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Samuel Joh n  Rowland, who had been a member o f the senior staff of the National 
Institute for Research in Dairying since 1939 and H ead of the Chemistry Departm ent 
from 1950 till his retirement in 1968, died on 12 April 1971 after a coronary thrombosis. 
Under his headship the Chemistry Departm ent developed from a  small analytical 
section to one of the foremost centres in the world for the advanced study of the com
position of milk and of the influence of changes in the feeding, management and 
environment of the dairy cow on lactational efficiency. He served for 11 years on the 
Editorial Board of this Journal.

He was born in Yetminster, Dorset, on 15 Jan u ary  1907. Both his father and his 
mother (who is still alive) came of W est Country farming stock. Rowland entered 
Sexey’s School in Bruton, Somerset, in 1920 with an Intermediate County Scholar
ship. A t Sexey’s he was fortunate to find unusually good facilities for scientific studies; 
this school has given, for 60 years or more, an early interest in science to a succession 
of boys who, like Rowland, have later achieved eminence in the scientific world. Its 
influence doubtless played a  large part in deciding the young Rowland to take up a 
scientific career. He did well a t school, becoming captain of one of the Houses.

In  1925 he entered the Honours School of Agricultural Chemistry, Reading, which 
had been recently established under the headship o f Professor H. A. D. Neville, an 
outstanding and discriminating chief who played a large part in the development of 
the young University. Neville was much impressed by Rowland’s ability and shortly 
after the latter’s graduation with honours in 1929 took him on to his staff as lecturer 
in Agricultural Chemistry.

In  his undergraduate days Rowland, tall and well-built, was a considerable athlete, 
representing his University in football, hockey, lawn tennis and athletics. He became 
Chairman of the University Athletics Club. For several years after graduation he 
maintained his skill on the tennis court, but with his increasing responsibilities, 
amongst which was his becoming official Resident of S t Patrick ’s Hall, most of his 
other athletic activities had to go by the board.

He remained on Neville’s staff for 10 years, during which his researches on the 
nitrogen compounds in milk resulted, inter alia, in a  new and valuable method for 
their analysis. He received a  Ph.D. in 1936. In  the following year he married Joyce 
Lansdell of Long Stretton, Norwich, then an assistant librarian in the University.

Though an efficient University teacher, Rowland’s real inclination was towards 
research, and a vacancy which occurred in 1939 a t the N .I.R .D . for a ‘ Chemist and 
Research Analyst ’ greatly attracted him, particularly since the Institute was actively 
extending its research on the composition of milk. He applied for the post and was 
duly appointed. During the war years much of the duty o f the ‘ Chemist and Research 
A nalyst’ was in providing analytical services for other departments, but some 
chemical research continued. In  1947, Rowland was given charge of an Analytical 
Section and in 1950 was appointed H ead of the full Departm ent of Chemistry, with 
staff and accommodation of more adequate size.
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I t  was with milk proteins, their quantitative determination, their im portant 
industrial properties, including thermolability, and the causes of their variability 
that much of Rowland’s work during a large part of his research life was concerned. 
His papers published between 1933 and 1939 were laboratory investigations in one 
or other of these fields. After his appointment to the N .I.R .D . in 1939, which occurred 
within a few weeks o f the outbreak of the war, his interest in milk proteins did not 
diminish, though as research analyst to the whole Institute his work of necessity 
embraced a wider field.

One practical war-time outcome of his protein investigations was the disturbing 
finding that, especially during the winter months, an increasing proportion o f milk of 
inferior protein content was reaching the market. During the war, and in the period 
immediately following it when the national diet was exceptionally dependent on 
milk, even a small loss of the nutritionally valuable milk protein was a  serious m atter. 
With his colleagues, he was able to provide cogent evidence pointing to the m ajor 
reasons for this defect. In collaboration with Stephen B artlett o f the D airy Husbandry 
department of the Institute he made the im portant and unexpected finding that it 
was a shortage of energy rather than a shortage of protein in the diet of the cow that 
reduced the protein content of her milk -  a finding of obvious practical importance.

Amongst the many subjects concerned with lactational efficiency that were studied 
from 1939 onward by Rowland and colleagues from his own or other departm ents at 
Shinfield were the effect on the composition of cow’s milk o f carefully controlled 
alterations in the diet (an example is mentioned above) and of other experimental 
variables -  iodinated protein, thyroxine and related compounds, oestrogens, cortico- 
trophic hormones, pre-partum feeding, pre-partum milking, incomplete milking, 
fractional milking and novel fertilizer treatm ent o f grassland. The fa tty  acid and 
other constituents of rumen contents in relation to dietary changes, the composition 
of silage made in different ways from different materials, the causes and control o f 
hypomagnesaemia and grass tetany, the effect of m astitis on milk composition, and 
the freezing point of normal and abnormal milk, were also am ongst the m any 
questions whose chemical or analytical aspects were investigated by Rowland in 
collaboration with various colleagues.

H is first major researches in the 1930s had been dependent on careful chemical 
analysis of a complex fluid o f great nutritional and commercial significance. During 
the next 30 years o f his working life, alongside his other research and departmental 
activities, he continued to improve, refine, and assess the real value of these analytical 
methods, so im portant to the dairy industry.

Increasing ill health, which after some 10 years was eventually the cause of his 
retirement at the age of 61, diminished his personal output of published work. That 
of his department did not suffer. He continued to keep in close touch not only with 
all the research his immediate colleagues were doing but also with any new work in 
dairy chemistry that was going on elsewhere. He was able to maintain, in his depart
ment, a reasonable balance between basic and applied research. He still had the 
responsibility for most of the analytical work required by other departm ents o f the 
Institute, and whilst he was always helpful and cooperative he had to be convinced 
that the seemingly immoderate amount of analytical assistance that was sometimes 
called for was justified. He reacted most unfavourably to any work th at he con
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sidered shoddy and he did not suffer fools gladly. On the other hand he gave much 
thought to the welfare, both scientific and personal, of his staff -  which made for a 
happy and harmonious atmosphere in his department.

Rowland was very alert and perceptive, calm in discussion and clear in exposition -  
a well-balanced and experienced research worker whose ill health and death have been 
a  real loss to dairy science.

H is wife and his two sons, Joh n  Lansdell, A .R .I.B .A ., and Alan David, M.A., 
M .I.C .E., survive him.

H. D. K A Y

Printed in Great Britain
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I. Rennin action on (3-casein-B in solution

B y  L . K . C R EA M ER  a n d  0 . E . M ILLS 

New Zealand D airy Research Institute, Palmerston North, New Zealand 

a n d  E. L . R IC H A R D S
Department of Chemistry and Biochemistry, M assey University, 

Palmerston North, New Zealand

(Received 26 November 1970)

S u m m a r y . A study of the hydrolysis o f /?-casein-B by crystalline rennin or rennet 
extract a t pH  6-5, using a disk electrophoresis technique, showed that 3 bonds in 
/?-cascin are appreciably more sensitive than the others to rennin proteolysis, and 
that these bonds are probably located near the C-terminus of the protein. The most 
susceptible bond is hydrolysed, at 10°C, about 200 times faster than any other bond, 
whilst a t 37 °C it is hydrolysed 60 times faster. A study of the hydrolysis of this bond 
showed that its rate of hydrolysis a t 37°C and pH  6-5 is decreased by either increased 
ionic strength or increased calcium ion concentration a t constant ionic strength. Con
formational changes in the substrate are probably responsible for these effects.

I t  is now well established (see the review by Lindqvist, 1963) that the action of the 
enzyme rennin in the rennet extract is to cleave a single methionyl-phenylalanine 
bond in /c-casein and thereby to cause the milk to coagulate.

Exam ination of the enzymic breakdown of components other than /c-casein has 
been relatively sparse. Lindqvist & Storgards (1960) followed the hydrolysis of 
casein fractions with crystalline rennin by free boundary electrophoresis. They con
cluded that with /Lcasein the course of degradation of the protein was dependent 
upon the pH  of the reaction mixture, with the maximum number o f products pro
duced in the pH  range 4-5. Bakri (1968) attem pted to use turbidimetric techniques to 
follow the rennin degradation of a number o f casein fractions. He concluded from his 
measurements that after initial enhancement, further addition of calcium ions 
retarded the rate of rennin degradation of /Lcasein and that sodium ions caused 
complete inhibition of the proteolysis.

In  the present investigation a quantitative disk gel electrophoresis technique was 
developed and used to investigate the early stages o f the rennin hydrolysis o f /?- 
casein.
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EXPERIMENTAL

M aterials

jd-Casein-B. This protein was prepared by the method of Lawrence & Creamer
(1969) from the milk of twin cows typed as having only the B-variant of //-casein, 
using disk gel electrophoresis (Davis, 1964). The B-variant was chosen for study 
because the A variant is known to be heterogeneous (Peterson & Kopfler, 1966).

Rennin. Crystalline rennin from Pentex Inc., Kaukakee, 111. 60901, U .S.A ., was 
used.

Rennet. A commercial sample from the New Zealand Co-operative Rennet Com
pany, Bridge Street, Eltham , was used without further purification.

All other chemicals used were of reagent grade and were used without further 
purification.

Method of following hydrolysis

Stock //-casein solution (1-47% , w/v) which had been stored frozen was dialysed 
against 0-01 m imidazole-HCl buffers containing the appropriate salts and then diluted 
as required with the dialysate. For investigating the overall course o f the reaction 
diluted stock //-casein solution was used, after pH  adjustm ent. The /1-casein solution 
(0T % w/v, 10 ml) was brought to temperature in a water bath. Rennin solution, 
rennet or diluted rennet (0T  ml) was then added, the mixture gently shaken and 
returned to the water bath. Samples (0-5 ml) were taken at pre-selected time inter
vals and the reaction quenched by mixing the sample with a solution of mercapto- 
ethanol (0-1 %, v/v) in 8 m  urea solution (4-5 ml). Each time interval was double the 
previous one. Normally the sampling time interval scale was 0-5, 1, 2, 4, 8, 15, 30 
min, 1, 2 and 4 h, but in one experiment the sampling period was extended to up to 
64 h.

Samples (100 ¡A) of the quenched reaction mixture were eleetrophoresed in random 
order, in duplicate (and interspersed with standard //-casein solutions) using the disk 
technique devised by D avis (1964) and Ornstein (1964). After electrophoresis, the 
gels were stained in freshly prepared Amido B lack (0-2 %, w/v) dye solution (in 7 % 
(v/v) acetic acid) for at least 4 h and usually overnight. The excess dye was removed 
electrophoretically. The amount of dye absorbed by the protein in the gel was esti
m ated using a Joyce Chromoscan fitted with a red filter. Each of the duplicate gels 
was scanned twice, the gel being rotated 90° between scans. The peak areas of the 
recorder traces were determined (a) by cutting out and weighing a copy of the trace,
(b) by calculating the product of peak height and peak width at half height, or (c) by 
planimeter measurements. Where peaks overlapped to some extent -  as, for example, 
with //-casein and the first degradation product -  a proportion of the area o f the 
doublet was assigned to each of the components in the ratio of their respective peak 
heights when methods (a) or (c) were used. Where only the loss of //-casein from the 
solution was being determined, peak heights were used, and the amount of //-casein 
in each sample was estim ated from the standard line constructed using the peak 
height measurement from the standard //-casein solutions. For the breakdown products 
o f //-casein it was not possible to obtain an absolute estim ate of the relation between 
the densitometer peak area measurement and quantity of protein present. As a
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consequence the amount of dye bound by each protein band had to be estimated. 
Calculations were made using an I.B.M . 1620 Mark 2 computer and a Hewlett 
Packard 9100 A calculator.

The action of rennin  on ß-casein in  solution

Molecular weight determination

A sample of partially hydrolysed //-casein (0-o %, w/v) was centrifuged concurrently 
with a sample o f /5-casein (0-5%  w/v), at 5-7o°C and 60,000 rev/min, in 4° single 
sector cells using a Beckman Model E  ultracentrifuge.

RESULTS 

Standard curve

A linear relationship was found to exist between the amount o f //-casein electro- 
phoresed and the peak area o f the densitometer tracing (Eig. 1). However, special 
care had to be taken at all stages of the sampling, electrophoresis and densitom etry, 
to obtain reproducible results.

The overall reaction

The sequential breakdown of //-casein (0-1% , w/v) by rennet (2-2% , v/v) was 
followed at 10°C and pH  6-5. The quantity of //-casein decreased as the reaction 
proceeded, and the quantity o f a second, more mobile component (/j-I) increased 
(Plate 1). After some time /?-! slowly disappeared whilst 2 other components (//-II 
and //-III) appeared; /M I apparently being converted into /M IL  The degradation

Fig. 1. A standard curve of peak heights of densitometer traces versus concentrations of
/?-casein solutions.

products have been labelled /M , /i l l  and /M il  in order of appearance. This was also 
in order o f increasing mobility at pH  8-6. Although the /M i l  appeared somewhat 
diffuse it was not possible to resolve the bands further nor were any new bands 
apparent when larger sam ples were electrophoresed. The use o f crystalline rennin 
gave the same results as those shown (Plate 1). A plot of averaged densitometer



tracing areas from the gels is shown in Fig. 2 and it indicated that the dye bound 
by /M  increased to 90%  of that bound by //-casein. and that bound by /CH I 
increased to over 60%  of that bound by/5-casein (Fig. 2). At no time did the 
total amount of dye absorption from all bands fall below 60 % of that of the initial
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Fig. 2. Densitometer trace areas for each of the degradation products. O* /5-Casein; # ,  /?-I;
>5-11: yff-III. The degradation was carried out at 37CC and pH 6-5. At zero time the area

for /5-casein alone was 13-6 cm2.

Time,  min
Fig. 3. Proportion of original /5-casein in each of the degradation products formed at 37 °C and 
pH 6*5. as estimated by gel electrophoresis and quantitative densitometry, using the procedure 
outlined in the text. O* /5-Casein; ± T h e  continuous lines were calculated
using the rate constants shown in Table 2.

//-casein, and consequently /?-!, /M I and /M i l  were each likely to be major portions 
of the original //-casein (as indicated by dye binding). I f  //-II and /M il  are each m ajor 
fragments o f //-casein, and /M il  can apparently be derived from /M I (/M il in
creased whilst only /M I decreased, Fig. 2), then /M I and /M i l  could not be derived 
from /M  by the cleavage o f a single bond.

To convert the experimental results of dye absorbed by each protein fraction into 
molar quantities o f each component it was necessary to know the amount o f dye 
absorbed per mole o f each of the degradation products. From the data in Fig. 2,



//-I, /M I and //-III were estim ated to bind 93, 70 and 64%  of the dye bound by 
//-casein respectively. Using these factors the amounts of each peptide were calcu
lated as percentages of the original //-casein. The changes with time at 37, 25 and 
10°C are shown in F igs 3-5.

