three-column volumes of 
2N HC1, and the eluate was neutralized to methyl 
orange with concentrated NH 4OH. Calcium was 
removed by precipitation with ammonium oxalate 
followed by boiling and filtration. The filtrate was
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Table 2. Composition of rations from Rongelap Island (dry-weight basis).
Sample no.

Constituent 1 2 3 4 5 6 7 8 9

Proximative analyses ( c/ c, )
Moisture 46.5 48.0 50.2 37.7 60.9 59.7 67.3 59.3 45.9
Fat 3.73 1.64 1.35 1.34 4.35 8.47 2.80 3.60 2.82
Protein 15.1 10.7 11.6 9.65 7.65 23.7 14.5 25.9 8.65
Carbohydrate 30.5 37.8 32.7 49.2 21.3 3.57 10.9 6.98 38.9
Ash 4.17 1.87 4.13 2.19 5.83 4.62 4.54 4.28 3.71

Chemical composition
Calcium m g/g 0.761 0.593 0.920 0.571 0.381 2.13 1.29 0.624 0.455
Magnesium mg g 0.804 0.797 1.13 0.938 0.777 1.10 0.657 0.760 0.814
Sodium mg g 3.42 2.44 6.20 1.97 2.59 4.57 7.32 3.22 2.77
Potassium mg /  g 2.28 1.39 3.12 3.34 1.12 4.60 2.55 2.95 1.52
Phosphorus m g/g 0.134 0.061 0.024 0.119 0.056 0.358 0.203 0.823 0.102
Nitrogen mgy g 24.2 17.1 18.5 15.5 12.3 37.8 23.9 41.3 13.8
Nickel ppm (m g/kg) 0.0 24. 4.6 1.7 33. 5.4 25. 3.2 1.7
Manganese ( mg/kg) .71 1.0 .22 2.7 2.5 2.9 3.3 2.2 1.7
Cobalt (mg 'kg) 2.1 .80 .30 .63 .00 .27 .33 .12 .29
Copper (mg kg) 14. 27. 8.9 20. 5.6 22. 7.5 6.8 2.8
Iron (mg/kg ) 66. 69. 44. 34. 33. 47. 33. 71. 29.
Zinc (m g/kg) 24. 14. 16. 13. 16. 48. 37. 41. 29.

Table 3. Composition of rations for a. 24-hr ]period from Rongelap Island."

Constituent

Sample no.

1 2 3 4 5 6 7 8 9

Wet wts. (g) 700.0 338.0 175.0 516.0 520.0 11201.0 963.0 11082.0 485.0

Moisture (g) 325. 162. 87.9 194. 317. 717. 648. 641. 223.
Fat (g) 14.0 2.88 1.17 43.2 8.84 41.0 8.82 15.8 7.38
Protein (g) 56.6 18.8 10.1 31.0 15.5 114. 45.5 114. 22.7
Ash (g) 15.6 3.29 3.59 7.06 11.8 22.4 14.3 18.8 9.74
Carbohydrate (g) 288. 151. 72.3 240. 167. 306. 246. 292. 222.

Calcium (g) 0.285 0.104 0.080 0.184 0.077 1.03 0.407 0.275 0.119
Magnesium (g) 0.301 0.141 0.088 0.302 0.158 0.531 0.207 0.335 0.214
Sodium (g) 1.28 0.429 0.540 0.634 0.526 2.21 2.30 1.42 0.727
Potassium lg> 0.854 0.244 0.272 1.07 0.228 2.23 0.803 1.30 0.399
Phosphorus (g) 0.036 0.012 0.002 0.038 0.011 0.173 0.064 0.080 0.027
Nitrogen <g) 9.06 3.00 1.61 4.99 2.49 18.3 7.52 18.2 3.62

Nickel (mg) 0.0 .91 .40 .51 6.7 2.6 7.7 1.4 .45
Manganese ( mg) .27 .18 .02 .86 .50 1.4 1.0 .99 .45
Cobalt (mg) .78 .14 .03 .20 0.0 .13 .10 .05 .07
Copper (mg) 5.3 4.7 .77 6.3 1.1 11. 2.4 3.0 .73
Iron (mg) 25. 12. 3.9 11. 6.7 23. 10. 31. 7.5
Zinc (mg) 8.9 2.4 1.4 4.3 3.2 23. 12. 18. 7.7

“ Calculated from Table 2, wet-to-dry ratio, and weight of total sample.
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Table 4. Radioisotopes (disintegrations per minute per gram) in rations from Rongelap 
Island (dry-weight basis).
S a m p le

no. C o® Z n ® M nB1 C s 137 S r“

i 0 . 3 5  ±  . 1 2 “ 0 . 4 0  ±  0 . 2 9 - 0 . 0 4  ± 0 . 0 9 6 1 . 4  ±  0 . 6 0 0 . 8 4  ±  0 . 0 7
2 0 . 5 2  ±  .2 5 - 1 . 0 3  ±  0 . 5 3  b 0 . 1 1  ± 0 . 2 0 1 4 .1  ±  0 . 5 0 1 . 6 3  ±  0 . 1 6
3 0 . 1 2  ±  .5 2 - 2 . 4 0  ±  1 .0 - 0 . 4 9  ± 0 . 3 9 2 1 . 1  ±  0 . 8 7 1 .2 5  ±  0 . 2 5
4 0 . 2 3  ±  .1 3 - 0 . 7 6  ±  0 . 2 8 - 0 . 0 7  ± 0 . 1 0 1 7 . 6  ±  0 . 3 8 0 . 4 3  ±  0 . 0 6
5 0 . 4 3  ±  .2 2 - 0 . 6 7  ±  0 . 4 5 - 0 . 1 1  ± 0 . 1 6 3 . 6  ±  0 . 2 8 0 . 2 1  ±  0 . 0 9
6 0 . 9 0  ±  .1 3 1 . 7 0  ±  0 . 3 0 - 0 . 2 3  ± 0 . 0 9 1 6 .1  ±  0 . 2 9 0 . 6 6  ±  0 . 0 6
7 0 . 5 6  ±  .1 4 0 . 8 7  ±  0 . 3 5 - 0 . 1 9  ± 0 . 1 0 2 0 . 0  ±  0 . 3 8 0 . 8 6  ±  0 . 0 8
8 1 . 2 0  ± . 1 5 2 . 5 0  ±  0 . 4 1 - 0 . 2 1  ± 0 . 1 1 3 . 0  ±  0 . 1 7 0 . 2 2  ±  0 . 0 5
9 0 . 3 3  ±  . 1 6 0 . 0 5  ±  0 . 3 6 - 0 . 0 0 3  ± 0 . 1 3 2 . 6  ±  0 . 2 1 0 . 3 2  ±  0 . 0 8

“ 0.95 counting error.
b Negative values are given to indicate that there are errors in addition to the counting 

error which cannot be specifically accounted for.

made basic with IN  NHrOH; 5% (N H 4) 2PO i 
was added until a precipitate formed, and an excess 
of NHiOH was then added during constant stir­
ring. The precipitate, magnesium ammonium phos­
phate, was allowed to settle overnight, removed by 
filtering, dissolved in 6 drops of concentrated 
HaSOi, and made to volume with water. Magne­
sium was determined by titrating an aliquot of this 
solution against a standard EDTA solution using 
the indicator Eriochrome Black T.

Total phosphorus was determined by the colori­
metric method of Fleischer et al. (1958).