The action of rennin  on /?-casein in  solution  2 7 3

Fig. 4. Proportion of original /?-casein in each of the degradation products formed at 25°C and 
pH 6-5, as estimated by gel electrophoresis and quantitative densitometry. £ ,  ft-I; A , fi-II ; 
A , /ff-III. The continuous lines were calculated using the rate constants shown in Table 2.

Fig. 5. Proportion of original /?-casein in each of the degradation products formed at 10°C and 
pH 6-5, as estimated by gel electrophoresis and quantitative densitometry. O , /8-Casein; 
•  , /’ -I; A , /?-H; A, ¡3-III . The continuous lines were calculated using the rate constants shown 
in Table 2.

Molecular weight of [¡-I
Disk gel electrophoresis of the partially hydrolysed //-casein solution showed that it 

contained 80 % //-I and 20 % //-casein. Analysis o f the ultracentrifugal analysis data 
showed that //-casein and the partially hydrolysed //-casein had sedimentation coeffi
cients of 1 -59 S and 1 -46 S under the same conditions. I f  it is assumed that ¡3-1 is very 
little different from //-casein in its frictional factor and in its partial specific volume, 
then it can be shown that

Mol. wt. //-casein sed. coef. //-casein 
Mol. wt. //-I sed. coef. ¡3-1



With a mol. wt. of 24100 for /?-casein then the mol. wt. of /?-I would have been 
22100. Because the hydrolysed casein sample contained some /j-cascin this was a 
maximum value, and consequently the small peptide split from /?-casein had a mol. 
wt. of at least 2000.

Substrate concentration variation
The initial substrate concentration was altered over an 8-fold range from 0-25 to 

1 -94 g/1. The concentration of the rennet solution was maintained at 2 % (v/v) and the 
reaction was carried out as described above. A Lineweaver-Burk plot showed good 
linearity with both intercepts near zero. This indicated a large value of the Michaelis
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Fig. 6. A plot of initial reaction velocities, measured by the disappearance of /?-casein from the 
reaction mixture using quantitative gel electrophoresis, versus original substrate (/?-casein) 
concentrations.

constant K m and of the maximum reaction velocity V. The initial reaction velocity 
against substrate concentration was linear up to 1-0 g/1 at a  rennet concentration of 
0-043%  (v/v) in the reaction solution (Fig. 6). In the range of conditions under 
investigation it appeared that the reaction velocity was limited by substrate con
centration, i.e. a t any given enzyme concentration the substrate was degraded accord
ing to first order kinetics.

Ionic variations

The effect of variations in the ionic composition of the medium was assessed by 
measurement o f the rate of hydrolysis of the most susceptible bond of /?-casein. In  a 
preliminary experiment it took 4 times the rennet concentration for equal reaction



ates when the solution was made 0-04 m in KC1 over and above the minimum ionic 
trength (substrate adjusted to pH  6-50 and then dialysed against water); the con- 
ribution from the added rennet was about 0-0001. Thus, it is clear that ionic strength 
ras an im portant factor in determining the rate o f reaction. Precautions were there- 
ore taken to ensure, in experiments designed to test whether calcium has an effect

The action of renn in  on fi-casein in  solution  2 7 5

Tim e, min

Fig. 7. Plots of the natural logarithm of /?-casein concentration in the reaction mixture, deter
mined by quantitative gel electrophoresis, versus time showing the effect of ionic variations. All 
reaction mixtures were the same concentration of /7-casein (1*0 g/1) and rennet (0-044%). 
Measurements were made on solutions having pH values of 6-50 (O)» 3-94 (A ) and 6-12 (A ) 
and on solutions at constant pH (6-49) but containing additional citrate (□) or calcium (■ ), 
the concentration of potassium chloride being adjusted to maintain constant ionic strength.

'able 1. The rate of hydrolysis of ¡3-casein at 37°C and at a  total ionic strength of 0-04

Added Calcium Total
potassium ion citrate Kate
chloride, concentration, added, constant,

pH molar molar molar min-1

6-50 003 — — 0-038
612 0-03 — — 0-020
0-94 0-03 — ■ — 0-025
6-48 0-025 — 0-00083 0-037
6-49 0-020 0-0033 — 0-014

n reaction rates, that the ionic strength of the medium was not altered unduly. The 
moimt of calcium that can be added to a  /?-casein solution is limited because the 
'-casein readily precipitates in the presence o f calcium. The amount o f calcium used 
?as ju st insufficient to cause precipitation (0-033 m ). In  another experiment a  small

m u n v t in fn i i



amount (0-0008 m) o f tri-potassium citrate was incorporated into the solution as a 
polyvalent metal ion chelating agent.

B y  plotting the natural logarithm of the concentration of the unreacted /?-casein 
versus time, a  line of slope -k was obtained for each of the experiments (Fig. 7, 
Table 1).

I t  can he seen (Fig. 7) that while the increased calcium ion concentration depressed 
the rate of reaction, increases in citrate concentration at constant ionic strength did 
not alter it perceptibly. Both increase and decrease in the pH  decreased the rate 
of reaction.

I t  was clear from the results (Table 1) that ionic strength was a  very im portant 
param eter. The method used to vary the pH  of the solutions in estim ating the effect 
o f pH  in the range 6-12-6-94 was to dialyse the casein solution against an imidazole 
buffer adjusted to the required pH. Unfortunately, the lower the pH  the higher the 
ionic strength of the buffer, and consequently it was not possible to say whether the 
decrease in rate in going from pH  6 • 50 to 6 • 12 was caused by the lower pH  per se or by 
the concomitant increase in ionic strength. A significant decrease in rate was obtained 
by increasing the pH  to 6-94, and might have been greater if the ionic strength had 
been maintained constant. Hence, our results were not a t variance with the concept 
o f maximum rennin activity at a  low pH.

A model for the calculations

Because of the difficulty in deriving analytical equations for the breakdown of 
/j-casein by rennin, or any other similar reaction involving a sequential degradation, a 
simple model of the reaction was set up and the various param eters adjusted until 
the calculated degradation curves fitted the experimental data.

Enzyme reactions are normally considered to consist o f several steps, one such 
reaction pathway being:

e + s ^ ± e s - ^ U e p - ? U e + p ,
k-t

where E  is the enzyme, S  is the substrate, E S  is the enzyme substrate complex, E P  
the enzyme product complex, and P  the product(s) (Bernhard & Gutfreund, 1970). 
(Many complications, e.g. competitive inhibition by product, are not represented in 
this scheme.) A t constant total enzyme concentration and if  Aq and k_x are both 
large and k2 is small (the rate determining step), then the breakdown of S  to P  
would appear to be first order in S.

When a  number o f bonds are being broken simultaneously, provided that the 
various Aq and &_x are large, and the alteration of the substrate does not change any 
of the Aq to A:_x ratios through some conformational change, then each bond will be 
observed to be broken by first-order kinetics. Some further assum ptions m ust be 
made because of the particular system  being dealt with, namely (i) that each of the 
electrophoretic bands corresponds to a distinct species and (ii) that only one observ
able product arises from each scission. Four possible degradation schemes are shown 
(Fig. 8). Schemes A  and D give rise to only 3 products whilst schemes B  and C give 
rise to 4 products. A  is not easily distinguishable from D because bond (i) was cleaved 
so much more rapidly than (ii) or (iii) in our particular study. I f  the rate constant for
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Fig. 8. A representation of the possible pathways of the specific degradation of £-casein by 
rennin. The horizontal lines represent the £-casein polypeptide chain, the points ii and iii 
represent the positions and order of the bonds attacked by the enzyme and £-easein, £-111 
represent the species released.

the cleavage o f bond (i) is hi, bond (ii) is i i i  and bond (iii) is ¿iii, the following 
equations apply to scheme A or D :

dp  =  — P(ki +  kii +  ¿iii) dt, 
dp-1 — [fik i — /?-I(i ii +  i  iii)] dt, 
dp-11 =  [(/?+/?-1) k i i - p - U  ¿iii] dt, 
dp-111 =  (/?+  /M  + /M I) ¿iii dt.

Further breakdown, although known to occur, is of a non-specific nature, as is 
shown by the result that no new electrophoretic bands could be seen after extended 
reaction, and it was therefore neglected. The above equations were used for the calcu
lation of the concentration changes over a  short time interval (initially 0-005 min). 
The concentrations of /?-III, /M I, p-1 and /hcasein were then calculated, in that order. 
After 100 cycles of this calculation the concentrations were displayed, the time inter
val doubled and the calculation cycle repeated. (The first 2 time intervals, normally
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0-0-5 and 0-5-1-0 min, were kept the same.) Table 2 shows the first-order rate 
constants finally used in the calculation of the curves that best fit the experimental 
data  (Figs 3-5).

Table 2. Rate constants, min-1 x 10i , used to calculate the continuous
lines in F ig s 3-5

Tem p., °C hi &ii Aiii

10 2500 9 4
25 5000 100 50
37 10000 160 84

DISCUSSION

The overall reaction

The initial degradation of /?-casein-B under the influence of rennin action at pH  
6-5 is essentially the same as that reported by other workers for //-casein in whole 
casein (Fox, 1969a; Ledford, Chen & N ath, 1968; Mickelsen & Fish, 1970). The only 
m ajor study on the degradation of purified //-casein has been made by Lindqvist & 
Storgards (1960), who used free-boundary electrophoresis to investigate the reaction. 
They purified their m aterial by fractional precipitation and checked purity by free 
boundary electrophoresis. The existence of genetic variants of casein was not widely 
known at that time and for these reasons it seems unlikely that their material con
tained only a  single protein. However, their use o f free-boundary electrophoresis 
would give a much better idea o f the distribution of all o f the casein fragments, 
whereas the technique used in this study reveals only the fragments that are nega
tively charged a t high pH  and are precipitated with the Amido Black dye. Consider
ing these differences it would have been surprising if  the present results had been the 
same as those obtained by Lindqvist & Storgards.

The relative sizes and shapes o f the species //-I, //-II and //-III are not known with 
certainty. From  the ultracentrifugation data  the mol. wt. of //-I is most probably 
close to that of //-casein. I f  the degradation scheme outlined earlier is correct, then 
//-II is smaller than //-I, and /M i l  is smaller than either of them. Because o f the 
relatively high dye-binding capacity o f /M i l  we assume that most of the positively 
charged groups (at pH  2-3) are retained, and because of the greater mobility o f /?-II 
and /M il ,  then either they are smaller than /M , or they are more negatively charged 
at pH  9. From  these considerations it seems likely that /M I is derived from /?-1 by 
removal of a  peptide segment with perhaps 10-20 % of the basic groups and the same 
number of acidic groups. The number o f charged groups removed in the conversion of 
/M I into /M il  is probably about the same, because the dye binding capacity o f fi l l  
and /M i l  seem similar, indicating similar net charge at low pH , while the mobility at 
higher pH  is greater.

I t  is known that in the iV-terminal tryptic peptide o f //-casein, containing 24 amino 
acids and having a  mol. wt. o f ~  3000, there are 4 phosphoserine residues (Peterson, 
Naum an & McMeekin, 1958), 3 of them contiguous (Manson & Annan, 1970), and 
also 7 glutamic acid and 2 arginine residues giving a net negative charge of 12 for the 
peptide at pH 9. From  other evidence (Mills, 1970) it is likely that in the conversion



of //-casein to ¡3-1 a  C-terminal peptide is removed. The only schemes outlined (Fig. 8) 
that fit the data  (Figs 3-5) are A and D, where conversion of ¡3-1 to /A ll or to /A III 
involve removal from only one end of the molecule. Because of the high concentration 
of acidic groups near the A7-terminus and the mobilities of /A ll and /A III it is very 
likely that /A III includes the A-terminal sequence, (Fig. 8A). Further work should 
clarify this point.

The results obtained by  Lindqvist & Storgards (1960) indicate that the course as 
well as the rate o f the reaction is markedly influenced by the pH  of the solution (or 
coagulum). B y  non-protein-nitrogen release, maximum activity was between pH  4 
and 5, with equal but lower activities at pH  2, 3 and 6. The electrophoretic patterns 
indicate that a t the lower pH  values (less than 4) the degradation is much less specific. 
This finding is supported by F ox  (1969«), who showed, using gel electrophoresis, that 
at lower pH  values (less than 4) more products were formed -  particularly from 
a sl-casein -  by the action of rennet on whole casein. A t pH  6-5, at which we conducted 
most of our experiments, the reaction was highly specific, with one bond being broken 
much faster than any other.

From  published polyacrylamide gel electrophoresis patterns showing protein break
down in cheese (Ledford, O’Sullivan & Nath, 1966), it can be seen that in no case does 
the //-casein show the same pattern of breakdown as is shown in solution, whereas 
from studies showing the breakdown of whole casein in solution the same pattern of 
breakdown as we describe is clearly discernible in the early stages of breakdown (e.g. 
Fox, 19696). (The products which we label /A ll and ¡3-111 are unfortunately obscured 
by the a sl-casein bands in the alkaline polyacrylamide electrophoresis o f whole casein 
and are only clearly seen in system s using purified casein fractions.) The reason for 
the differences between breakdown in cheese and in solution is not clear, and warrants 
further investigation.

I t  has been shown from optical rotatory dispersion measurements (Gamier, 1966; 
Herskovits, 1966) and hydrodynamic measurements (Noelken & Reibstein, 1968) 
that //-casein in solution undergoes temperature-dependent conformational changes. 
A t low temperature (5°C) it appears to form a structure with a certain amount of 
poly-proline helix whilst at higher temperatures (40°C) this has largely disappeared. 
This is no doubt related to the well-known temperature-dependent insolubility of 
//-casein in the presence o f sufficient calcium near neutral pH. Our results show that 
the relative rates of cleavage of the first and second bond alter with temperature, and 
that at 37°C and pH  6-5 the addition of ju st insufficient calcium to cause precipita
tion, reduces the rate of cleavage o f the first bond. I t  has also been shown by Fox 
(1969a), from measurements on the degradation of whole casein at pH  6-0 and at 
temperatures o f 4, 10, 21 and 32°C, that the ratio of a sl-casein to /Acasein degradation 
rates (the most susceptible bond in each case) increases with temperature. Our results 
(Table 2) show that the ratio of the rate o f cleavage of the second (ii) or third (iii) 
bond to the rate of cleavage of the first (i) bond of //-casein also increases with tem 
perature, the greatest change occurring in the rates of cleavage of the bonds (ii) and 
(iii) between 10 and 25°C. I t  seems likely that the high-temperature conformation of 
//-casein is relatively less susceptible to attack  at bond (i), whereas the reverse is true 
for bonds (ii) and (iii). The influence o f calcium m ust be very similar in that the 
calcium protein complex has a conformation that is not as readily hydrolysed at bond
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280
(i). I t  might be expected that the complexing of calcium to the protein would cause 
the total protein charge at pH  6-5 to fall from ~  — 11 to ~  — 3 (Waugh & Creamer, 
unpublished results). This would be expected to increase the rate of reaction, 
in the same way that lowered pH  does, and consequently more than substrate 
charge must be involved.

The authors are grateful to Dr R . M. Dolby and Dr R. C. Lawrence for helpful and 
stimulating discussion, Miss D. M. Handley for skilled technical assistance, and the 
Applied Biochemistry Division, D .S .I.R ., Palmerston North, for the use of the Joyce 
Chromoscan densitometer.
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EXPLANATION OF PLATE

A set of disk polyacrylamide gels showing the degradation, with time, of /J-casein by rennet at 10°C and 
pH 6-5. Samples were taken from the reaction mixture at doubling time intervals. The times (min) 
correspond to those shown in Fig. 5.

Printed in Great Britain



D I R E C T I O N S  T O  C O N T R I B U T O R S

G E N E R A L
Papers submitted for publication should be sent to 
Dr J . E. Ford (The Journal o f Dairy Research), National 
Institute for Research in Dairying, Shinfield, Reading, 
England. Submission of a paper will be held to imply 
that it reports unpublished original work, that it is not 
under consideration for publication elsewhere, and that 
if accepted for the Journal it will not be published else
where in English or in any other language, without the 
consent of the Editors.

F O R M  O F P A P E R S
The onus of preparing a paper in a form suitable for 
sending to press lies in the first place with the author 
who, in his own interests, should follow these directions 
carefully, and consult a current issue of the Journal for 
guidance on details of typographical and other con
ventions.

Every paper should be headed with its title, the names 
and initials of the authors (women supplying one given 
name) and the name and address of the laboratory 
where the work was done.

Papers should be in English, the spelling being that of 
the Shorter Oxford English Dictionary. They should be 
typed with double spacing, on one side only of the 
sheets, and with ample margins for editorial annotations.

Papers should in general be divided into the following 
parts in the order indicated: (a) Summary, brief and 
self-contained; (b) Introductory paragraphs, briefly 
explaining the object of the work but without giving an 
extensive account of the literature; (c) Experimental or 
Methods; (d) Results; (e) Discussion and Conclusions; 
( / )  Acknowledgements without a heading; (g) Refer
ences. Only with some exceptional types of material will 
headings different from (c), (d) and (e) be necessary.

The use of footnotes should be avoided if possible. 
Underlining should be used only to indicate italics. 
Proper nouns, including trade names, should be given a 
capital initial letter. Wherever possible numerals should 
be used unless this leads to ambiguity. The typescript 
should carry the name and address of the person to 
whom the proofs are to be sent, and give a shortened 
version of the paper’s title, not exceeding 45 letters and 
spaces, suitable for a running title in the published pages 
of the work.

T A B L E S
Tables should be numbered and should carry headings 
describing their content. They should be comprehensible 
without reference to the text. They should be typed on 
separate sheets and their approximate positions in the 
text indicated.

IL L U S T R A T IO N S
Line drawings, which must be originals, should be 
numbered as Figures and photographs as Plates, in 
Arabic numerals. Drawings should be in Indian ink, on 
Bristol board or cartridge paper. However, a technique 
which may be more convenient to authors is to use a 
double-sized piece of tracing paper, or translucent 
graph paper faintly lined in blue or grey, folded down 
the centre with the drawing on one half and the other 
half acting as a flyleaf.

Attached to every figure and plate there should be a 
translucent flyleaf cover on the outside of which should 
be written legibly: (a) title of paper and name of author; 
(b) figure or plate number and explanatory legend;

(c) the figures and lettering, which are intended to 
appear on the finished block, in the correct positions 
relative to the drawing underneath. For each paper 
there should be also a separate typed sheet listing figure 
and plate numbers with their legends, and the approxi
mate positions of illustrations should be indicated in the 
text.

As a rule the photographs and diagrams should be 
about twice the size of the finished block and not larger 
over-all than the sheets on which the paper itself is 
typed. For general guidance in preparing diagrams, it is 
suggested that for a figure measuring 9 in. x 6 in. all 
lines, axes and curves should have a thickness of 0-4 mm,
thus-------------. Graph symbols in order of preference
should b eO  • ,  A A, □  ■ ,  x + ,  and for a 9 in. x 6 in. 
graph the open circles should be \  in. in diam. The open 
triangles should be large enough to contain circles of 
A  in. diam. and the open square circles of i  in. diam. 
The crosses should have lines J  in. long. The black 
symbols should be slightly smaller than the correspond
ing open symbols. Scale marks on the axes should be on 
the inner side of each axis and should be J  in. long.

R E F E R E N C E S
In the text, references should be quoted by whichever of 
the following ways is appropriate: Arnold & Barnard 
(1900); Arnold & Barnard (1900a); Arnold & Barnard 
(1900a, b); (Arnold & Barnard, 1900). Where there are 
more than 2 authors all the surnames should be quoted at 
the first mention, but in subsequent citations only the 
first surname should be given, thus: Brown et al. (1901). 
If there are 6 or more names, et al. should be used in 
the first instance. Also, if the combinations o f names are 
similar, e.g. Brown, Smith & Allen (1954); Brown, Allen 
& Smith (1954), the names should be repeated each time. 
Reference to anonymous sources is not acceptable.

References should be listed alphabetically at the end 
of the paper, titles of journals being abbreviated as in 
the World List o f Scientific Periodicals. Authors’ initials 
should be included, and each reference should be punc
tuated in the typescript thus: Arnold, T. B., Barnard, 
R. N. & Compound, P. J. (1900). J . Dairy Res. 18, 158. 
References to books should include names o f authors, 
names of editors, year of publication, title, town of 
publication and name o f publisher in that order, thus: 
Arnold, T. B. (1900). Dairying. London: Brown and 
Chester.

It is the duty of the author to check all references and 
to ensure that the correct abbreviations are used.

S Y M B O L S  A N D  A B B R E V IA T IO N S
The symbols and abbreviations used are those of British 
Standard 1991: Part 1: 1967, Letter Symbols, Signs and 
Abbreviations.

D E S C R IP T IO N S  O F S O L U T IO N S  
Normality and rr.olarity should be indicated thus: 
n-HC1, 0-1 M-NaH2P 0 4. The term ‘ % ’ means g/lOOg 
solution. For ml/'.00ml solution the term '%  (v/v)’ 
should be used and for g /100 ml solution the correct 
abbreviation is ‘ % (w/v)’.

R E P R IN T S
Order forms giving quotations for reprints are sent to 
authors with their proofs.



C O N T E N T S

O b itu a ry . D r  S . J .  R o w la n d  p a g e  265

T h e  ac tio n  o f  re n n ets on  th e c a se in s . I. R e n n in  a c t io n  on  y?-casein-B 
in  so lu t io n

L. K. CREAMER, O. E. MILLS a n d  E. L. RICHARDS 269

S e a s o n a l  v a r ia t io n s  in  th e  v isc o sity  a n d  a d h e s iv e  stre n g th  o f  ca se in  
fro m  th e  m ilk  o f  in d iv id u a l c o w s. II.

C. R. SOUTHWARD a n d  R. M. DOLBY 281

T h e  e ffe c ts  o f  n u tr it io n a l level on  m ilk  y ie ld  a n d  m ilk  c o m p o s it io n  in  
c o w s a n d  h e ife rs

S. GORDIN, R. VOLCANI a n d  YEHUDITH BIRR 287

T h e  effect o f  v a ry in g  r a t io s  o f  r o u g h a g e  to  c o n c e n tra te s  on  c o m 
p o s it io n  a n d  y ield  o f  c o w ’ s m ilk

S. GORDIN, R. VOLCANI a n d  YEHUDITH BIRK 295

E ffe c ts  o f  d ren ch in g  w ith  a  ‘ p lu r o n ic ’ on  b lo a t  a n d  m ilk  p ro d u c tio n
D. E. WRIGHT 303

T h e  e ffe c ts o f  d ie ta ry  u rea  a n d  a m m o n iu m  su lp h a te  on  th e y ie ld  an d  
c o m p o s it io n  o f  sh e e p  m ilk

G. tanev  309

T h e  m e ta b o lism  o f  [U -14C ]g lu c o se , [ l - 14C ]p a lm it ic  a c id  a n d  
[ l - 14C ]s te a r ic  a c id  by  th e  la c ta tin g  m a m m a ry  g la n d  o f  th e sow  

j. sp in c e r  a n d  J. A. F. rook 315

C h a n g e s  on  s to r a g e  in m ilk  p ro c e sse d  by u ltra -h ig h -te m p e ra tu re  
ste r iliz a tio n

ru th  sa m el , r . w. v. w eaver a n d  d . b. g am m ack  323

T h e  c o n c e n tra t io n s  o f  so m e  w a te r-so lu b le  c o n stitu e n ts  in  th e  m ilk s  o f  
c o w s, so w s, ew es a n d  g o a t s

a. k o n a r , p. c . thom as and J. A. f . rook 333
H e a t- in d u c e d  in te ra c tio n  o f  /M a c to g lo b u lin  a n d  /c-casein

G. H. MCKENZIE, R. S. NORTON a n d  W. H. SAWYER 343

A  u se  o f  the c o m p u te r  a s  a n  a id  in d ia g n o s is  o f  m e ta b o lic  p ro b le m s 
o f  d a iry  h e rd s

G. J. ROWLANDS a n d  RITA M. po co ck  353

S o m e  e ffe c ts  o f  u n sa tu ra te d  o ils  g iven  to  d a iry  c o w s w ith  r a t io n s  o f  
d iffe re n t ro u g h a g e  co n te n t

j .  w . G. n ic h o lso n  a n d  J. D. SUTTON 363

C o n c e n tr a tio n  o f  m ilk  by  u ltra filtr a t io n  a n d  re v erse  o s m o s is
F. A. GLOVER 373

E ffe c t  o f  fib re  level in th e  d ie t o f  th e  d a iry  co w  o n  m ilk  y ie ld  a n d  
c o m p o s it io n

F. J. GORDON and t. j . fo rbes 381
T h e  in flu en ce  o f  p H  a n d  h eat tre a tm e n t on  the c o lo u r  a n d  sta b ility  o f  
u ltra -h ig h -te m p e ra tu re  ste r ilized  m ilk

j. G. zadow  393

C o m p a r is o n  o f  m ilk s  p ro c e sse d  by  th e d ire c t a n d  in d irect m e th o d s  o f  
u ltra -h ig h -te m p e ra tu re  ste r iliz a tio n . V . D e n a tu ra t io n  o f  the w hey p ro te in s  

R. L. J. LYSTER, T. C. WYETH, A. G. PERKIN a n d  H. BURTON 403

S o m e  a sp e c ts  o f  th e c h em ica l c o m p o s it io n  o f  the m ilk  fa t  g lo b u le  
m e m b ra n e  d u r in g  la c ta tio n

M. ANDERSON and G. C. CHEESEMAN 409

REVIEWS OF THE PROGRESS OF DAIRY SCIENCE
S e c t io n  A . P h y sio lo g y . O rg a n  c u ltu re  te c h n iq u e s  a n d  th e  stu d y  o f  
h o rm o n e  e ffe c ts on  th e m a m m a ry  g la n d

I S A B E L  A.  F O R S Y T H  4 j g

Journal of Dairy Research
Volume 38, Number 3, October 1971

Printed in Great Britain at the University Printing House, Cambridge



I n d e x  o f  A u t h o r s

Anderson, M., 409 
Andrews, A. T., 193
Birk , Yehudith, 287, 295 
Bryant, D. T. W., 217 
Burton, H., 403
Castle, A. V., 69 
Cheeseman, G. C., 193, 409 
Cowie, A. T., 1 
Creamer, L. K., 269 
Crutchfield, G., 151
Denamur, B., 237 
D o l b y , K. M., 179, 281
Edwards-Webb, J .  D., 209 
E dwin, E. E., 79

Forbes, T. J . ,  381 
Forsyth, Isabel A., 419 
F ox , P. F ., 165

Gammack, D. B., 323 
Glascock, K. F., 217 
Glover, F. A., 373 
Gordin, S., 287, 295 
Gordon, F. J . ,  381 
Gray, I. K., 179 
Green, Margaret L., 9, 25, 151 
Griffin, C. J . ,  127, 137
Hall, A. J., 73 
Henry, Kathleen M., 209 
Hindle, E. J., 145 
Holmes, C. W., 3 
Hosking, Zena D., 209
Jackson, P., 33 
J ohnson, V. W., 73

Kay, H. D., 265 
Keogh, Barbara P., 91 
Kernohan, E lizabeth A., 65 
K itchen, B. J., 171 
K onar, A., 333

L inklater, P. M., 127, 137 
Lyster, K. L . J . ,  403

McDowell, A. K. K., 179 
McKenzie, G. H., 343 
Mills, O. E., 269 
Moore, J .  H., 43, 49, 57

Nicholson, J .  W. G., 363 
Noble, R. C., 43, 49, 57 
Norris, R., 179 
Norton, R . S., 343

Perkin, A. G., 403 
Pocock, R ita M., 353

Richards, E. L., 269 
Rook, J .  A. F., 33, 315, 333 
Rowlands, G. J . ,  353

Samel, Ruth, 323 
Sawyer, W. H., 343 
Smith, L. P. 209 
Southward, C. R., 281 
Spencer, J . ,  315 
Steele, W., 43, 49, 57 
Storry, J .  E ., 73 
Sutton, J .  D., 363

Tanev, G., 309 
Thomas, P. C., 333 
Thompson, S. Y., 209 
Toothill, J oy'ce, 209 
Towers, K. G., 33 
Tuszynski, W. B., 115

Volcani, R., 287, 295

Wadsworth, J .  0., 65 
Walley, B. F., 165 
Weaver, R. W. V., 323 
Wheelock, J. V., 69, 145 
Wright, D. E., 303 
Wyeth, T. C., 403
Zadow, J .  G., 393

Lascelles, A. K., 65 
Lewis, Gwyneth, 79



J o u r n a l  o f  D a i r y  R e s e a r c h ,  V o l .  3 8 ,  N o .  3
P l a t e  1

' '

— //-Casein
—fl-t

- / M l
— //-III

+
0 4 15 30 60 120 240 480 960 '440 2880

L . K . C R EA M ER , O. E . M IL L S a n d  E . L. R IC H A R D S (F ac in g  p . 280)



J .  D a iry  R es. (1971), 38, 281 281

S e a s o n a l  v a r i a t i o n s  i n  t h e  v i s c o s i t y  a n d  a d h e s i v e  s t r e n g t h  o f  

c a s e i n  f r o m  t h e  m i l k  o f  i n d i v i d u a l  c o w s .  I I *

B y  C. R . SO UTH W ARD a n d  R . M. D O LB Y

New Zealand D airy Research Institute, Palmerston North,
New Zealand

(Received 30 December 1970)

S u m m a r y . The viscosity and adhesive strength of casein from the milk o f 6 individual 
cows were determined on sam ples collected regularly over a period of 21 months. 
Three of the cows calved in autumn and 3 in spring. The viscosity of the casein from 5 
o f the cows showed a decline during lactation that was independent o f the date 
o f calving. I t  was therefore concluded that the decline in casein viscosity m ay be 
attributed to lactational rather than seasonal effects.