The transition elements nickel, manganese, co­
balt, copper, iron, and zinc were determined colori- 
metrically by methods described by Sandell (1959). 
The elements were initially separated by selective 
elution of their chloride complexes from an anion- 
exchange resin. Kraus and Moore (1953) have 
shown that the chloride complexes of the transi­
tional elements nickel through zinc are adsorbed 
onto a strongly basic anion-exchange resin (Dowex
1) and are selectively eluted at different molarities 
of HC1. Following the same principle, Joyner and 
Chakravarti (1960) suggested techniques that were 
applied to these samples.

Protein nitrogen was determined by the Kjel- 
dahl method.

Fat was determined by a modification of the 
Johnson method (Winton and Winton, 1945). 
Methylene chloride u^as the extracting solvent.

Ash content was determined as the nitrate form 
by drying an aliquot of the ashed sample to con­
stant weight.

Moisture content was calculated from the wet- 
weight to dry-weight ratio.

Total carbohydrate and like substances w'ere esti­
mated by subtracting moisture, fat, protein, and 
ash from the total solids and calculating the car­
bohydrate content by difference.

RESULTS AND DISCUSSION
Table 1 lists the components of the 24-hr 

food rations collected at Rongelap Island. 
Tables 2 and 3 show proximate composition 
and trace-element content of the rations, and 
Tables 4 and 5 present levels of radioiso­
topes. Results are given on a percentage or 
unit weight basis (Tables 2 and 4) and as 
amount for total diet (Tables 3 and 5). The 
former basis permits comparison of the 
relative composition of individual rations 
and facilitates evaluation of the contributions 
made by specific items in each diet; the 
latter basis shows the actual amounts con­
sumed in a 24-hr period.

In evaluating the chemical constituents 
consumed by an individual in a 24-hr period, 
the gross weight of the total diet is of much 
importance. By comparing the proximate 
chemical composition on a percentage basis 
with the published chemical composition of 
some of the items constituting the samples, 
it is possible to account for the variation in 
moisture, fat, protein, carbohydrate and ash 
content of the different diets.

Since information on the nutritional as­
pects of the Rongelapese diet is limited, com­
parison of the data with data for other areas 
is probably not meaningful. The gross per­
centage composition indicates that the diets 
are generally low in fat, protein, and ash but 
fairlv high in carbohydrate content.

When the data in Table 3 are compared 
with the recommended daily dietary allow­
ances published by the Food and Nutrition 
Board of the National Research Council, the
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24-hr rations of the Rongelapese appear to 
be generally below the level recommended 
for protein. Since fat allowances are based 
more on food habits than on physiological 
requirements, no definite conclusion can be 
drawn about the apparent low fat content of 
these diets. The habitat of the Rongelapese 
probably does not demand a high-energy 
diet, which may partially justify the lower 
fat intake.

The calcium content of the 24-hr ration 
seems to be much lower than the suggested 
normal requirement (Nutritional Data,
1958). On the same basis, the magnesium 
levels seem to be adequate but the phos­
phorus levels are far below what is neces­
sary to maintain a proper calcium-phos­
phorus balance in a good diet. The sodium 
levels appear to be slightly below the normal 
suggested intake levels, although no infor­
mation is available as to the minimum daily 
requirement of sodium. The potassium level 
is lower than the sodium content, which is 
generally the case in most diets.

Kent and McCance (1941) have suggested 
that an ordinary adult diet will supply 0.3-
0.5 mg of nickel daily. On the basis of these 
values, the nickel content of the 24-hr Ron­
gelapese rations appears to be higher than 
usual in some cases. Nickel salts frequently 
gain access to food from corrosion of nickel 
vessels, and small quantities of nickel may 
also be found in various manufactured foods. 
It also may be that some of the native food 
components are high in nickel content.

Basil and Malakar (1940) have suggested 
that 4.6 mg of manganese are required per

day to keep an adult male in manganese 
balance. On this basis, the Rongelapese food 
appears to be low in manganese. The aver­
age adult diet of good quality supplies 0.005-
0.008 mg of cobalt daily (Harp and Scoular,
1952) ; in comparison the Rongelapese food 
appears to be fairly high in cobalt content. 
Tomsett's (1934) balance experiments with 
adult humans indicate a minimum copper 
requirement as low as 0.6 mg daily. The 
estimate of Chou and Adolph (1935) is 1-2 
mg daily. The Rongelapese diet is definitely 
above the experimental minimum require­
ments given. The iron in the diet appears 
to compare favorably with the minimum 
daily requirement as suggested by the Na­
tional Research Council. Eggleton (1939) 
has given normal daily food intake of zinc 
as 12 mg. The Rongelapese food appears to 
have large variation in zinc content, and on 
the average is less than 8 mg daily.

The higher levels of cobalt-60 and zinc-45 
are associated with each other and with 
rations containing local fish. This is to be 
expected since these isotopes are found pri­
marily in marine organisms (Dunning,
1957). The higher levels of strontium-90 
and cesium-137 are found where local fruit 
was consumed. In general, higher levels of 
strontium-90 are coincident with higher 
levels of cesium-137. Coconut contributes 
little strontium-90, and pandanus the most.

The average value for the daily intake of 
strontium-90 is 83 ju/ic, and for calcium
0.28 g. The average daily intake in terms 
of “strontium units” (/i/ic Sr90/g  Ca) is 
then nearly 300. This value is about three

Table 5. Radioisotopes in 24-hr rations from Rongelap Island.“

S a m p le
n o .

/ i ß c / 2 4  h r

C o ”'1 Z n 05 C s ™ S r 0*1 f i / i c  S r ° ° / g  C a

i 5 9  ±  2 0  b 6 7  ± 4 9 1 0 0 0 0  ±  1 0 0 1 4 2  ± 1 1 . 8 4 9 7  ±  4 1 . 4
2 4 2  ± 2 0 1 1 0 0  ±  4 0 1 2 9  ±  1 2 . 7 1 2 3 9  ±  1 2 1 . 6

3 8 3 0  ±  3 4 4 9  ±  9 . 8 6 1 3  ±  1 2 2 .5

4 3 3  ±  1 9 2 6 0 0  ±  5 5 6 2  ±  8 . 7 3 3 9  ±  4 7 . 3

5 3 9  ±  2 0 3 3 0  ±  2 6 1 9 . 2  ±  8 . 2 2 4 8  ±  1 0 6 . 5
ñ 2 0 0  ±  4 8 3 7 0  ±  6 5 3 5 0 0  ±  6 3 1 4 4  ±  1 3 .1 1 4 0  +  1 2 . 7
7 7 9  ± 2 0 1 2 0  ±  5 0 2 8 0 0  ±  5 4 1 2 2  ± 1 1 . 4 3 0 0  ±  2 7 . 9
8 2 4 0  ±  3 0 5 0 0  ±  8 2 5 9 0  ±  3 4 4 3 . 6  ±  9 . 9 1 5 9  +  3 6 .1
9 3 9  ±  1 9 3 1 0  ±  2 5 3 7 . 8  ±  9 .5 3 3 1  ±  8 2 . 8

“ Calculated from Table 4, wet-to-dry ratio, and weight of total sample. 
b 0.95 counting error.
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times that of previous estimates (Dunning, 
1957; Cohn ct al., 1960). Those estimates 
were based on an estimated daily intake of
0.8 g of calcium, or about three times the 
value reported here. Thus, the significant 
difference between this and previous values 
reflects a discrepancy between observed and 
estimated calcium intake. It is not within 
the scope of this report to enter into an 
estimation of body burden, which has been 
discussed in detail by Cohn et al. (1960). 
However, it is of interest to note that the 
body burden as estimated from urinalysis 
data (Woodward et al., 1959) and discussed 
by Cohn is consistent with a discrimination 
factor of four and a daily intake of about 
100 /J./X.C Sr!,0/g  calcium. This would indi­
cate either that the discrimination factor is 
greater than four or that these samples do 
not correctly represent daily calcium intake. 
In any case, it is obvious that continued 
study of Sr90 movement at Rongelap Atoll 
is necessary.