In  an earlier paper (Southward & Dolby, 1968) the seasonal decline in viscosity 
and increase in adhesive strength of caseins from the milk o f individual cows was 
described. I t  was suggested that these trends could be attributed to lactational 
rather than seasonal effects. In  an attem pt to confirm this theory, a  further trial was 
undertaken in which casein was prepared from samples of milk collected regularly 
from both spring- and autumn-calving cows.

The present paper describes the lactational variation in viscosity of casein and of a 
casein-clay paper-coating mix, and in adhesive strength of casein obtained from the 
milk o f 6 individual cows.

EXPERIMENTAL 

Experimental design

Six cows were chosen from an experimental herd o f Friesian cows which produced 
milk for town supply. Three cows had calved in the autumn (April-May) and 3 in the 
following spring (July-Septem ber) before the trial was commenced.

For sampling purposes, the cows were divided into 3 pairs. As it was not possible to 
make more than 2 casein preparations in one day, 1 pair o f cows was sampled on each 
of 3 successive days at the beginning of each week (Table 1).

Preparation of casein

Morning milk from each cow was separated and a  1-gal sample of the resulting 
skim-milk was used for preparation of casein.

The casein was prepared as previously described (Southward & Dolby, 1968) 
except that from August 1967 the casein was dried in a laboratory fluid bed drier 
(Glatt type T R 2).

Part I. J .  Dairy Res. (1968), 35, 25.
18-2



Table 1. Details of cows supplying milk for trial

2 8 2  C .  R .  S o u t h w a r d  a n d  R .  M .  D o l b y

1966 1967 1968
_A___________ ___________A-------------- ---------------A 

Sam pling
order

Cow
no.

Calving
date Type

Calving
date Type

Calving
date Type

1 2 13 Aug. Spring 5 Aug. Spring — —
7 24 Apr. Autum n 28 Ju ly Spring — —

2 19 22 Apr. Autumn 2 May Autum n 9 Apr. Autum n
*21 13 Aug. Spring — — — —

62 — — 22 Apr. Autumn 20 Apr. Autum n

3 47 13 Aug. Spring 27 Sept. Spring — —
87 24 Apr. Autumn 28 Apr. Autumn 8 May Autum n

*  Approxim ately 4 m onths after commencement of the trial, cow 21 was culled from the herd and cow 
62 w as chosen to replace it. D ata  from cow 21 is accordingly not presented.

N .D .J .F . M. A . M. J . J . A . S. O . N .D .J . F. M. A . M. J . J . 
1966 1967 1968

F ig . 1. V ariation in the v iscosity  o f caseins from  individual cows during a  lactation. Values 
(in poises) are for a  15%  (w/w) solution o f casein in am m onia, m easured a t  a  shear rate  o f 50 s -1 
a t  25°C. *  Calving date.



S e a s o n a l  v a r i a t i o n s  i n  p r o p e r t i e s  o f  c a s e i n 2 8 3

Physical properties of casein in paper coating 

Laboratory paper coating and measurement o f the viscosity of casein and of its 
adhesive strength on coated paper were carried out as previously described (South
ward & Dolby, 1968). The paper-coating mix was placed in a water bath maintained 
a t 25°C. After a suitable period for equilibration (30 min) the viscosity was measured 
with a Ferranti concentric cylinder viscometer at a shear rate o f 50 s_1. The standard 
error of the viscosity determination on a given coating mix was o f the order o f 25 cP.

1966 1967 1968

Fig . 2. V ariation in the viscosity  o f paper-coating m ixes containing clay and caseins from  
individual cows during a  lactation. Values in centipoises are for a  4 5 %  (w/w) dispersion o f clay 
and casein in am m onia (13-5%  casein on clay), m easured a t  a  shear rate o f 50 s -1 a t  25°C. 
*  Calving date.

R E SU L T S AND D ISCU SSIO N  

Casein viscosity

The viscosity of casein samples from 5 of the 6 cows showed a  general decline 
throughout their lactation (Fig. 1), although casein from cow 47 showed a rather 
unusual pattern, particularly at the end of lactation. (This pattern was also apparent 
in the coating viscosity and adhesive strength of the casein from cow 47.) Unfor
tunately, samples o f milk were not received from cow 2 for some 2 months after
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calving, and early lactation data on viscosity were therefore not collected. There was 
no obvious trend in viscosity of casein from this cow.

From  an examination of the casein viscosity patterns of all cows except cow 2, it 
was apparent that the principal cause of the decline was lactational rather than 
seasonal.

Coating viscosity

While not as pronounced as the trend from the casein viscosity data, there was some 
evidence (from cows 19, 62, 47 and 87) to suggest that coating viscosity follows a 
similar pattern to casein viscosity (Fig. 2).

C .  E .  S O U T H W A B D  A N D  E .  M .  D O L B Y
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Fig . 3. V ariation in the adhesive strength o f caseins from  individual cows during a  lactation. 
V alues (in v .v .u .: kilopoise, cm/s) are expressed in term s o f the product of the viscosity  o f  the 
pick test oil and  the pick velocity o f paper (coated with a  m ixture of clay and casein) a t  20 ‘5°C 
and 5 5 %  R.h . *  Calving date.

Adhesive strength

In  contrast to results obtained earlier (Southward & Dolby, 1968), no overall 
pattern can be distinguished in the data from the adhesive strength determination 
on the caseins from these cows.

The adhesive strength was markedly lower overall than in the previous set of 
experiments and may be attributable to either (i) a change in coating clay to one of a 
similar type to, but of different origin from, that used previously (Southward & 
Dolby, 1968) or (ii) a change in pick test oil, nominally o f the same type and viscosity, 
but different in colour and possibly in composition from that used in the earlier trial.
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1966 1967 1968

Fig. 4. Variation in the ratio of adhesive strength to viscosity of caseins from individual cows 
during a lactation. Values are expressed as (v.v.u. X  100)/poises. *  Calving date.
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I t  is of interest to note that the adhesive strength : casein viscosity and 
adhesive strength: coating viscosity ratios for casein from the autumn-calving cows 
(nos 19, 62 and 87), all showed clearly increasing lactational trends, whereas the 
pattern was much less clear for the spring-calving cows. This was contrary to the 
previous finding (Southward & Dolby, 1968) where there was a definite upward trend 
with spring-calving cows as with the autumn-calving cows in the present trial (Figs 
4, 5).

While the main trend is lactational, there appear to be some other influences having 
a  short-time effect. Some of these m ay arise from experimental error, while some are 
likely to be real changes in casein properties. I t  appears that weather has little 
effect on these properties as changes rarely occurred simultaneously with a number 
of cows.

CONCLUSIONS

A  decline from beginning to end of lactation in casern viscosity and a  smaller decline 
in coating viscosity were found for autumn-calving cows as was previously reported 
for spring-calving cows. In the present trial this trend was less obvious with spring
calving cows but it is evident that lactational changes are the principal cause of 
changes in casein viscosity during the season. Little change in adhesive strength 
through the lactation was noted, but the ratio of adhesive strength to viscosity tended 
to show a lactational increase.

The authors are grateful to Mr G. F . Wilson for providing samples of milk, to 
Dr L . K . Creamer for many helpful discussions and to Misses E . A. Pinfold and R. 
Doyle and Mr M. W. Bysouth for technical assistance.
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S u m m a r y . The effects o f diets high in concentrates and low in roughage on the yield 
o f milk and milk constituents were studied in 32 cows and heifers throughout lacta
tion. A  high level o f concentrates in the ration caused an increase in milk yield, a 
decrease in fa t percentage but not in total fa t yield, and an increase in protein produc
tion.

Milk produced under such feeding conditions is capable o f yielding greater quanti
ties of curd than would be expected from its fat content, and should be evaluated 
accordingly. Feed requirements of the cows should be assessed not solely on the basis 
o f the fa t content o f their milk but also in accordance with the protein content.

For many years it has been customary to evaluate milk in relation to its fat content. 
Great efforts have been made to breed animals for high milk fa t percentage and for 
high total fa t production, not only because of the importance of milk fat and its 
products in the human diet, but also because of the belief that a  positive correlation 
exists between the content o f milk fat and that o f total solids, and in particular that 
of milk protein (Jenness & Patton, 1959; Lush, 1960; Corbin & Whittier, 1965).

In the U .S.A . increased competition from vegetable fats and oils caused a  drastic 
fall in butter production, and in the commercial value of the milk fa t (Coulter, 1966).

In  recent years the value of high quality protein in the human diet has become more 
apparent, as has in particular the importance o f milk and some of its products as the 
cheapest source o f essential amino acids (Porter & Garton, 1964).

Change in the pattern of feeding o f the Israeli-Friesian dairy herd, involving 
increase in both the absolute and relative amounts of concentrates, led to a pro
nounced decline in the milk fat percentage. However, the published evidence con
cerning the effects on other milk constituents is contradictory (Rook & Line, 1961; 
Nordfelt & Ruudvere, 1963; Van Soest, 1963; Olson, Reed, Benson, Stew art & 
Dahncke, 1965, Huber & Bom an, 1966).

The development o f the dye binding methods for protein estimation has enabled 
protein determination to be carried out on large numbers of milk samples, in an 
ordinary laboratory, and has made possible the examination of this question (Kiddy, 
1963; Lolkem a & de Graaf, 1966).

*  Contribution from Volcani Institute of Agricultural Research, Bet Dagan, Israel; 1971 series, no. 
1840E.
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Production in the Israeli dairy herd is highly intensive. N atural pasture is non

existent and only very limited areas of cultivated pasture or forage are available. 
The quantity of water and the area of land available per head of cattle are limited. 
Concentrates constitute the major part of the ration and hi m any herds supply over 
80 % of the energy intake at certain periods of the lactation. The Israeli-Friesian 
strain that has been developed is capable of producing a  high milk yield with a low 
fa t percentage on a high-concentrate diet (Volcani, 1963).

S .  G o r d i n ,  R .  V o l o  a n i  a n d  Y e h u d i t h  B i r k

Table 1. Average milk production, and fat percentage and production, per cow in the
Israeli registered herd

Production 1960 1962 1964 1966 1968 1969

Milk, kg 5637 5709 5694 5939 6165 6271
Fat, % 3-42 3-37 3-28 3-26 3-25 3-26
F at, kg 192-8 192-4 186-8 193-6 200-4 204-4

Less than 50%  of local milk production is utilized for the liquid market. The 
remainder is used almost exclusively in the manufacture of soft and hard cheese.

Powell (1939), Loosli, Lucas & M aynard (1945), Balch, Balch, Bartlett, Cox & 
Rowland (1952) and Ronning (1960) found that high-energy diets low in roughage 
and high in concentrates caused a fall in the fat percentage of milk. Holmes, Waite, 
M acLusky & W atson (1956), Storry & Rook (1966) and McCullough (1966) noted 
differences in solids-not-fat (SNF) percentages on feeding different levels o f concen
trates in the ration.

Milk with a  low fat percentage is generally expected to have a low protein content, 
and this, if established, would clearly influence the nutritional and economic value of 
the milk. The purpose of the present work was to examine the effects of high-energy 
diets rich in concentrates, on the milk yield and on the fa t and protein contents and 
the relationship between them.

MATERIALS AND METHODS

Thirty-two cows and heifers of the Israeli-Friesian strain were divided into 2 
feeding groups of 16 and housed in open sheds, each individual cow having a  fixed 
feeding stand. The cows were allocated to the groups after consideration of their age, 
milk yield and body weight (average: 580 kg for cows and 490 kg for heifers); the 
heifers were also grouped on the basis of their dam s records. The experiment was 
continued over a period of 3 years.

The diet consisted of pelleted concentrates containing 16 % crude protein and 90 % 
dry m atter, and of roughage including fodder, silage and hay, and was supplied 
individually only when each cow was tied in its station.

Equal amounts of roughage (4 F U *) were eaten daily by each cow in all groups 
throughout the experiment. Two levels o f concentrates were fed: (1) ‘ N orm al’ level, 
calculated weekly from maintenance requirements plus an additional 0 -4F U /k g  
milk, according to the Breirem (1955) standard; (2) ‘ H igh ’ level: concentrates were

*  FU  =  Scandinavian Feed Unit, 1 FU  =  1-65 Meal net energy for fattening or 2-1 Meal for milk 
production.
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offered to  each cow ad libitum several times daily. The cows of this group were 
weighed twice weekly. On exhibiting a progressive increase in body weight these 
cows were transferred gradually to the Normal diet.

Cows found to be infected with m astitis were withdrawn from the experiment and 
replaced by other animals.

Cows were milked thrice daily and the yields of milk recorded. Sam ples were 
collected a t 3 consecutive milkings, weekly or fortnightly, and analysed for total 
solids and for fat as described by American Public Health Association (1960), and 
for protein as follows: a  solution was prepared containing 0-06%  Amido Black 10 
(Merck AG, D arm stadt), 0-16%  disodium hydrogen phosphate and 1-6%  citric 
acid, in distilled water. This solution, o f pH  2-5, when diluted 1:100 with distilled 
water gave an absorbance o f 0-28 at 550 nm, as measured with a  ‘ Spectronic 20 ’ 
spectrophotometer using a cell of 12 mm light path.

To a  test tube containing 10 ml o f the Amido Black solution at room temperature, 
a 0-5-ml sample of milk was added. The tube was stoppered and shaken for a t  least 
10 min and centrifuged at 820 g  for 10 min. One ml of the supernatant was diluted 
with 10 ml o f distilled water and its absorbance measured. A  standard absorbancy 
curve was prepared for each batch of Amido Black solution by nitrogen determination 
(K jeldahl method) on the same samples.

SN F  wTas obtained by subtracting the fa t percentage from the percentage o f total 
solids.

Statistical treatm ent of the results was carried out according to Snedecor (1956).

E f f e c t  o f  n u t r i t i o n a l  le v e l  o n  m il lc  y i e ld

RESULTS AND DISCUSSION

D ata on the feed intake of the animals in the 2 groups are given in Table 2. The data 
are analysed and reported for 3 periods. (1) The first period was the first 12 weeks of 
lactation, during which concentrates were given to the High groups ad libitum and

Table 2. Average feed units (F U *) consumed daily per cow, and percentage of roughage 
in the diet during the experimental periods

Weeks of lactation
r \

1-12 13-28 29-44
Feeding ,----------------A----------------v----------------K----------------v----------------K----------------
group Roughage, Roughage, Roughage,

,------------*------------\ FIT o /
/o FU o /

/o FU o//o
Heifers High 18-5 22 13*8 29 11*2 36

Normal 11*9 34 10*9 37 9*7 41
Cows High 20*2 20 15*0 27 — —

Normal 13*7 29 11*0 30 — —

* See p. 288.
— , Not determined because of many cases of mastitis.

to the Normal groups in accordance with milk yield and the maintenance require
ments. (2) The second period was from the 13th to the 28th week, during which the 
effects o f pregnancy are normally not yet apparent (Lampo, Willems & Vanschou- 
broek, 1966). Cows of the High group which exhibited gains in body weight accom
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panied by a drop in milk production were gradually transferred to the Normal regime 
during this period. (3) The third period was from the 29th to the 44th week, during 
which most of the animals were pregnant. The records of the heifers only are presented, 
as a large number o f the cows were withdrawn from the experiment due to m astitis.