Rations containing the higher levels of 
zinc-65 also contain the higher levels of 
stable zinc, indicating that local sea foods 
may be the main source of zinc in the diet. 
Cesium-137, strontium-90, and cobalt-60 
show no definite correlation with potassium, 
calcium, and cobalt, respectively, indicating 
that these elements are in large measure 
supplied from imported foods.

With the current means of sanitation—pit 
toilets and burial of garbage—on Rongelap 
and Eniaetok Islets there must be a net ad­
dition of minerals. The chief export, copra, 
is low in ash content as compared with im­
ported foods. A quantitative evaluation of 
the addition would require comparison of 
export and import records.
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SUMMARY
Freeze-dried Chlorella  7 1 1 0 5  was fou n d  to conta in  55 .5%  crude protein ; 

7.5%  crude fa t; 8 .2 5 %  ash ; 7 .0%  m oistu re; 17 .8%  total carbohydrate; 3 .1%  
crude fiber; 2 .68%  ch lorop h y ll; and .08%  urea. T he d igestib ility  o f  the pro­
tein  was 86%  ; o f  crude fa t, 93%  ; o f  total carbohydrate, 72%  ; and o f  crude  
fiber, 1 5 % . T he protein  efficiency ratio (P E R ) was 2 .1 9 , w hich com pares 
favorably with soy protein . T he PE R  o f  Chlorella  w ith 0 .2%  L -m ethionine  
was 2 .9 0 , which com pares favorably w ith casein values in the literature. T he  
PE R  o f  casein  was 3 .3 0 ;  that o f  d efatted  egg protein , 4 .0 1 , in these studies. 
T he rats were fed  at 10%  protein  levels. In add ition , Chlorella  7 1 1 0 5  con ­
tained  all essentia l am ino  acids as well as having a h igh  carotene content. 
A vailable energy value was 3 .3  k ea l/g .

For extended exploration into space, a 
system must be designed to provide such 
astronaut needs as air revitalization, waste 
disposal, water recovery, and food supply. 
From a logistic standpoint, algae would pro­
vide an ideal gas-exchange medium because 
of their capability to convert COo into cellu­
lar constituents while producing CL. Fur­
thermore, treated waste material can provide 
mineral nutrients and water to support algal 
growth.

Before algae can be accepted as human 
food, the nutritional characteristics of the 
product, grown by mass-culture techniques, 
must be evaluated. The Sorokin-Myers 
strain of Chlorella 71105 is currently under 
extensive research in connection with pho- 
tosvnthetic gas exchange. Because nutri­
tional studies with this strain have been in­
complete, the following studies were under­
taken : 1) composition, i.e., proximate anal­
ysis, vitamins, minerals, and amino acids;
2) digestibility of protein, fat, carbohydrate, 
and crude fiber; 3) quality of protein; 4) 
caloric value.

* The work reported was carried out under Con­
tract Xo. AF 33(6161-7373, Biomedical Labora­
tory, Aerospace Medical Laboratory, U. S. Air 
Force, Wright-Patterson Air Force Base, Ohio.

LITERATURE REVIEW
Fisher and Burlew (Burlew, 1953) re­

ported an average protein (crude) content 
of 50% in the dried green algae Chlorella 
pyrenoidosa, compared with 60% for fish 
meal, 48% for dried yeast, 44% for soybean 
meal, and 36% for dried skim milk. Those 
authors also gave vitamin assays for dried 
Chlorella pyrenoidosa, Milner (1948) re­
ported striking variations in the lipid con­
tent of Chlorella pyrenoidosa, from 5 to 85% 
of the dry weight, depending on cnlture con­
ditions. Values of 4-6% chlorophyll in 
Chlorella were reported by Fisher (Burlew,
1953). Powell et al. (1961) reported 59% 
protein, 19% fat, 13%. carbohydrate, 3% 
moisture, and 6% ash in a vacuum-dried 
mixture of Sccnedcsmus obliquus and ( hlo- 
rclla cllipsoida,

Morimura and Tamiya (1954) reported 
200-500 mg% of ascorbic acid in Chlorella 
cllipsoida, and Cook (I960) reported 39.6 
mg% ascorbic acid and 55.4 mg/100 g of 
/1-carotene in dried algae (a mixture of 
Scenedcsmits and Chlorella) grown in sew­
age.

Fisher and Burlew (Burlew. 1953) re­
ported methionine values of 0.36 and 0.57%

229
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for dried Chlorella of somewhat lower pro­
tein content than that used in this study.

Proskv and Karinen (1960) reported a 
digestibility of 70% for the protein of algae 
(Scenedesmus and Chlorella) supplied by 
the Japan Nutrition Association. Cook
(1960) reported 54% digestibility for the 
protein of sewage-grown algae consisting of 
Scenedesmus and Chlorella. Hayami and 
Shino (1958) reported 60% digestibility for 
dry Chlorella,

Geoghegan (Burlew, 1953) reported a 
protein efficiency ratio (PE R ) of 1.84 for 
Chlorella, and Cook (1960) and Cook and 
Lau (1961) reported a PER of 1.62 for a 
dried waste-grown mixture of Scenedesmus 
and Chlorella algae, which became 1.85 after 
cooking. Powell et al. (1961) reported 5.5 
kcal/g (bomb calorimeter) for dried algae 
supplied by the Japan Nutrition Associa­
tion. They also fed this algae (a mixture 
of Chlorella and Scenedesmus) to human 
volunteers. Mild to severe gastrointestinal 
symptoms of a transient nature resulted.

MATERIALS AND METHODS
The composite algae powder was prepared from 

a culture of Chlorella pyrenoidosa 71105 grown 
in open conditions within an air-conditioned fa­
cility by sanitary food-plant procedures. The

Chlorella wras grown continuously at 39°C in 
two 600-gal. stainless-steel tanks. Fluorescent 
lamps were used as the light source, and 0.7% 
carbon dioxide in filtered air was constantly bub­
bled through the standard medium. The water 
used in the culture medium was filtered through 
acetate-wound filters. The algae were harvested 
in a Sharpies super-centrifugal separator. The 
Chlorella paste was then spread on stainless-steel 
trays and frozen at —10°C. These trays were 
placed in a vacuum dryer. After about seven 
hours the trays and dried Chlorella were removed. 
The dried material w'as milled to a powder and 
blended with other Chlorella prepared in the same 
manner to give a composite sample of sufficient 
size to conduct the study program.

Vitamin assays were determined as follow's: 
ascorbic acid, dye titration method (Schaffert and 
Kingsley, 1955) ; Bn, yeast assay with 5\ carls- 
bergensis (Atkin ct ah, 1943) ; thiamine, thio- 
chrome method (AOAC, 1960) ; pantothenic acid, 
microbiological assay (Novelli ct ah, 1951) ; and 
)3-carotene by the chromatographic method 
(AOAC, 1960). Amino acids were determined 
by the methods of Spackman ct al, (1958).

To determine protein quality, four groups of 
ten male litter-mate weanling rats w'ere fed iso­
caloric rations, each containing 10% available pro­
tein. The rations contained one of the following 
as the sole source of protein: Chlorella; Chlorella 
supplemented with L-methionine; purified casein; 
and defatted egg protein (see Table 1).

Table 1. Diets used for protein quality studies."

C h lo r e lla
(%)

Casein
(%)

C h lo r e l la  Defatted 
plus _ egg 

L-methionine protein 
(%) (%)

Chlorella 71105 Lot A926-125 21 20.5
Casein 6 12.3
L-Methionine 0.20
Dried defatted egg powder 0 11.7
Corn oil 10 9 10 9
Starch 61 70.7 61.3 66.3
Agar 2 2 2 7
Vitamins in dextrose 11 2 2
Vitamins in dextrose without

vitamin Ad 2 2
Salt mixture (USP XV) 4 4 4 4

Total 100 100 100 100

Kilocalories per 100 g 403 404 404 403
“ All diets contain 10% available protein 

protein.
based on nitrogen X 6.25 and digestibility of

b Casein (purified) was purchased from Nutritional Biochemicals Corporation, Cleveland 
28, Ohio.

c Dried defatted whole egg protein pow'der w>as purchased from Wilson Laboratories, 4221 
Southwestern Boulevard, Chicago 9, Illinois.

d Vitamin diet fortification mixture in dextrose, with and without vitamin A, was pur­
chased from Nutritional Biochemicals Corporation, Cleveland 28, Ohio.
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Table 2. Analysis and vitamin Content of dried 
powdered Chlorella.

Protein (nitrogen x 6.25 ) 55.5%
Crude fat 7.5%
Carbohydrate, total (anthrone

method) 17.8%
Ash 8.25%
Moisture (hot-air oven

at 105°C) 7.00%
Crude fiber (cellulose and

hemicellulose) 3.1%
Urea a 0.08%
Chlorophyll 2.68%
Total calories 5.2 keal/g
Ascorbic acid 14.6 m g ,100 g
Vitamin B,-. 3.0 Mg/g
Thiamine l B ,) 7.7 Mg/g
Pantothenic acid 11.2 gg/g
/3-Carotene 50.2 mg/100 g

“ Urea was carried over from the growth me­
dium.

The experiment was allowed to run for 28 days. 
Records were kept of food consumption and food 
wastage. The rats were fed ad libitum and were 
weighed periodically. Vitamin A was omitted 
from the Chlorclla-containing rations because of 
the substantial amounts of /3-carotene already 
present. PER is the ratio between the weight 
gained and the weight of protein consumed.

The caloric value of Chlorclla was determined 
by calculation using proximate analysis with 
corrections for digestibility and urinary energy 
loss per gram of protein. The caloric value was 
also determined using the bomb calorimeter.

RESULTS
Composition. Table 2 shows the analysis of 

dried Chlorclla. The crude fat in Chlorclla was 
liquid, and Milner (1948) reported that it was 
unsaturated.

Semiquantitative spectrographic analysis was 
carried out on Chlorclla. Percentages were: phos­
phorous, 1-10% ; calcium and magnesium, 0.1-1%; 
iron and silicon, 0.01-0.1' ; : sodium, aluminum, 
barium, and copper, 0.001-0.01%; bismuth, chro­
mium, lead, manganese, and titanium, less than
0.001%. Table 2 also shows the determinations 
of ascorbic acid, /3-carotene, Bo, thiamine, and 
pantothenic acid. Riboflavin and niacin were not 
determined in this study, but this should be done 
in the future.

Table 3 shows the amino acid content of Chlor­
clla. All of the essential amino acids were present.

Digestibility. The coefficients of digestibility 
were determined for the protein, fat, total carbohy­
drate, and crude fiber content in this strain of

Chlorclla. The digestibility was 86% for protein, 
93% for crude fat, 72% for total carbohydrate, 
and 15% for crude fiber.

Protein quality. Protein efficiency ratio (PE R ) 
experiments were carried out to compare the qual­
ity of algae protein with other food proteins. The 
PER of Chlorclla was 2.19, Chlorclla-methionine 
2.90, casein 3.30, and egg protein 4.01.

Caloric value. The caloric value of Chlorclla 
was determined both by calculation and by bomb 
calorimetry. The values were 5.16 kcal/'g by bomb 
calorimetry techniques, and 3.29 keal/g by calcu­
lation.

DISCUSSION
Chlorclla contained more crude protein 

than dried beef, soybean meal, dried yeast, 
or skint milk powder, and contained sig­
nificant amounts of calcium, phosphorous, 
and iron. It can also be considered an ex­
cellent source of /8-carotene and a less sig­
nificant one of ascorbic acid. Values for 
carotene in Chlorclla were significantly 
greater than those reported for alfalfa leaf 
meals.

Protein with an amino acid pattern such 
as that contained in Chlorclla should be suit­
able as supplemental food. Our methionine 
value is substantially greater than values 
reported in the literature. The digestibility 
of the protein (86%. higher than the 54— 
70%' found in the literature) compares fa­
vorably with values for beef liver, fish meal, 
and meat scraps.

Table 3. Amino acid content of powdered 
Chlorclla.

Amino acid /  
nitrogen (g g)

Aspartic acid 0.37
Threonine 0.20
Serine 0.14
Proline 0.25
Glutamic acid 0.58
Glycine 0.30
A lanine 0.37
Valine 0.32
Methionine 0.11
Isoleucine 0.21
Leucine 0.25
Tyrosine 0.17
Phenylalanine 0.28
I.vsine 0.49
Histidine 0.09
Arginine 0.35
T ryptophan 0.09
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The PER was higher for Chlorella than 
for most vegetable and cereal proteins, and 
slightly higher than for soy protein. The 
PER of Chlorella plus methionine, although 
lower than our own value for casein, com­
pares favorably with literature values for 
casein or milk protein. It is about the same 
as for beef liver and hamburger.

Our values for egg protein and casein are 
higher than most literature values (Wren- 
shall, 1960; Burlew, 1953; Cook, 1960; Cook 
and Lau, 1961). Using three different 
strains of rats, Campbell (1960) found PER 
values of 2.59, 3.18, and 3.35 for casein, 
and 3.44, 4.00, and 4.00 for dried whole 
egg. He concluded that rat strain is the 
most important factor in variations of PER 
values among laboratories. He proposed 
the following correction calculation:

PER for casein

This calculation assumes a PER of 2.5 for 
reference-standard casein and corrects for 
variation due to strain of rat. Using Camp­
bell's correction calculation, we found the 
following PER values: casein 2.5, egg pro­
tein 3.03, Chlorella-methionine 2.20, Chlo­
rella 1.66. Since most investigators have 
not used Campbell’s method of correction 
for strain of rats, the errors inherent in all 
comparisons of PER are self-evident.

More work, using higher levels of L-m e- 
thionine for Chlorella supplementation to 
bring levels up to : 1) that contained in 
egg, and 2 ) that believed to cause maximum 
growth in rats, should prove rewarding.
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SUMMARY
T he sounds produced by chew ing food stu ffs, or by crush ing them  betw een  

flat surfaces, were tape recorded and analyzed as to am plitud e, freq uency , and  
duration . P relim inary data are given on  chew ing sound characteristics, in ­
clu d ing  certain d ifferences betw een foodstu ffs.