S .  G o r d i n ,  R .  V o l c a n i  a n d  Y e h t t d i t h  B i r k

Weeks of lactation

Fig. 1. Average daily milk yield of cows and heifers on Normal { A ) and High energy (A ) diets.

During all 3 periods the High group consumed greater amounts of concentrates 
than did the Normal group and thus the percentage of roughage in the diet remained 
lower in the High group.

M ilk yield

Peak milk yield was obtained within 3-6 weeks of the beginning of lactation, the 
High groups exhibiting significantly higher yields throughout the lactation period.

M ilk composition

Fat. The High groups showed consistently a significantly lower fat percentage than 
did the Normal group, characterized by a  minimum between the eighth and tenth 
week below the recorded level of the Israeli herd. This minimum was followed by a 
gradual increase which was maintained until the end of the milking period. Because



of the difference in milk yield between the 2 groups there was no difference in total 
fat production.

Protein. No differences were found in the protein percentage but total protein 
production was significantly higher both for cows and for heifers o f the High groups 
during the entire test period.

E f f e c t  o f  n u t r i t i o n a l  le v e l  o n  m il lc  y i e ld  2 9 1
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Fig. 2. Average daily yield and percentage of milk constituents of heifers receiving Normal

(A ) and High energy (A ) diets.

S N F  and total solids. The pattern for SN F  content resembled that for protein in 
both groups. The pattern for total solids content resembled that for fat, although 
total production was somewhat higher in the High groups.

D ata  presented in Table 3 shows a rise in overall milk production in the High group. 
There was no difference in fa t production, but a rise in protein production was 
evident. These trends were maintained not only in the first 12-week period, during 
which concentrates were fed ad libitum, but also during the later periods when the 
feeding regime was the same for both groups. However, the percentage o f roughage 
in the diet remained lower in the High groups.
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I t  has been found that in general a rise in milk production lowers the overall fa t and 

protein percentage, but is accompanied by a  rise in fat and protein production 
(Huber, G raf & Engel, 1964; Swanson, Hinton & Miles, 1967).

S .  G o r d i n ,  R .  V o l c a n i  a n d  Y e h t j d i t h  B i r k :
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W eeks of lactation

Fig. 3. Average daily yield and percentage of the milk constituents of cows receiving Normal
( A ) and High energy (A ) diets.

In  the present experiment, however, the milk fat percentage was lowered in the 
High groups, in some cases to less than 2 %, which represented a fall in total fat 
production. A t the same time the protein percentage and production were not lowered, 
and in some cases were even higher. Furthermore, the variations in SN F  may reflect 
rises greater than those due solely to the protein.

K ay  & Hobson (1963) reviewed the effect of high-energy diets on milk fat and 
connected the fall in milk fat percentage on a high-concentrate diet with changes in 
the production of V FA  and in the ratio of acetic to propionic acid in the rumen. High- 
energy diets lead to enhanced rumen activity and their buffering capacity is insuffi
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cient to prevent changes in the pH . A fall in pH  inhibits the acetic producing micro
flora relative to the propionic acid producing population. Since acetic acid is a major 
precursor o f milk fat, lower levels o f acetic acid result in lower milk fat production. 
Further metabolism of the propionic acid m ay result in the formation of amino acids 
which m ay be used in the synthesis o f milk proteins (Van Soest & Allen, 1959; 
McCullough, 1966; Storry & Rook, 1966).

E f f e c t  o f  n u t r i t i o n a l  le v e l o n  m i l k  y i e ld

Table 3. Production of milk and its constituents during the 3 experimental periods

Yield, kg

Heifers Cows
Weeks of ,---------------- *----------------„--------------- *—
lactation Component High Normal High Normal

1-12 Milk 2029 1778 2419 2149
F at 59-5 59-2 73-2 71-4
Protein 61-5 55-7 76-6 66-6
SN F
Total

172 153 206 181

Solids 232 212 279 252

13-28 Milk 2489 2090 2227 1940
F at 65-5 64-0 68-6 65-0
Protein 74-3 63-8 71-5 61-7
SNF
Total

272 181 190 160

Solids 278 246 259 225

29-44 Milk 2035 1659 — —
F at 58-9 58-8 — —
Protein 63-4 55-0 — —
SNF
Total

175 145

Solids 234 204 — —

Total Milk 6553 5557 4696 4089
F at 183-5 182-5 141-8 136-4
Protein 198-9 174-5 148-1 127-3
SNF
Total

560 479 396 341

Solids 744 622 538 477

All differences between High and Normal with the exception of fat were significant (P <  0-01).

Under our experimental conditions the groups receiving the High level o f concen
trates showed a fall in fa t percentage which supports this assumption, but no cor
responding fall in protein percentage was found. The theory of a constant relationship 
between fa t and protein percentages in the milk produced under the High feeding 
regime is thus not correct. Under these conditions estim ation of feed requirements 
based on F a t  Corrected Milk (Gaines, 1928) was inadequate, in that the decrease in 
milk fa t percentage was not accompanied by a  corresponding fall in the milk protein 
percentage, and the estim ates therefore need to be revised.

The fa t content of mills produced under such conditions of feeding is clearly not a 
suitable index of its dietetic and commercial value, especially if the milk is destined 
for cheese production.
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T h e  e f f e c t  o f  v a r y i n g  r a t i o s  o f  r o u g h a g e  t o  c o n c e n t r a t e s  o n  

c o m p o s i t i o n  a n d  y i e l d  o f  c o w ’ s  m i l k *

B y  S. GO RD IN , R . VOLCANI a n d  Y E H U D IT H  B IR K

Volcani Institute of Agricultural Research, Bet Dagan, and Faculty of 
Agriculture, Hebrew University, Rehovot, Israel

(Received 16 March 1971)

S ummary. T wo levels of roughage, 3 F U  (feed units) and 5 F U  daily, were fed to 
Israeli-Friesian cows and heifers receiving either a  normal (Normal) or a high-energy 
(High) diet.

Milk yield and composition were examined for 12 weeks following parturition. The 
animals receiving 5 F U  of roughage daily showed a  higher milk yield during the first 
8 weeks. With the Normal diet the amount of roughage had no effect on milk com
position. With the High diet, mills yield was higher than with the Normal, and a 
depression in fa t percentage was observed in the milk of cows and heifers receiving 
3 F U  daily. No corresponding fall in milk protein percentage was observed -  the 
cows o f this group (High-3 F U  roughage) showing, in fact, a  rise in protein percentage. 
No differences in milk total solids wrere found. With these high-energy low-roughage 
diets no correlation was apparent between milk fat and protein percentages.

In  Israel only limited amounts o f water are available, and the decision to produce 
a specific crop is influenced not only by the price of water required to produce it, but 
also by the alternative income that would be obtainable from the use of the water in 
the production of other crops. The profitability o f irrigated fodder is not high and 
farmers prefer to utilize their limited water for other more profitable crops. Hence, 
the amount of roughage fed to the dairy herd is the minimum estim ated to be required 
for normal activity of the digestive system. The relative cheapness o f grain, and the 
savings in labour and storage space that result from its use, have also promoted the 
wide use o f nutritionally balanced concentrates mixtures (Hoglund, 1963). The 
quantity o f roughage allotted per cow daily is almost constant in all seasons regard
less o f milk yield, rises in yield being accommodated by increased allowance of 
concentrates. In the period immediately following parturition when milk yield is at 
its highest, concentrates are often presented ad libitum and m ay constitute 85-90 % 
of the ration. Under this feeding regime, in which the amount of roughage consumed 
is alm ost constant, the percentage o f roughage in the dieu is especially low in the 
high production periods.

The purpose of the present work was to examine the effects of feeding 2 fixed 
proportions of roughage in both High and Normal diets on the milk yield and com
position in cows during the first 12 weeks o f lactation.

*  Contribution from  Volcani Institu te  o f Agricultural Research, B et D agan, Israel; 1971 series, no. 
1841E.
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MATERIALS AND METHODS

Thirty-two cows and heifers of the Israeli-Friesian strain were divided into 2 
groups at 2 nutritional levels immediately after parturition. The Normal level was 
calculated according to maintenance requirements with an additional 0-4 F U */k g  
milk yield (Breirem, 1955). A t the High level the animals received concentrate 
mixtures ad libitum several times daily. Each level was subdivided into 2 groups 
according to the amount o f roughage allotted daily, one receiving 3 F U  roughage 
(Normal-3, High-3), and the other 5 F U  roughage (Normal-5, High-5) per animal.

High energy diet

Fig. 1. Average daily milk yield of heifers (----- ) and cows (----- ) receiving 3 FU  (%) or 5 F U
(O ) of roughage on High energy and Normal diets.

The animals were fed individually and milked thrice daily, and the yields of milk 
recorded. Samples were collected from consecutive milkings in equivalent amounts 
and pooled once weekly during the first 12 weeks of lactation. The samples were 
analysed for total solids, fat, protein and solids-not-fat (SN F) as described in the 
preceding paper (Gordin, Volcani & Birk, 1971, p. 289). Statistical treatm ent was 
according to Snedecor (1956).

*  FU  =  Scandinavian Feed Unit, 1 FU  =  1-65 Meal net energy for fattening or 2 1  Meal for milk 
production.
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RESULTS

Feed intake

Roughage comprised some 25-30 % of the intake in group Normal-3 and 30-40 % 
in group Normal-5. Group High-3 consumed more concentrates and total F U  than 
did group High-5, the difference being not more than 10% . Since the diet was low 
in roughage this difference in concentrate intake led to roughage comprising 20 % of 
the diet in group High-3 and 25-32 % of the diet in group High-5.

%

W eeks of lactation

Fig. 2. Average daily yields and percentages of milk constituents of heifers receiving High 
energy diets containing 3 FU  ( • )  or 5 FU  (O ) of roughage.

M ilk yield

Groups receiving 5 F U  of roughage daily produced more milk from the beginning 
of the experiment until the eighth week than did those receiving 3 F U  roughage, at 
both High and Normal energy levels. After the eighth week production became similar 
in parallel groups.

ig-2
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M ilk constituents

Fat. At the Normal energy level no differences in milk fat percentage or yield were 
observed. However, cows of group High-5 produced a higher percentage and total 
yield of fa t throughout the entire period than did group High-3.

Fig. 3. Average daily yields and percentages of milk constituents of heifers receiving Normal 
diets containing 3 F U  ( # )  or 5 F U  (Q ) of roughage.

Protein. A t the Normal energy level no differences were found. However, the cows 
of group High-3 exhibited a higher percentage and yield of protein, especially after 
the fourth week of lactation.

S N F .  The general pattern was similar to that for protein, but the differences result
ing from the different dietary treatm ents were more pronounced.

Total solids. No significant differences were apparent.
Table 1 presents a sum m ary of the data for the 12 weeks o f the experiment. For 

heifers and cows of group High-3 the milk fat percentage was lower than for High-5. 
Cows of group High-3 showed a  rise in milk protein percentage over that for High-5.
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%

W eeks of lactation

Fig. 4. Average daily yields and percentages of milk constituents of cows receiving High 
energy diets containing 3 FU  ( # )  or 5 FU  (O ) of roughage.

A t the Normal level the amount o f roughage in the diet did not affect the content 
of milk constituents.

DISCUSSION

The differences in milk production between the 2 groups fed the High energy level 
were o f the order of 0-3-1-2 kg/day, with group High-5 producing the higher milk 
yields. The differences between the High and Normal energy levels were approxi
mately 3 kg/day, and similar to those obtained in previous work (Gordin et al. 1971).

The observation that on the higher roughage diets milk production was significantly 
higher in the first 3-5 weeks of lactation was unexpected (cf. Huffman, 1961; Kesler & 
Spahr, 1964), especially since the feed intake was higher with group High-3. The 
finding might be attributable to a  slower adaptation of the rumen microflora — 
accustomed to a high roughage diet before parturition — to the high concentrate diet 
that was given after parturition. This drastic change in diet could well have caused 
a  Tag period’ which lasted for some 8 weeks, while the rumen flora adapted to the 
new diet. Since a third o f the total milk yield is produced during the first 12 weeks of
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lactation, it might be useful to begin the dietary change earlier. Alternatively, it is 
possible that the lower net energy value attributed to roughage in the feed unit 
calculation m ay not represent its true net productive value under these conditions of 
feeding.

S .  G o r d i n ,  R .  V o l c a n i  a n d  Y e h u d i t h  B i r k

W eeks of lactation

Fig. 5. Average daily yiolds and percentages of milk constituents of cows receiving Normal 
diets containing 3 FU  ( • )  or 5 FU  (Q ) of roughage.

A t the Normal level the amount o f roughage eaten sufficed to maintain normal 
activity in the rumen and hence no noticeable differences were observed. At the High 
level however, a depression in fat percentage resulted, as in our previous study 
(Gordin et al. 1971).

Under our experimental conditions the depression in fat percentage was not accom
panied by the expected rise in milk yield (Van Soest, 1963; Huber, G raf & Engel,
1964) or by a fall in protein percentage (Jenness & Patton, 1959; Corbin & Whittier, 
1965; Gardner, 1969). In fact, cows of Group High-3 showed a rise in protein per
centage which rose to above the fat percentage. Heifers, however, did not demonstrate 
this rise.

No correlation between milk fat and protein percentage was apparent under high 
energy-low roughage feeding régimes.
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E f f e c t s  o f  d r e n c h i n g  w i t h  a  ‘ p l u r o n i c ’ o n  b l o a t  a n d  

m i l k  p r o d u c t i o n

B y  D. E . W RIG H T

Ruakura Animal Research Station, Hamilton, New Zealand 

(Received 17 March 1971)

S u m m a r y . Bloat in identical twin lactating cattle grazing clover-rich pastures was 
controlled by twice-daily drenching with 7 ml ‘ Pluronic ’ L  64 in water. The drench 
did not alter milk composition and there was no significant difference in milk pro
duction between control and treated groups. A significant (P  <  0-05) linear relation
ship between bloat protection and butterfat production was found between twin 
sets. Drenching increased milk production in high-bloating cows but slightly 
depressed production in low-bloating animals.

The use o f polyoxypropylene-polyoxyethylene polymers as surfactants in con
trolling and treating bloat has become widespread in New Zealand and overseas. 
These anti-foams are most effective when given in water solution as a  drench although 
the addition of ‘ Pluronics’ to drinking water is known to decrease the incidence of 
serious bloat (Phillips, 1968).