An appreciable part of the literature of 
food rheology is devoted to the measurement 
of the slowly varying forces necessary to 
crush foodstuffs (Kramer and Twigg, 1959). 
Biting forces (Howell and Manly, 1948; 
Potter ct al., 1947 ), jaw movements during 
chewing (Klatsky, 1940; Klatskv and 
Fisher, 1953), and relations between jaw 
positions and various aspects of hearing 
(von Bekesy, 1932, 1939; Fratike ct a!.,
1952) have also been studied. However, 
only little attention has been given to vibra­
tions produced by the action of the compli­
cated feedback mechanism that regulates the 
rate and force and duration of chewing.

The possibility exists that physical meas­
urements of crushing sounds could he help­
ful in the field of food texture by providing 
new information to correlate with sensory 
data. As an introduction to such work, this 
paper is concerned with the development of

* This study was undertaken in fulfillment of a 
research associateship sponsored by the National 
Academy of Sciences-National Research Council, 
Washington, D. C. The paper reports research 
undertaken at the Quartermaster Food & Con­
tainer Institute for the Armed Forces, Chicago, 
and has been assigned No. 2234 in the series of 
papers approved for publication. The views or 
conclusions are those of the author, and not 
necessarily to be construed as reflecting the views 
or indorsement of the Department of Defense.

b Presented at the 22nd annual meeting of the 
Institute of Food Technologists, Miami Beach, 
June, 1962, as “Analysis of Mastication Sounds.”

c Visiting scientist from the Swedish Institute 
for Food Preservation Research, Goteborg 16, 
Sweden.

methodology and with a study of relevant 
variables.

METHODS
Apparatus. The equipment consisted of the fol­

lowing components, which were used to obtain 
strip-chart recordings of sound spectra and of 
amplitude variations with time.

For sensing of sounds. The sound pick-up de­
vice was a dynamic microphone of a low-imped­
ance directional type (Signal Corps, U. S. Army, 
M-44A/U) or a hearing-aid earphone of a high- 
impedance extended-range type (Dyna-Lab, simi­
lar to Danavox DT). In an attempt to isolate 
the body of the earphone from vibrational contact 
with the head of the chewing subject, it was con­
nected to the ear canal via a short plastic tubing.

For tape recording and reproduction of sounds. 
The recorders w ere: 1) a sound recorder-repro­
ducer set for 2400 feet of J4-inch half-track mag­
netic tape with speeds of 15 and 7J4 inches per 
second, and provided with a spring-loaded pulley 
so that endless tape loops could be used instead 
of conventional continuous (nonloop) tape; 2) a 
less versatile sound recorder-reproducer with 
speeds of 7)4 and 3)4 inches per second. (Signal 
Corps, U. S. Army, respectively, AN/TNH-2A 
and RD-87A/U for 1) and 2) ; both manufactured 
by Telectro Industries Corp., Long Island City,
X .  Y .  )

For frequency analysis. Used for frequency 
analysis was the audio spectrometer part (Model 
No. 2109) of an automatic spectrum recorder with 
31 channels, of which 27 gave 1/3-octave bands for 
the range 40-16000 c/s, 3 gave weighted responses 
corresponding to standards for objective sound- 
level meters, and one gave a linear response cor­
responding to the total sound (Briiel & Kjaer, 
Copenhagen, Denmark, Model 2311).

For strip-chart recording of amplitude data. 
Used for strip-chart recording were: 1) a vac­
uum-tube voltmeter with instrument terminals

233
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carrying a DC component ( Voltohmyst WV-87B 
or WY-77E). 2) An attenuator consisting of a 
decade resistance box in series with two resistors 
of 33 and 6.8 kilo-ohms. The output to the strip- 
chart recorder was the terminals of the box, which 
was usually positioned at values ranging from 
300 to 3000 ohms. The series combination of the 
box and the 6.8 kilo-ohms resistor could, when 
desired, be shunted with a 100-microfarad elec­
trolytic capacitor. 3) A strip-chart recorder for 
1 mV DC with 1-second full-scale pen travel 
( Model 143X58, Electronik, Minneapolis-Honey - 
wcll Regulator Co.).

For auxiliary purposes. Also used were: 1) a 
dual-beam cathode-ray oscillograph (Type 322-A, 
Du Mont), which was usually connected to the 
input and the output of the frequency analyzer; 
and 2) an audio generator (Sine-Square Wave 
Generator, Model AG-10, Heathkit).

Foodstuffs. During initial stages cookies, crack­
ers, potato chips, apples, and chewing gums were 
used. Later work was performed mostly with 
crisp bread (Swedish-style “Knackebrod,” brown, 
and "Delikatess," white), beef, apple, crisp head 
lettuce, and peanuts. Tenderness-rated dehydrated

Fig. 1. A typical recording of a chewing-sound 
spectrum (for crisp hrown bread; “open mouth" 
technique) with visually estimated mean values 
marked as horizontal lines. Along the abscissa, 
from left to righ t: 27 frequency bands, centered 
on frequencies from 40 to 16000 c /s; 3 weighted 
responses; one linear response.

beef had been prepared at the Institute. The other 
foodstuffs were commercial products.

Techniques. There arc. principally, two differ­
ent ways of using a tape recorder in combination 
with a frequency analyzer. One is to use an end­
less loop of tape, so that the playback of a short 
recording can be frequently repeated while the 
frequency analyzer sweeps over a series of bands, 
and the other is to run the recorder in the regular 
(nonloop) way. In the first case, the strip-chart 
record gives a sound-amplitude spectrum that, 
with a frequency analyzer having discrete bands, 
will appear step-shaped (cf. Fig. 1). In the latter 
case, a continuous strip-chart recording has to be 
made for every frequency band of interest (cf. 
Fig. 11). Tbe first method gives “time average" 
data, whereas the latter gives “time course" data.

Application of sensing device. While the sub­
jects chewed a piece of food, the mastication 
sounds were taken off by one of the following 
methods: a) The microphone was pressed against 
the cheek on the side where chewing was done:
b) the microphone was held 2 inches in front of 
the open mouth, while the subject chewed between 
the front teeth, or c) the plug of the earphone 
was inserted into one car canal in such a way as 
to close the orifice to the outer air, while the 
subject chewed on the side where the earphone 
was held. In some cases, foodstuffs were also 
pressed between a block of wood and the surface 
of a table, while the microphone was held 2 inches 
from the edge of the block. The four methods 
are respectively referred to herein as “through 
cheek,” “open mouth,” “ear canal,” and “wood 
block.”

Recording of sounds. When recording on tape 
loops, 15 inches per second was the usual speed, 
and the length of the loops was 30 inches, i.e., 
2 seconds. The erasing head of the recorder 
AN/TNH-2A was often disconnected during work 
with tape loops. This gave a better utilization 
of the magnetic layer, while at the same time the 
biasing AC voltage on the recording head was 
sufficient to give enough erasing action to pre­
vent a serious build-up of several recordings on 
top of each other. The start and stop of a re­
cording on a tape loop was usually effected by 
manually closing and opening the shutter that 
presses the tape against the recorder head. This 
procedure gave recordings without switch-off 
clicks, which in preliminary experiments showed 
up as disturbances in the spectra. To obtain a 
stable recording level, a constant tone was re­
corded on available brands of magnetic tape, and 
those found most homogeneous were selected. 
Care was taken not to overload the electronic am­
plifiers. This was especially important since the 
impact-type sounds of chewing do not ordinarily
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show up well on the moving-coil instruments of 
the recorder-reproducer and of the YTYM. All 
recordings were made in a quiet, but not sound­
proof, room.

Recordings were usually started with the sec­
ond or third bite. This was adopted to avoid 
erratic results from irregular starts of the chew­
ing.

Reproduction of tope records ('‘playback"). The 
low-impedance output from the recorder-repro­
ducer was connected through a shielded cable to 
the amplifier input of the frequency analyzer. For 
work with tape loops, the latter was run with the 
automatic sweep, ordinarily set to give a rate of 
about 8 minutes for all 31 positions. For work 
with continuous (nonloop) tape, the sweep was, 
of course, not used. Strip-chart recordings from 
tape loops were usually made with a paper speed 
of % or 2 inches per minute, whereas for con­
tinuous tape 2 or 8 inches per minute was used.

In some cases, a tape record obtained at a speed 
of 15 inches per second was played back at 3% 
inches per second and simultaneously recorded on 
the other recorder at 15 inches per second. When 
the new record was played back at 3% inches per 
second to the frequency analyzer, the strip-chart 
recording was extended 16 times. This procedure 
gave a better resolution along the time axis, but, 
of course, some information was lost since the 
lower part of the original spectrum fell outside 
the range of the available equipment.

Evaluation of strip-chart recordings. The ordi­
nary way of treating strip-chart recordings was 
to copy the visually estimated mean for each one 
of the frequency bands on another paper. The 
heights were then measured in millimeters and 
the measured values were transferred to semi- 
logaritlmiic diagrams. Fig. 1 shows an example 
of a strip chart recording with mean values marked 
off.

For continuous-tape (nonloop) records, the strip- 
chart recordings were either copied and com­
pared visually, or the heights of the peaks were 
measured, tabulated, and statistically evaluated.

Controls. Three repeated strip-chart recordings 
of the same tape loop record gave the data in 
Fig. 2-A, and single strip-chart recordings of 
three different tape-loop records for the same food­
stuff gave the data in Fig. 2-B.

Chattering sounds, produced by rapidly clos­
ing the jaws at a steady rate without anything 
between the teeth, were of much shorter duration 
than sounds obtained with food. The coefficient of 
variation ( standard deviation divided bjr the mean) 
for 35 consecutive peaks was 6% for the total 
sound and 38%, 28%, and 29%, respectively, for 
the frequency bands 200, 630, and 2000 c.'s.

MEASUREMENTS
Time average experiments. The technique with 

tape loops was used to obtain information about 
mastication and crushing-sound characteristics for 
a number of foodstuffs.

Comparisons between -various foodstuffs. At an 
early stage of this work, a series of foodstuffs were 
crushed, and the sounds produced were recorded 
by the following techniques: a) “through cheek,” 
bf "open mouth,” and c) “wood block.” These 
experiments gave the data in Fig. 3, in which the 
points indicate mean values for, usually, 2 or 3 
chewings by one person, or 2 or 3 crushings. To 
take out some of the step-function effect of the 
frequency bands, all values in Fig. 3 have been 
smoothed by weighting with Y\ of the two adjacent 
values.

Comparisons between people. Two series of ex­
periments were performed to estimate the varia­
tion of chewing sounds between people.

Fig. 2. A) Three chewing-sound spectra ob­
tained from the same tape record (apple, “through 
cheek” technique) ; B) three chewing-sound spec­
tra obtained from separate tape records (cookie, 
"through cheek” technique).
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In the first series, crisp brown bread was 
chewed with the mouth open, 4 times by each of 
S persons, and sound spectra were obtained for 
the region 800-16000 c/s. Fig. 4 shows that peaks 
occurred at approximately the same frequencies

Fig. 3. Chewing-sound spectra obtained for six 
foodstuffs with the following techniques: A )
“through cheek"; B) “open mouth” ; and C) 
“wood block." O = crisp white bread ; □  = crisp 
head lettuce ; A = ham ; •  = crisp brown bread : 
■  = apple ; A = sausage. A sound level of 20 db 
above a “general noise level" is indicated by an 
asterisk.

FREQUENCY (C/S)

Fig. 4. Sound spectra for 5 persons chewing 
crisp brown bread (“open mouth" technique!. 
Fach point indicates the mean amplitude for four 
samples.

and had approximately the same heights. How­
ever, the dispersion is greater in the region 2000- 
6300 c/s than at the two peaks at 1250 and 8000 
c/s. Also, there is an anomaly at 1000 c/s, where 
one person showed exceptionally high values (un­
fortunately, this person was not available for a 
recheck). The standard deviation of amplitude 
values was relatively independent of frequencies 
and persons. The coefficient of variation for the 
peak values in the vicinity of 10,000 c/s varied 
between 13 and 31//. An analysis of variance dem­
onstrated a significant difference ( p <  0.05) be­
tween people at 6300 c/s, but not at the frequen­
cies 5000, 8000, and 10000 c/s. The amplitudes 
for the other frequencies were not considered large 
enough to warrant a finer analysis.

In the second series, each of 4 persons chewed 
4 samples of tough and 4 samples of tender beef, 
using the "ear canal" technique. Fooled data for 
each person are plotted in Fig. 5 in the form of 
a partial spectrum.

Effect of toasting. To obtain a series of food­
stuffs differing in only one relevant aspect, soft 
white bread was toasted to various degrees, and 
samples were chewed with the "open month" tech­
nique. This gave spectra of the type shown in 
Fig. 6. A plotting of peak amplitude values for 
two persons against degree of browning (meas­
ured by a subjective scale! gave the data in 
Fig. 7.
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Fig. 5. Spectra for sounds produced hv 4 per­
sons chewing beef ( “ear canal" technique: mean 
values of 8 experiments each).

Relation of sound level lo tenderness-toughness. 
Each of 4 persons chewed 4 samples of tender 
anil 4 samples of tough beef, whose ratings on 
a 9-point unstructured scale (Raffensperger et a!., 
1956) were 7.5 and 4.5, respectively. Fig. 8 shows 
a plot of mean sound level for all 16 determina­
tions for each one of the two foodstuffs (cf. Fig. 5, 
which is based on the same original data).

The mean values for the difference between 
sound level for tough and for tender meat in the 
frequency range 800-2500 c/s for the four per­
sons were 1.6, 2.0, 3.2, and 3.5 decibels. Thus, 
sound level was significantly higher (p <  0.02) 
with tough meat than with tender meat. The com­
bined mean difference was 2.6 decibels, i.e., the 
intensity of mastication sounds was 359c higher 
with tough meat than with tender meat.

Time-course experiments. The continuous-tape 
(nonloop) technique was used to obtain informa­
tion about the time course of chewing sounds over 
more extended periods than the 2 seconds covered 
by the tape-loop technique.

Regularity of chczeing. Fig. 9 shows number 
of bites as a function of time for two experiments 
with two quite different foodstuffs: crisp brown

bread and crisp head lettuce. The common slope 
of the two lines in Fig. 9 corresponds to a rate 
of approximately 1.85 bites per second. In other 
experiments, the values ranged from 1.5 to 1.9 
(r/. Fig. 11).

General decline in sound level. During normal 
chewing, the structure of a foodstuff is gradually 
broken down until the "chew” is ready for swal­
lowing. Such a breakdown can be expected to be 
paralleled by a decline in the average amplitude 
of successive bursts of mastication sounds. This 
factor was studied by chewing various types of 
food for up to 30 seconds.