Johns & McDowall (1962), in a 3-week trial using 3 pairs of identical twin cows, 
found that a  single daily dose of 50 ml of Pluronic L  62 had little effect on milk yield 
or composition. In  the U .S.A. Helmer, Bartley & Meyer (1965) showed that daily 
doses of 10-40 g o f another polyoxypropylene-polyoxyethvlene block polymer, 
‘ Poloxalene’, had no deleterious effect on milk production, milk fat, body weight, 
feed consumption, conception rate or animal health.

The onset of bloat is usually considered to lower production by lowering food intake 
and estim ates of the economic consequences of bloat include not only deaths of 
anim als but also reduced milk production. When bloat is controlled by the use o f an 
anti-foam, maintenance o f production is to be expected.

A ttem pts to  demonstrate this effect in bloating cattle have not been successful 
(Scott, 1965). The present paper reports the results of a  trial testing the effect of 
routine drenching with the anti-foam Pluronic L  64 on bloat incidence, milk com
position and production in identical twin cows grazing clover-rich pastures.

EXPERIMENTAL

Fifteen sets o f identical twin Jersey  cows aged from 2 to 8 years were used in the 
trial. Their ages and calving dates are shown in Table 1. They were divided into 
control and treated groups, each containing a  similar distribution of calving dates. 
The cows entered the respective groups 4 days after calving. From  24 August 1969



the cows which had calved in the treated group were drenched with 7 ml o f Pluronic 
L  64 as below.

The animals were grazed on a 40-acre area at No. 4 Dairy, Ruakura. The pasture 
was predominantly white clover, and was rotationally grazed, with each paddock 
providing enough pasture for three 12-h grazing periods. Throughout the trial, bloat 
readings were taken 1 and 2 h after the herd had entered the paddock following each 
milking. B loat scores were recorded by visual assessment on a 6-point scale:

3 0 4  I ) .  E .  W e i g h t

0
1
2
3
4

5

I mild bloat

No visible bloat 
Left flank distended)
Left flank round 
Left flank round and right flank distended -  moderate bloat 
Both flanks round and animal obviously distressed and given 1 

treatment
Animal seriously distressed and given treatm ent J

serious bloat

Total bloat scores are the sums of the maximum readings after each milking. To 
reduce stock losses, any animals reaching a  score o f 4 were immediately drenched 
with 7 ml o f Pluronic L  64 diluted with 21 ml of water. The Pluronic L  64, a  non
ionic polymer of ethylene and propylene glycols, is a product of W yandotte Chemicals 
Corporation, U .S.A . An autom atic drenching gun was used while the animals were 
confined in a race. Daily milk yields were recorded and the milk was analysed for fat, 
lactose and protein a t 7-day intervals.

RESULTS

The effectiveness o f preventing bloat in cows by oral dosing with 7 ml Pluronic 
L  64 twice daily after milking is shown hi F ig. 1. The trial continued until 31 Jan u ary  
(23 weeks), when drought conditions forced premature drying-off in the herd. B loat 
was found throughout most of the trial, the control group consistently having total 
weekly bloat scores greater than 60 for the first 18 weeks with maximum values of 
300-350 during the eighth and ninth weeks. No bloat was found in the last 2 weeks. 
The readings in the control group have been depressed by the occasional need to 
drench animals to prevent any deaths. The number of emergency drenches required 
during each week is shown in Fig. 1. Eleven of the control group cows were drenched 
on a total of 32 occasions. One cow, number 919, was treated 8 times between 25 
August and 24 October and 2 others (numbers 86 and 904) were drenched 4 times. 
Milk composition values for the 2 groups were:

Control: lactose, 4-7% ; protein, 3-5% ; fat, 4-8%
Treated: lactose, 4-8% ; protein, 3-6% ; fat, 4-8% .

The effect o f drenching on milk production was complicated by differences in calv
ing dates of related twins. This effect was reduced by comparing the production of 
control and treated groups over the 100-day period from 4 October 1969 to 10 Jan u ary  
1970. Over this period the total bloat scores were 1818 and 218 in the control and 
drenched groups respectively. Only a small difference in total production was found,
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Table 1. F at production and bloat incidence*

Cow no.f Age
Accumulated § 

bloat scoref:
Butterfat 
C —D, Ib§

919 2 246
920 2 29 — 22*7
937 2 315
938 2 50 —17-9
936 2 135
935 2 14 - 1 2 1
918 2 83
917 2 10 -13-5
929 2 98
930 2 19 -33-4
904 2 188
903 2 4 +  0-3
931 2 68
932 2 4 -  8-1
173 3 27
174 3 5 +  26-9

6 4 143
5 4 4 -14-9

23 4 59
24 4 9 +  20-0
62 5 139
63 5 2 -57-8
74 6 92
75 6 12 +  22-2
80 6 28
81 6 8 +  46-4
86 6 135
87 6 42 +  3-0
99 8 62
98 8 6 +  25-1

*  These figures relate to the period 4 October 1969 to 10 January 1970, a 
total of 100 days.

f  The first animal in each twin pair was undosed as a  control for the 
second cow, which was drenched twice daily with 7 ml of Pluronie L 64 
diluted with 21 ml of water.

J  The accumulated bloat score is the sum of the maximum bloat readings 
after each milking.

§ C, control animal; D, drenched animal.

the drenched group producing 36-51 lb of butterfat more than the control group. This 
amounted to an extra 0-37 lb/day for 15 cows.

Considerable differences were noted between twin sets. In 7 pairs the control cows 
produced more than the drenched cows and in the other 8 pairs the results were 
reversed. A  significant (P  <  0-05) relationship between the differences in bloat 
scores and fat production between twins was established (Fig. 2). Drenching tended 
to increase production in drenched cows when the control twin was prone to bloat, 
but lowered production in twins with low accumulated bloat scores.
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DISCUSSIO N

This trial confirms the effectiveness of drenching with the polyoxyethylene- 
polyoxypropylene block polymer Pluronic L  64. I t  is likely that other members of 
this series which differ slightly in their ratio o f hydrophobic to hydrophilic groups

Weeks
Fig . 1. The effect o f twice-daily drenching o f 7 ml o f Pluronic L  64 on bloat incidence in a  
herd o f identical twin lactating cows. The weekly bloat scores are calculated from the sum s of 
the m axim um  readings after each milking.

F ig . 2. Relationship between differences between control and Pluronic L  64-drenched cattle 
for butterfat production (Y )  and for bloat score (X )  [ F  =  -0 -2 2  ( +  0-09) X  +  20-8 ( +  7-3)].



would give similar results, as they are known to possess similar anti-foaming ability 
both in the laboratory (Wright, 1969) and in the field (Phillips, 1968).

While no deaths occurred in the control animals, the need to drench severely 
bloated cows on 32 occasions during 9 weeks of the trial emphasizes the need to watch 
unprotected animals on bloat-inducing pasture.

This trial provides experimental evidence o f a relationship between bloat and milk 
production. Scott (1965) has described a trial in 1963 in which unrelated cows were 
grazed on sprayed and unsprayed pastures. No differences in production were found 
in the 2 herds despite differences in the degree of bloat. Scott speculated that the low 
butterfat-producing cattle used in his trial m ay have been a  factor contributing to 
the lack of effect. Bartley et al. (1965), using 36 dairy steers, 18 of which were given 
10 g ‘ Poloxalene’ daily, reported excellent control o f bloat but no effects on weight 
gain, suggesting that bloat in the untreated group did not reduce food intake.

In  the present trial a similar conclusion, that bloat and bloat prevention have little 
effect on milk production, can be drawn from a comparison of the averages o f the 
control and treated groups. However, this apparent lack o f effect appears to be due 
to 2 opposing factors -  an increase in milk production caused by drenching those 
animals which are prone to bloat, and a  depression in milk production in animals 
which are not. In herds containing both types of animals, drenching will not increase 
total production significantly.

The effect o f drenching in maintaining production in high-bloating animals supports 
the view that the onset of bloat reduces food consumption, but the depressed produc
tion in low-bloating cows was unexpected. The Pluronics are known to burst holotrich 
protozoa (Oxford, 1959), but no other effects of these detergents on rumen micro
organisms have been reported. Further studies are being made of this effect by 
measuring the production from drenched cattle and the rates of metabolism of micro
organisms in rumen contents.

I  thank the staff a t No. 4 Hairy, Ruakura Animal Research Station, and in particu
lar Mr K . Skews, Mr R . Phillips, Mr A. L . Sim and Mrs M. Ranginui, and the B io
metrics Section.

P l u r o n i c s  a n d  m i l k  p r o d u c t i o n  3 0 7

REFERENCES

B a rtley , E . E ., L ip pk e , H ., Pfost, H. B ., N ijw e id e , R. J . ,  J acobson, N. L. & Me y e r , R. M. (1965). 
J .  Dairy Sci. 48, 1657.

Helm er , L. G., B artley , E . E . & Me y e r , R. M. (1965). J .  Dairy Sci. 48, 575.
J ohns, A. T. & McD owall, F . H. (1962). N .Z . J l  agrie. Res. 5, 1.
Oxford , A. E . (1959). N .Z . J l  agrie. Res. 2, 365.
Ph illips , D. S. M. (1968). N .Z. J l  agrie. Res. 11, 85.
S cott, J .  D. J .  (1965). N .Z . J l  Agrie. I l l ,  (4), 33.
Wright, D. E . (1969). N .Z. J l  agrie. Res. 12, 669.

Printed in Great Britain



J .  D a iry  R es. (1971), 38, 309 3 0 9

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

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

B y  G. TA N EV

Institute for Livestock Breeding, Sofia-Kostinbrod, Bulgaria  

{Received 18 March 1971)

S u m m a r y . An experiment lasting 4 years has been carried out with 4 groups (3 test 
and a control) o f 10 sheep. Non-protein nitrogen (NPN) (as urea, ammonium sulphate 
or a  mixture o f the two) replaced 25 % of the dietary nitrogen in the first 2 years and 
50 % in the second 2 years. The yields o f milk, protein and fa t were generally depressed 
in the test groups but not all o f the differences reached significance. In the group 
receiving ammonium sulphate, the milk fat percentage was higher than in the control 
group in all years and the protein percentage was higher in the last 2 years. Contrary 
to results elsewhere, the yield o f lactose was depressed in all test groups. In the urea 
group, the content o f minerals and of calcium in the milk was significantly less than 
in the control groups. The total amount o f N PN  and its components (ammonia, urea 
and creatine) in milk were not affected by the substitution of N PN  in the rations.

Synthetic nitrogen compounds are increasingly used in the diet o f ruminants and 
the effect on productivity of the non-protein nitrogen (N P N ) thus provided has been 
the subject of much research, most of which has been with cows.

Virtanen (1966) has studied the problem in detail. He reported that satisfactory 
yields o f milk were obtained from test cows given purified rations, in which urea and 
ammonium salts were the only source of N. The same author (Virtanen, 1967) 
established that the composition of the milk from the test cows was almost the same 
as that o f the control animals, the amount of milk fat being greater with the test 
animals.

Among the few studies on the effect o f N PN , as the only N source in the rations, 
on the composition and the properties of sheep milk is that of Todorov, Angelova, 
Mineva, Koum anov, & Ivanov (1969). They found that the difference in the milk 
yield from the test and the control sheep was not significant, but the percentages of 
fat and protein were significantly lower with the test animals. The decrease in milk 
protein was associated with both casein and whey proteins. The amounts of minerals 
and lactose were not significantly different.

The studies o f Briggs & Hogg (1964) showed that the inclusion of urea in rations 
of cows did not affect the content of urea in the milk. We are not aware o f any 
reports on the amount o f creatinine, ammonia or urea in sheep milk but, according 
to Shahani & Sommer (1951), the concentration of creatinine in cow’s milk varies 
from 0-19 to  0-65 mg/100 ml, that o f ammonia-N from 0-17 to 1-19 mg/100 ml and 
that of urea-N from 6-54 to 10-85 mg/100 ml.
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The purpose of the present research was to establish the changes occurring in the 
composition of milk from sheep fed with rations in which part of the N  needed was 
supplied as urea and ammonium sulphate.
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MATERIALS AND METHODS

The study was carried out with 4 groups o f 10 Zlatusha sheep. The animals in each 
group were balanced for milk yield and percentage of fat and protein. The experiment 
lasted for 13 weeks, from May 1 to Ju ly  31, in 4 successive years.

Table 1. Net energy and digestible protein in ration ingredients

Net energy, Digestible protein,
kcal/g* g/100 g *

Barley 1-697 8-0
Corn meal 1-838 8-0
Sunflower meal 1-414 36-0
Corn cobs 0-707 1-6
Grass (mountain pasture) 0-283 1-1
Grass (seeded pasture) 0-352 2-4
Grass (alfalfa pasture) 0-255 3-6

* Fresh weight.

Table 2. Composition of rations, g fresh food/day

Years 1 and 2 Years 3 and 4

Control (IV) Test (I, II , I I I ) *  " Control (IV) Test (I, II , I I I ) t  '

Barley 100 75 100 —
Com meal 200 150 100 50
Sunflower meal 125 — 250 —
Com cobs — 440 250 966
Grass (mountain pasture) — — 4500 5000
Grass (seeded pasture) 4500 4500 — —
Grass (alfalfa pasture) — — 500 400
Chalk 20 20 20 20
Salt 10 10 10 10

*  In  years 1 and 2 the test rations I, I I  and I I I  included respectively 15 g urea, 33 g ammonium 
sulphate, and 7-5 g urea plus 16-5 g ammonium sulphate.

f  In years 3 and 4, the test rations I, I I  and II I  included respectively 30 g urea, 66 g ammonium 
sulphate, and 15 g urea plus 33 g ammonium sulphate.

The rations were designed to provide the daily requirements o f 2192-2535 kcal 
net energy and 160-180 g  digestible crude protein as determined for lactating sheep 
by Platikanov, Tanev, Hincovski & Solomonov (1961). The net energy and digestible 
protein contents of the foods is shown in Table 1, and the composition of the rations 
in Table 2. In  years 1 and 2 the rations provided 2291 kcal net energy and 177 g  digest
ible protein daily. In the control ration, sunflower meal provided 25 % of the digestible 
nitrogen. In the test rations the sunflower meal was replaced by urea (I), ammonium 
sulphate (II) or a  mixture o f the two (III) providing equivalent amounts o f nitrogen 
(44 g protein equivalent daily).

In years 3 and 4, the rations provided 2277 kcal net energy and 177 g  digestible



protein daily. In  the control ration sunflower meal provided 50 % of the digestible 
nitrogen and this was all replaced by the same N PN  compounds as were used in the 
first 2 years; they provided 88 g digestible protein equivalent daily.