Pieces of crisp brown bread, peanuts and half 
peanuts, small cubes of apple, and pieces of soft 
white bread were chewed, and the sounds were 
recorded at a tape speed of 15 inches per second 
with the microphone pressed to the cheek. During 
playback at 7(4 inches per second, the strip chart 
was run at a speed of 8 inches per minute. This 
enabled a measuring of peak amplitudes for the 
"biting” and “opening" sounds separately while 
not giving enough resolution to determine the 
precise shape of the peaks (cf. below). Pooled 
data for biting sounds in three experiments each 
with three foodstuffs are plotted in Fig. 10. For 
soft bread, the values usually fell within the region

Fig. 6. Sound spectra for soft white bread with 
various degrees of toasting ( “open mouth” tech­
nique). A) not toasted, B) light-toasted, and C) 
hard-toasted.
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of general noise, and only a simple calculation of 
the mean amplitude was performed.

A calculation of regression lines, fitted to the 
data by the method of least squares, indicated that 
the first part of the curves for crisp brown bread 
and for a half peanut could best be represented 
by the left half of a parabola, whereas a straight 
line was most appropriate for the apple (cf. solid 
lines in Fig. 10). The actual regression equations 
were the following (A = amplitude on an arbitrary 
scale, and / = time in seconds) :

Crisp brown bread 
Half peanut 
Apple
Soft white bread

A = 84.5 -  8.78/ + 0.33/= 
. / =  60.1 -  6.54/+ 0.256/= 
A = 22.1 ~  0.53/
A = 10.6

The coefficient of the first degree term for crisp 
brown bread and for half peanuts was significantly 
different from zero f p <  0.001), whereas for ap­
ple the coefficient was not significantly different 
from zero ( p >  0.05 ). As determined from these 
coefficients, the initial average rate of decrease in 
amplitude was approximately 5.7% per bite for 
crisp brown bread and for half peanuts.

Fig. 10 shows that a general noise level is 
reached for various foodstuffs after not more than 
15 seconds, corresponding to approximately 20 
bites.

Comparison between bitintj and jaze separation 
sounds. Some of the tape records used for gen­
eral decline determinations were re-recorded by 
the speed-changing playback-procedure described 
above. The new tape records were then played 
back without using the electrolytic condenser in 
the attenuator circuit. This gave strip-chart re­
cordings that were extended enough to permit the 
plotting of individual curves for sounds produced

DEGREE OF BROWNING
1" ig. 7. Relation between degree of browning 

and peak amplitude of sounds produced by two 
persons chewing toasts ( “open mouth" technique). 
1 he scale on the abscissa indicates: 0 = white,
1 = yellow, 2 = brown, and 3 = dark brown.

Fig. 8. Sound spectra for 4 persons each chew­
ing 4 samples of tough ( • )  and 4 samples of 
tender (Q ) beef.

TIME (SECO N D S)
Fig. 9. Number of bites as a function of the 

time for one person chewing crisp brown bread 
(.-------- ) and crisp head lettuce (------).
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Fig. 10. General decline in mastication sound 
amplitude for A) crisp brown bread, B) a half 
peanut, and C) apple. The three types of symbols 
relate to three different experiments on each food- 
stu ff.

during biting, and for sounds produced during 
separation of the jaws.

Fig. 11 shows examples of such curves obtained 
at 50 c/s, which corresponds to an original fre­
quency of 800 c/s, and Fig. 12 shows a visually 
averaged picture for 12 separate curves.

DISCUSSION
B e c a u s e  o f  t h e  d a m p e n i n g  a c t i o n  o f  th e  

c h e e k s  a n d  t o n g u e ,  i t  c a n  b e  a s s u m e d  t h a t  
p r a c t i c a l l y  a l l  v i b r a t i o n s ,  w h ic h  a r e  p e r ­
c e iv e d  a s  c h e w i n g  s o u n d s ,  r e a c h  t h e  i n n e r  
e a r  b y  b o n e  c o n d u c t i o n .  T h u s ,  t h e  r e s o ­
n a n c e  p r o p e r t i e s  o f  t h e  s k u l l  ( v o n  B e k e s y ,  
1 9 3 2 )  t e n d  t o  e q u a l i z e  t h e  r e s p o n s e s  f o r  
d i f f e r e n t  f o o d s  ( cj. F ig .  3 - A ) .  W h e n  t h e r e  
is  n o  d a m p e n i n g  b y  s o f t  t i s s u e s ,  h o w e v e r ,  t h e  
d i f f e r e n c e s  in  c r u s h i n g  s o u n d s  b e tw e e n  f o o d ­
s t u f f s  c o m e  o u t  l a r g e r  ( cf. F i g .  3 - B . C ) .

I t  c a n  f u r t h e r  b e  a s s u m e d  t h a t  c h e w in g  
in v o lv e s  a  r e c u r r e n t  a l t e r n a t i o n  b e tw e e n  a

b u i l d - u p  o f  s t a t i c  f o r c e s ,  w h e n  th e  fo o d  is  
c la m p e d  b e tw e e n  t h e  t e e t h ,  a n d  a  b u r s t - o u t  
o f  v i b r a t i o n s ,  w h e n  i t  is  f r a c t u r e d .  T h u s ,  
i t  is  l i k e ly  t h a t  m a s t i c a t i o n  s o u n d s  a n d  r e ­
l a t e d  v i b r a t i o n s  a r e  u t i l i z e d  a s  a  c o m p l e ­
m e n t  t o  s t a t i c  c lu e s  in  s u b j e c t i v e  e s t im a t i o n  
o f  t h e  m e c h a n ic a l  p r o p e r t i e s  o f  f o o d .  S u c h  
a  c o n c e p t  is  in  a c c o r d a n c e  w i th  r e c e n t  w o r k  
o n  th e  d y n a m i c  b e h a v io r  o f  t h e  s e n s e  o f  
to u c h  ( E i j k m a n  a n d  Y e n d r i k ,  1 9 6 0 ) ,  b u t  
i t  w o u ld  c o n t r a d i c t  a  s t r i c t  a d h e r e n c e  t o  th e  
o p in i o n  t h a t  c h e w in g  s o u n d s  c o n s t i t u t e  a n  
o b je c t io n a b l e  n o is e  ( B a r a n y ,  1 9 3 8 ) .

T h e  r e c o r d i n g  o f  s o u n d s  t h r o u g h  th e  c h e e k  
w i th  a  c o m m e r c i a l  m i c r o p h o n e  p r o b a b l y  i n ­
v o lv e s  s o m e  “ s e i s m o g r a p h ”  a n d / o r  " a c c e l ­
e r o m e t e r ”  a c t i o n .  T h u s ,  t h i s  t e c h n i q u e  m a y  
g iv e  a n  e m p i r i c a l  m e a s u r e  o f  d i f f e r e n c e s  b e ­
tw e e n  f o o d s tu f f s ,  b u t  c a n n o t  g iv e  e a s i ly  i n ­
te r ]  ¡ r e te d  i n f o r m a t i o n  a b o u t  t h e  a c tu a l  v i ­
b r a t i o n s  o f  t h e  f o o d s tu f f s  a n d  o f  t h e  j a w s .  
T h e  " o p e n  m o u t h "  p r o c e d u r e ,  w h ic h  c a n  b e  
c a l i b r a t e d  b y  s t a n d a r d  m e t h o d s ,  d o e s  n o t  
n e c e s s a r i l y  g iv e  a  t r u e  p i c t u r e  o f  n o r m a l  
c h e w in g ,  in  w h ic h  t h e  v i b r a t i o n s  a r e  d a m p ­
e n e d  b y  c o n t a c t  o f  t h e  f o o d s tu f f s  w i t h  th e  
s o f t  t i s s u e s  in s id e  t h e  m o u t h .  T h e  “ w o o d