In all the years the net energy content o f the control and test rations was equalized 
by adjustm ents in the amounts of other components, in particular by the inclusion 
in the test rations of large amounts of corn cobs which have been reported by 
McLaren, Smith & Peters (1968) to increase the synthesis o f protein from urea in the 
rumen.

Milk was analysed for protein by the K jeldahl procedure and for fa t by the Gerber 
method. Phosphorous, lactose and calcium were determined by the methods res
pectively o f Gericke & Kurm is (1952), Carrez (1908, 1909) and Schwarz & Hagemann 
(1950). In addition, ammonia, urea and creatinine were measured by the procedures 
o f Inihov & Brio (1949), Nikolchev (1966) and Ja ffe  (1886), in order to determine 
whether the dietary N P N  affected the N PN  composition of the milk.
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RESULTS

The yield and composition of milk for the first 2 years are shown in Table 3 and 
for the second 2 years in Table 4. Throughout the experiment the yield o f milk by 
the test groups was less than that by the control groups. The depression in yield was

Table 3. The average yield and composition of milk from sheep given a  control ration or 
a  sim ilar ration in  which 25 % of the nitrogen was in the form of N P N  (yields are for
3-month periods)

Urea
Ammonium

sulphate

Urea plus 
ammonium 

sulphate Control
( I ) ( I I ) (H I ) (IV)

Milk, 1 726-06 689-98 718-30 734-21
F at, % 8-35 8-62 8-24 8-24
F at, kg 60-63 59-48 59-27 60-50
Total protein, % g.4 2 * * * 6-60 6-52** 6-69
Protein, % 46-58*** 45-53*** 46-86*** 49-13
Casein, % 5-15*** 5-32 5-33 5-34
Albumin and globulin, % 0-98 0-95 0-94 0-97
NPN, % 0-061 0-061 0-060 0-064
Lactose, % 4-38 4-28 4-37 4-34
Lactose, kg 31-81 29-52*** 31-43*** 31-89
Minerals, % 0-896* 0-909 0-923 0-916
Ca, % 0-198* 0 - 2 0 0 0-206 0-203
P . % 0-132 0-134 0-134 0-138

The significance of differences between the test groups (I, I I  and III) and the control group (IV) is 
shown as: *  P  <  0 05, * *  P  <  0 01 or * * *  P  <  0-001.

particularly large with the ammonium sulphate group and was highly significant 
(P  <  0-001) for the first 2 years. The results show that substitution of N P N  for 
protein in the diet caused a small depression in the milk yield o f sheep under the 
conditions of our experiment in agreement with similar observations with cows by 
Scott, de Paula Assis, Gambini & de Sousa Lucci (1965-6) and F latt, Moe, Oltjen, 
Putnam  & Hooven (1969). Our results also show that the form of N P N  was 
im portant in this connexion.

20 D A R  3 8



The percentage of fat in the milk was significantly increased by ammonium sul
phate but not by urea or a  mixture o f the two. However, because o f the depression 
in milk yield, the amount of fa t secreted did not differ significantly from that o f the 
control groups. Our results are not in agreement with those of Todorov et al. (1969), 
or with the conclusion of Virtanen (1966) that the increase in the percentage o f milk 
fat from test cows is due to the influence of N PN  in the rations.
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Table 4. The average yield and composition of milk from sheep given a  control ration or 
a  similar ration in which 50 % of the nitrogen was in the form of N P N  (yields are for 
3-month periods)

U rea
(I)

Milk, 1 608-55
F a t, %  8-51
F a t, kg 51-79
Total protein, %  6-56
Protein, kg 39-92
Casein, %  5-33
Albumin and globulin, %  1-06*
N PN , %  0-062
Lactose, %  4-40
Lactose, kg  2 6 -7 5 ***
Minerals, %  0 -9 2 2 ***
Ca, %  0-184**
P , %  0-155

Ammonium
U rea plus 

ammonium
sulphate sulphate Control

(II) (III) (IV)

593-05 622-27 639-02
9-04* 8-58 8-53

53-61 53-08 54-51
6-93 6-60 6-71

41-10 41-04 42-90
5-58 5-36 5-43
1-12 1-09 1-13
0-062 0-063 0-066
4-36 4-43 4-49

2 5 -8 3 *** 2 7 -5 9 *** 28-71
0-958 0-964 0-949
0-194 0-195 0-194
0-161 0-162 0-165

The significance o f differences between the test groups (I, I I  and II I )  and the control group (IV) is 
shown as: *  P  <  0-05, * *  P  <  0-01 or * * *  P  <  0-001.

Sheep milk is used mainly for the production of cheese and kashkaval (yellow 
cheese) and thus the milk proteins merit special attention. In the first 2  years of the 
experiment (Table 3) the protein content in the milk was depressed in the 3 test 
groups, the decrease being significant for group I  (urea) (P  <  0 -0 0 1 ) and group 3 
(mixture) (P  <  0 -0 1 ) but not for group 2 (ammonium sulphate). During the second 
period of 2  years (Table 4) the greater rate of substitution of N PN  confirmed the 
pattern of change among the 3 test groups but the depression in groups I  and I I I  was 
smaller and in group I I  there was a significant increase (P  <  0-05) in protein content 
compared with the control group. The total yield of protein was less in all test groups 
throughout, this being highly significant ( P <  0 -0 0 1 ) in the first 2  years.

In the first half of the experiment the casein content o f the milk in the test groups 
tended to be less than in the control groups, but the decrease was significant (P  <  
0 -0 0 1 ) for group I  only. In the second period there were no significant differences 
though the casein content in group I I  was greater than in the control group.

During the first 2 years o f the experiment the content of whey proteins (albumin 
and globulin) in the milk o f the test groups differed little from that o f the control 
group, indicating that these constituents were not markedly affected by the treat
ments. During the second period all test groups showed a decrease, though this was 
significant (P  <  0-05) for group I  only.

According to Halverson, Williams & Paulson (1968), inclusion of sulphate in the



rations stim ulates sulphide production in the rumen of sheep in the same way as 
does the inclusion of cystine or methionine, and it has been proved that sulphide is an 
intermediate in protein synthesis. The increased amount of sulphide in the rumen 
causes an increase in the numbers of those micro-organisms which can utilize it and 
which are present in only small numbers when normal rations or rations containing 
urea are given. I t  is possible that this increase m ay explain the increased content of 
total protein and of casein in milk from sheep given rations in which 50 % of the 
nitrogen was in the form of ammonium sulphate.

Throughout the 4 years o f the experiments no significant differences were found 
in the content of N PN  (Tables 3, 4), ammonia (0-39-0-62 mg/ 1 0 0  ml), urea (44-09- 
55-92 mg/100 ml) or creatinine (3-54-4-28 mg/100 ml) in the milks o f individual 
groups.

The lactose content of the milk varied but in only one instance did the values 
differ significantly from that for the control groups. However, the yield of lactose was 
less than that of the control groups throughout, the depression being highly significant 
(P  <  0-001) with all treatm ents except the higher level of substitution of urea.

The phosphorus content of the milk in the test groups was lower than that o f the 
control groups throughout the experiment but not significantly so. The calcium 
content in the urea group was significantly depressed in all years.

Effects of dietary urea and am m onium  sulphate on sheep m ilk  313

DISCUSSION

The present results show that the N PN  given in the conditions o f our experiment 
caused a decrease in the milk yield of sheep, and are in agreement with the results of 
Scott et at. (1965-6) and F la tt et at. (1969) with cows. There was also a tendency for a 
decrease in the content of total protein and of casein in the milk from the sheep receiv
ing urea in their rations, as was reported by Todorov et at. (1969). The higher 
percentage of protein in group I I  in the second part of the experiment supports the 
conclusions of Khirwar, Pandit & Sengar (1965) that ammonium sulphate enhances 
the utilization of the protein in the rations.

The significant depression in the yield o f lactose with all groups except the urea 
group in years 1  and 2  is not in agreement with published results and is difficult to 
explain.

In considering the results of the experiment as a whole it is im portant to bear in 
mind that, in order to keep the content of net energy and digestible protein similar 
in all the rations, it was deemed necessary to make appreciable changes in the 
composition of the test rations as compared with the control rations. I t  is possible 
that at least some of the changes in yield and composition of milk m ay have been due 
in part to ration changes other than the substitution of N PN  for protein.
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T h e  m e t a b o l i s m  o f  [ U - 14C ] g l u c o s e ,  [ l - 14C ] p a l m i t i c  a c i d  a n d  

[ l - 14C ] s t e a r i c  a c i d  b y  t h e  l a c t a t i n g  m a m m a r y  g l a n d  o f  t h e  s o w
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S um m a ry . (1) Lactating Large White sows were given an intravenous infusion of 
[U-14C]glucose (3 sows), or of triglycerides containing [l- 14C]palmitic acid (1 sow) or 
[l- 14C]stearic acid ( 1  sow).

(2) The contribution of labelled plasm a constituents to the synthesis of milk 
citrate, lactose, triglyceride glycerol, individual amino acids of the milk proteins and 
individual fa tty  acids of the triglyceride fraction was estim ated by the ‘ transfer 
quotient ’ method. For the glucose infusions the mean values for the transfer quotients 
were: lactose, 70% ; citrate, 42% ; glyceride glycerol, 38% ; protein, 3 % ; laurate, 
6 % ; m yristate, 1 2 % ; palm itate, 6 % ; palmitoleate, 4 %  and stearate, 2 %. Palm itic 
acid of the plasm a triglycerides made similar contributions of about 60 % to the 
palmitic and palmitoleic acids of milk fat, whereas stearic acid made a major contri
bution (71% ) to the stearic acid of milk fat but a smaller contribution (42% ) to 
oleic acid.

(3) The results are compared with corresponding values for the goat and the cow.

Arteriovenous-difference studies in the conscious lactating sow (Linzell, Mepham, 
Annison & West, 1969; Spincer, Rook & Towers, 1969) have shown that plasm a 
glucose and fatty  acids of the plasm a triglycerides are taken up in considerable 
amounts by the lactating m ammary gland, glucose accounting for about 60 % of the 
total uptake o f materials. An assessment has now been made of the quantitative con
tributions of plasm a glucose and of palmitic and stearic acids of the plasm a trigly
cerides to the synthesis of individual milk constituents, using a radioisotopic tracer 
technique.

MATERIALS AND METHODS

Animals and their management. Lactating Large White sows in their fifth to sixth 
week of lactation were used. Piglets were removed immediately before the start o f an 
experiment and the sows were milked out by hand at regular intervals after the 
intravenous injection of oxytocin (2 i.u.). The normal feeding routine was adopted.

Experimental procedure. Before the start of an experiment, catheters were inserted
*  Present address: Beecham  Research Laboratories, N utritional Research Centre, W alton Oaks, 

Dorking R oad, Tadw orth, Surrey.
f  Present address: The Hannah D airy  Research Institu te , Ayr, Scotland.



under anaesthesia into a jugular and a mammary vein. Infusions o f either [U-14C]- 
glucose (3 sows) or triglyceride containing [l- 14C]palmitic acid (1 sow) or [l- 14C]stearic 
acid (1 sow) were made into a jugular vein over a period of 5 h at a constant rate of 
0-7 ml/min: with glucose an initial priming dose was given before the start of the 
infusion (Annison & White, 1961). [U-14C]glucose was infused with carrier in 0-9%  
saline solution and the triglycerides were infused as an emulsion, prepared by the 
method of Zeringue, Brown & Singleton (1964). Details are given in Table 1 .
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Table 1 . Details of the infusions of radioactive materials

Sow Infused m aterial Prim ing dose R ate  o f infusion

1 [U-14C]Glucose 100 f i d 1-3 m g glucose, 1*12 /¿Ci/min
2 [U-14C]Glucose 100 f i d 1-3 m g glucose, 1*12 /¿Ci/min
3 [U-14C]Glucose 200 /iCi 1*3 m g glucose, 2-24 /¿Ci/min
4 [ 1 -14C]Tripalmitin — 32 m g triglyceride, 0-98 /¿Ci/min
5 [l-14C]Tristearin — 32 m g triglyceride, 0-98 /¿Ci/min

Samples of coccygeal blood and of milk were taken initially a t hourly intervals and 
later a t intervals of about 3 h and sampling was continued for a period of at least 24 h. 
A sample of mammary-venous blood was taken 4 h after the start of an infusion.

Radioactive materials. [U-14C]glucose, [ l- 14C]palmitie and [l- 14C]stearic acids were 
obtained from the Radiochemical Centre, Amersham, Bucks. After dilution with 
carrier acid, the fatty  acids were incorporated with oleic acid into mixed triglycerides 
in the proportions of palmitic acid: oleic acid, 1:3 (w/w) and stearic acid:oleic acid, 
1 :3 (w/w). The triglycerides were synthesized from the free acids via the appropriate 
acid chlorides. In the final stage of the preparation the triglycerides in chloroform- 
pyridine-diethyl ether-petroleum ether (40-60°) (8 :1 :5 :5 , v/v) were washed twice 
with water, twice with 1  n -HCI, twice with water, twice with 1 0  % (w/v) N a3C 0 3 and 
then finally with water until the washings were neutral. The solution was dried with 
anhydrous sodium sulphate and the solvent removed under reduced pressure. The 
triglycerides were checked for purity by thin-layer chromatography. Only trace 
amounts of diglyceride and free fatty  acid were present and more than 95 % of the 
radioactivity was in the triglyceride fraction.

Measurement of radioactivity. Materials that are soluble in organic solvents were 
dissolved in toluene (containing 0-5%  (w/v) 2,5-diphenyl oxazole and 0-05%  (w/v)
l,4-bis-2-(5-phenyl oxazolyl benzene)). Water-soluble materials were first dissolved 
in 0-2 ml of water and then taken up in a dioxane-base scintillator solution (N E 213 
Nuclear Enterprises L td , Sighthill, Edinburgh, Scotland). A liquid-scintillation 
spectrometer (Tracerlab Corumatic 25) was used for the measurement of sample radio
activity. Quench correction was carried out using the channels-ratio method of 
Baillie (I960).

Analytical methods. Analyses of lipids of blood plasm a and milk were carried out by 
methods reported previously (Spincer et al. 1969). Other methods o f milk analysis 
were as follows: lactose (Ling, 1956), citrate (Marier & Boulet, 1958), protein (Metson, 
1956).

Isolation and degradation of milk and plasm a constituents for measurement of radio
activity. Individual fatty  acids were separated as their methyl esters by gas-liquid 
chromatography (Spincer et al. 1969) and collected from the effluent in U-tubes filled
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with glass wool and cooled to — 79 °C by a mixture o f acetone and solid C 0 2. Saturated 
and unsaturated methyl esters were separated prior to gas-liquid chromatography 
by argentation chromatography (Morris, 1966). The amount o f methyl esters collected 
was determined by the method of Morgan & Kingsbury (1959).