Fig. 11. Mastication sound amplitudes at 800 
c/s as a function of time for A) crisp brown bread 
and B) a half peanut. Solid lines = “biting" sounds; 
dashed lines =  “opening" sounds.
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b lo c k "  a n d  th e  " o p e n  m o n t h "  t e c h n i q u e s  
s e e m  t o  g iv e  s i m i l a r  r e s u l t s ,  b u t  a  f in a l  e v a l ­
u a t i o n  o f  t h e  d e g r e e  o f  s i m i l a r i t y  h a s  t o  
a w a i t  f u r t h e r  c o m p a r i s o n s .  O f  c o u r s e ,  c o r ­
r e l a t i o n s  b e tw e e n  t h e  " w o o d  b lo c k "  t e c h ­
n i q u e  a n d  o t h e r  t y p e s  o f  r h e o lo g ic a l  m e a s ­
u r e m e n t s  w o u ld  a l s o  b e  u s e f u l .  T h e  u s e  o f  
a n  e a r p h o n e  a s  a  p i c k - u p  d e v ic e  f o r  a i r ­
b o r n e  s o u n d  in  t h e  e a r  c a n a l  m a y  g iv e  a  t r u e  
p i c t u r e  o f  b o n e - c o n d u c t e d  s o u n d s ,  b u t  t h e  
p o s s ib le  i n t e r f e r e n c e  b e tw e e n  c h e w in g  m o v e ­
m e n t s  in  g e n e r a l  a n d  s p e c i f ic  f o o d - c r u s h i n g  
s o u n d s  n e e d s  t o  b e  e x p l o r e d  f u r t h e r  b e f o r e  
t h e  m e r i t s  o f  t h i s  m e t h o d  c a n  b e  e s t a b l i s h e d .

TIME (SECONDS)

Fig. 12. Visually averaged curves for 12 chews 
of each of two foodstuffs (for explanations, sec
Fig. 11).

A n  i n t r o s p e c t i o n  s h o w e d  t h a t  t h e  “ b i t i n g "  
s o u n d s  w e r e  p r o d u c e d  m a i n ly  b y  t h e  c r u s h ­
in g  a c t i o n  i t s e l f ,  w h e r e a s  t h e  “ o p e n i n g "  
s o u n d s  o r i g i n a t e d  b o th  in  a  r e f o r m i n g  o f  
t h e  “ c h e w ”  a n d  in  m o v e m e n t s  o f  to n g u e ,  
t e e t h ,  s a l iv a ,  e tc .  T h e  “ o p e n i n g "  s o u n d s  
w e r e  c o m m o n ly  f o u n d  f o r  s o f t e r  f o o d s tu f f s  
in  a  b r o a d  r e g i o n  a r o u n d  1 6 0  c / s  (cf.  F ig .
3 - A ,  h a m  a n d  s a u s a g e ) .  U n f o r t u n a t e l y ,  
h o w e v e r ,  w h e n  lo w e r  f r e q u e n c ie s  w e r e  r e ­
p r o d u c e d  a t  a  v e r y  lo w  t a p e  s p e e d ,  t h e y  fe l l 
o u t s id e  t h e  u s e f u l  r a n g e  o f  t h e  e q u ip m e n t ,  
a n d ,  c o n s e q u e n t ly ,  t h e  p r o c e d u r e  u s e d  to  
o b t a i n  F ig s .  11 a n d  12 c o u ld  n o t  b e  u s e d  
f o r  i n v e s t i g a t i n g  th e  t i m e  c o u r s e  o f  s u c h  
s o u n d s .

O n e  w a y  o f  i n c r e a s i n g  t h e  r e s o lv in g  
p o w e r  o f  t h e  p h y s i c a l  a n a ly s i s  d e s c r ib e d  
h e r e  w o u ld  b e  t o  s u p p l e m e n t  i t  w i th  o t h e r  
t e c h n i q u e s  s u c h  a s  t h a t  o f  “ v i s ib l e  s p e e c h ” 
( P o t t e r  ct a/., 1 9 4 7 ) .  U n f o r t u n a t e l y ,  s u c h

e q u i p m e n t  w a s  n o t  a v a i l a b l e  d u r i n g  th i s  e x ­
p l o r a t o r y  w o r k .

H a r r i n g t o n  a n d  P e a r s o n  ( 1 9 6 2 )  h a v e  
f o u n d  t h a t  a p p r o x i m a t e l y  2 .3 -4 7  b i t e s  a r e  
c o m m o n ly  m a d e  b e f o r e  p o r k  m e a t  i s  s w a l ­
lo w e d .  T h e s e  v a lu e s  a r e  m u c h  h i g h e r  t h a n  
t h e  h ig h e s t  v a lu e s  a t  w h ic h  th e  m a s t i c a t i o n  
s o u n d  le v e l  d e c r e a s e s  t o  a  g e n e r a l  n o is e  
le v e l  (cf. F ig .  1 0  a n d  r e l a t e d  t e x t ) .  T h i s  
s u g g e s t s  t h e  p o s s ib i l i t y  o f  d i v i d in g  t h e  n o r ­
m a l  c h e w in g  i n t o  t w o  p h a s e s ,  o n e  in v o l v in g  
a  g r o s s  c u t t i n g  a n d  t h e  o t h e r  a  f i n e r  c o m ­
m i n u t i o n .

S o m e  o f  t h e  c h e w i n g - s o u n d  d i f f e r e n c e s  
b e tw e e n  p e o p le  a r e  a p p r e c i a b l e  in  c o m p a r i ­
s o n  to  t h e  c o r r e s p o n d i n g  d i f f e r e n c e s  b e tw e e n  
f o o d s tu f f s  (cf. F ig s .  5 a n d  8 ) ,  w h e r e a s  in  
o t h e r  c a s e s  t h e y  a r e  r e l a t i v e ly  u n i m p o r t a n t  
(cf. F i g s .  3 - B  a n d  4 ) .  T h e  d a t a  r e p o r t e d  
h e r e  m a y  s e r v e  a s  a  s t a r t i n g  p o i n t  f o r  f u ­
t u r e  i n v e s t i g a t i o n s ,  w h ic h  c o u ld  a im  a t  a  
c a r e f u l  a n a ly s i s  o f , e .g . ,  t h e  s t a t i s t i c a l  v a r i a ­
t i o n  o f  s o u n d  le v e l  w i t h i n  s i n g l e  b i t e s  (cf. 
F ig .  11 ) a n d  o t h e 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 tw e e n  r e l a t e d  f o o d s tu f f s ,  a s  c o m p a r e d  to  
t h e  m a i n ly  q u a n t i t a t i v e  d i f f e r e n c e s  r e p o r t e d  
in  F ig s .  6  a n d  8 . A l s o ,  t h i s  t y p e  o f  r e c o r d ­
in g  a n d  a n a ly s i s  m a y  p r o v e  to  b e  a  u s e f u l  
to o l  in  t h e  s t u d y  o f  i n t e r p e r s o n a l  d i f f e r e n c e s  
in  c h e w in g  b e h a v io r .  B e f o r e  c h e w in g - s o u n d  
d a t a  c a n  b e  u t i l i z e d  in  e s t a b l i s h i n g  a n a l y t ­
ic a l  p r o c e d u r e s  f o r  f o o d  t e s t i n g ,  h o w e v e r ,  
e x p e r i m e n t s  m u s t  b e  p e r f o r m e d  a n d  s t a ­
t i s t i c a l l y  e v a l u a t e d  w i th  m a n y  f o o d s  a n d  
m a n y  p e o p le .  W o r k  in  t h i s  d i r e c t i o n  h a s  
b e e n  p la n n e d .
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