Individual fa tty  acids were decarboxylated by the method of Brady, Bradley & 
Tram s (1960), who adapted the method of Phares (1951). For the measurement of 
the specific radioactivity o f triglyceride glycerol, the triglycerides were hydrolysed by 
the method of Hardwick, Linzell & Mepham (1963) and the glycerol was separated 
as the tribenzoate (Black, Kleiber, Butterworth, Brubacher & Kaneko, 1957).

Milk citrate and lactose were isolated from skim-milk by the method of Lucas, 
Kaneko, Hirohara & Kleiber (1959) as modified by Hardwick et al. (1963). After 
hydrolysis o f lactose (Schambye, Wood & Kleiber, 1957), the individual hexose 
molecules were separated by the method of Hough, Jones & W adman (1949). Milk 
proteins were precipitated by adjusting the pH  to 5-5 with 3 N-IICl. Individual amino 
acids o f milk protein were separated, after hydrolysis of the protein (Mepham & 
Linzell, 1966), by column chromatography using Amberlite IR-120 resin as described 
previously (Spincer et al. 1969). The individual amino acids were collected and the 
a-amino nitrogen content was determined (Henry, 1964).

Plasm a glucose was separated as the penta-acetate. One ml plasm a was diluted 
with 4 ml distilled water and 2 ml 10%  (w/v) glucose carrier was added. Plasm a 
proteins were precipitated by the addition of 2 ml 0-3 x-Ba(O H )2 and 2 ml 5 % (w/v) 
Z n S04, and the solution was centrifuged. Two drops glacial acetic acid and 2  drops 
octan-2 -ol were added to the supernatant which was evaporated to dryness under 
reduced pressure. Sixty  mg anhydrous sodium acetate and 1 ml acetic anhydride 
were added to the residue and the mixture was heated at 1 0 0  °C for 90 min. The 
crystals o f glucose penta-acetate were recrystallized 3 times from water and dried to 
constant weight.

Table 2 . The concentration and radioactivity of glucose and triglycerides of the coccygeal 
and venous blood plasm a and the coccygeal-venous differences across the mammary gland 
in lactating sows

Plasm a concentration, P lasm a radioactivity,
m g/100 m l /tCi/100 ml

M am m ary metabolism in  sows

t ------------A ------------- ^ r

Coccygeal- Coccygeal-
venous venous

difference, difference,
Coccygeal Venous %  Coccygeal Venous 0 //o

Sow Infused m aterial Glucose

1 [U-14C]Glucose 100-2 70-8 29 9-15 0-11 27
2 [U-14C]Glucose 96-8 69-2 29 0-19 0-12 37
3 [U-14C]Glucose 94-1 64-9 31 0-44 0-28 36

Triglycerides
4 Triglyceride containing

25 0-055 0-040[l-14C]palmitic acid 40-1 30-0 27
5 Triglyceride containing

24 0-063 0-044[l-14C]stearic acid 42-5 32-3 30
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RESULTS

Coccygeal-venous difference measurements

Coccygeal-venous differences (Spincer et al. 1969) in plasm a glucose and triglycerides 
4 h after the start of each infusion are given in Table 2 . In the experiments in which 
there was an intravenous infusion of [U-14C]glucose, the uptake of glucose across the 
m ammary gland was on average 30 % of the coccygeal concentration and the average 
reduction in total radioactivity was 33% . Corresponding values for plasm a tri
glycerides in experiments in which there was an intravenous infusion of triglyceride 
were 25 and 29 %. The close relationship between the uptake of plasm a constituents 
and the reduction in total radioactivity suggests that the infused m aterials were 
physiologically acceptable.

The contribution of plasm a glucose and triglycerides to the synthesis 
of individual milk constituents

Towards the end of the 5-h period of infusion of radioactive materials the specific 
activities o f plasm a constituents were roughly constant, but steady-state values for 
the specific activities of milk constituents were not achieved. The calculation of the 
percentage of a product coming from a precursor as the ratio of the peak specific

Table 3. The contribution of plasm a glucose to the synthesis of lactose, citrate, glyceride 
glycerol and protein of milk and of individual fatty acids of milk triglycerides in the sow

(Values are transfer quotients calculated by the m ethod of K leiber (1954) 
and expressed as a  percentage.)

Sow

Milk constituent 1 2 3

Lactose 66-6 70-3 72-0
Citrate 3 5 0 42-2 48-0
Glycerol 3 6 1 39-3 40-4
Protein 3-0 2-8 3-8
Laurate — — 5-9
M yristate — — 12-4
Palm itate — — 6-1
Palm itoleate — — 4-0
Stearate — — 1-8

activities for product and precursor, the ‘product quotient’ (Hardwick et al. 1963), 
was not, therefore, possible and the alternative calculation of ‘ transfer quotient’ 
proposed by Kleiber (1954) was used. In that, a comparison is made of the areas 
under curves of specific activity against time for the product and precursor respec
tively. In  all sows after the removal of piglets there was a slow decline in milk yield 
over a  period of 22-30 h to about 30 % of the initial level. There was then a sharper 
decline to  a low level and transfer quotients were calculated from measurements made 
over the first 2 2  h.

In  all experiments, in the milk obtained 22 h after the start o f an infusion, the 
specific radioactivity o f lactose was negligible and that of citrate and the triglyceride 
glycerol o f fat was invariably less than 2 0  % of the peak value. However, the specific
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radioactivity o f fatty  acids o f triglycerides and, more particularly, of milk protein did 
not reach a maximum until about 16 h after the start of an infusion and a t 2 2  h the 
specific radioactivity was on occasion up to 40 % of the peak value.

[U-u C]glucose infusions. There were no significant variations in the concentration 
of coccygeal plasm a glucose in any of the experiments and the transfer of radioactivity 
to other plasm a constituents was negligible. Plasm a triglycerides showed the highest 
level o f activity, but in all instances this was less than 1  % of the value for plasm a 
glucose.

Table 4. The contribution of palmitic or stearic acids of the plasm a triglycerides to the 
synthesis of individual fatty acids of milk triglycerides in the sow

(Values are transfer quotients calculated by the m ethod o f K leiber (1954) and expressed as a  percentage.)

F a tty  ac id * o f m ilk triglycerides

M am m ary metabolism in  sows

Sow Infused triglyceride ^16:0 Ci6:i ^18:0 ^18:1
4 [ l-14C]Palmitie acid 62 51 12 1
5 [l-14C]Stearic acid 1 1 71 42

*  N um ber of carbon atom s and num ber o f double bonds (Farquhar, Insull, Rosen, Stoffel & Ahrens, 
1959).

Table 5. Distribution of radioactivity in individual fatty acids of milk triglycerides after 
the intravenous infusion of triglycerides containing either [l-u G]palmitic acid or 
[l-u C]stearic acid into lactating sows

(Experim ental details are described in the M aterials and Methods section. R esults are given for 
the total radioactivity  in individual fa tty  acids and for the radioactivity  located in the term inal 
(carboxyl) carbon and are expressed in mnCi.)

Time after
the start R adioactivity , mnCi

o f the <-----------------—■*—------------------,
infusion, F a tty Complete Term inal

h Infused triglyceride ac id * acid carbon atom

13 [l-14C]Palm itic acid ^16:0 1-40 1-26
^16:1 1-02 0-94
^18:0 0-12 0-03

20 [l-14C]Palm itie acid ^16:0 1-E0 1-15
^16:1 1-21 M O
Ql8:0 0-42 0-11

13 [l-14C]Stearic acid ^18:0 1-35 1-21
Ql8:1 0-79 0-72

20 [l-14C]Stearic acid ^18:0 1-98 1-79
C18:x 1-20 1-09

*  Num ber of carbon atom s and number o f double bonds (Farquhar, Insull, Rosen, Stoffel & Ahrens, 
1959).

The transfer quotients for individual milk constituents are given in Table 3. The 
largest contribution of plasm a glucose was to the synthesis of milk lactose for which 
the transfer quotient was 67-72 %. Fifty-four per cent of the total radioactivity of 
lactose was in glucose, and 46 % in the galactose moiety. The contributions to citrate



and triglyceride glycerol were similar, of the order of 40 %. The transfer o f radio
activity to milk proteins was low and the small amount of activity was in the non- 
essential amino acids, especially alanine and glutam ate, amino acids closely related 
metabolically to glucose.

In  the first 2 experiments the level of radioactivity in the individual fatty  acids of 
the plasm a triglycerides was too low for accurate measurement. In the third experi
ment, measurements were made on the whole range of fatty  acids but radioactivity 
was detected only in lauric, myristic, palmitic, palmitoleic and stearic acids. The 
largest contribution was to myristic acid, for which the transfer quotient was 1 2  %.

Triglyceride infusions. There were no significant changes in fatty-acid composition 
of coccygeal plasm a or milk triglycerides or in the concentration of coccygeal plasm a 
triglycerides in either of the experiments. Analysis of individual fa tty  acids of the 
plasm a triglycerides revealed a small transfer of radioactivity to oleic acid during 
the infusion of triglyceride containing [l- 14C]stearic acid. The specific activity of 
oleic acid rose to a maximum at the end of the infusion period of 1 0  % of that of the 
stearic acid. In both experiments small amounts of radioactivity were detected in 
plasm a diglyceride, free fa tty  acid, cholesterol ester and phospholipid fractions. The 
highest activity was in the free fatty  acids, the value rising to a maximum at the end 
of the period of infusion of 7 % of the radioactivity of the triglyceride fraction.

The transfer quotients for individual fa tty  acids of the milk triglycerides are given 
in Table 4. In these calculations no account was taken of the radioactivity o f plasm a 
constituents other than the m ajor infused material. The contribution of palmitic 
acid of plasm a triglycerides was mainly to the palmitic and palmitoleic acids o f milk 
fat, for which the transfer quotients were 62 and 51 % respectively, but there was a 
more limited contribution ( 1 2 %) to stearic acid. Stearic acid o f the plasm a trigly
cerides accounted for a high proportion (transfer quotient, 71 %) of the stearic acid 
o f milk fat and a smaller proportion (transfer quotient, 42 %) of the oleic acid. The 
contribution to other fatty  acids was negligible.

Decarboxylation of triglyceride fatty  acids of milk obtained after the infusion of 
triglycerides containing [l- 14C]palmitic acid indicated that 90%  of the radioactivity 
in palmitic and palmitoleic acids of milk fat was located in the terminal (carboxyl) 
carbon whereas for stearic acid the value was only 25 % (Table 5). After the infusion 
of triglyceride containing [l- 14C]stearic acid, 90%  of the radioactivity in the stearic 
and oleic acids of milk fat was located in the terminal carbon.

D ISCUSSION

The loss of milk yield arising from the necessary withdrawal of piglets a t the 
beginning of an experiment restricted the period over which measurements of radio
activity of milk constituents could be made, and the specific activity of the fa tty  acids 
o f milk triglycerides and of milk protein was still comparatively high at the end of 
the sampling period. The calculation of transfer quotients is only truly valid when 
sampling has continued until the specific radioactivities of both the precursor and the 
product have reached low values. For milk protein this would be o f little consequence 
as the transfer of activity was small, but the transfer o f activity to the fatty  acids of 
milk triglycerides was considerable, especially after the intravenous infusion of 
radioactive triglycerides, and the calculated transfer quotients may be unduly low.

3 2 0  J .  S p i n c e r  a n d  J .  A . F .  R o o k



The results of the experiments in which uniformly labelled glucose was infused are 
in agreement with those of Giitte, Kleiber, Raggi & Black (1961) and Linzell et al.
(1969) and suggest that glucose is the main source of milk lactose. The reported mean 
contribution of 70%  is close to that of 77 % established for the goat by Hardwick 
et al. (1963). Some dilution within the gland of the radioactive carbon of the infused 
glucose with the carbon of unlabelled glucogenic m aterials would be expected.

Glucose also made a major contribution to the synthesis of milk citrate and tri
glyceride glycerol. The contribution to citrate in the sow (mean value, 42 %) was 
similar to that reported by Hardwick et al. (1963) for the goat but the contribution to 
triglyceride glycerol (mean value, 38% ) was about twice that in the goat. This 
difference is consistent with the smaller uptake o f plasm a triglycerides in the sow than 
in the goat demonstrated by arteriovenous-difference studies (Linzell et al. 1969; 
Spincer et al. 1969) as the glycerol of plasm a triglycerides is the other im portant source 
of the glycerol of milk triglycerides (West, Annison & Linzell, 1967).

The transfer of radioactivity from glucose to fa tty  acids o f milk triglycerides 
indicated only a limited synthesis de novo of fatty  acids, as did the earlier work of 
Giitte et al. (1961), in contrast to the considerable synthesis suggested by arterio
venous-difference studies (Spincer et al. 1969). Linzell et al. (1969) have concluded 
from experiments in which isolated m am m ary units were perfused with [U-14C]- 
glucose that in m ammary tissue of the sow, as in that of the goat (Hardwick et al.
1963), there is a large pool of lipid with a slow turnover rate. Measurements based on 
a short period of infusion of labelled glucose may, therefore, underestimate the con
tribution of glucose to fatty  acid synthesis. However, the present results and those of 
Linzell et al. (1969) show that there is no similar delay in the transfer of activity from 
plasm a glucose to the glycerol of milk triglycerides, and the synthesis de novo o f fa tty  
acids from glucose may not be closely linked with their subsequent incorporation 
into milk triglycerides.

The 2  experiments in the present investigation in which labelled palmitic or stearic 
acids were infused in mixed triglycerides identified the plasm a triglycerides as major 
precursors of the longer chain fatty  acids o f milk fat. More than 60 % of palmitic acid 
and 70%  of stearic acid of milk fat were accounted for by uptake from plasm a tri
glycerides. There was also an extensive transfer of activity from palmitic and stearic 
acids o f the plasm a triglycerides to the corresponding monounsaturated fa tty  acids 
of milk fat, presumably through a desaturation of the acids in the m ammary tissue 
(Bickerstaffe & Annison, 1968). The contribution of palmitic acid of plasm a tri
glycerides to the palmitic and palmitoleic acids of milk fat was similar, but the 
contribution of stearic acid of plasm a triglycerides to oleic acid of milk fat was about 
half of that to stearic acid, which is consistent with the large arteriovenous-difference 
in oleic acid (Spincer et al. 1969). These observations suggest that in the sow the 
desaturation mechanism is as active towards palmitic acid as stearic acid, a feature 
that would account for the characteristically high levels of palmitoleic acid in the 
milk fat of the sow.

The slight transfer o f radioactivity to the stearic acid of milk fat after the infusion 
of radioactive glucose or of triglycerides labelled with radioactive palmitic acid, and 
the distribution of radioactivity in the stearic acid, suggest that there was a sm all 
amount of elongation within the gland (see also Linzell et al. 1969).

M am m ary metabolism in  sows 321
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S u m m a r y . Samples of commercially processed ultra-high-temperature (UHT) milk 
were stored at 4, 2 0 , 30 and 37 °C for up to 2  years or until gelation occurred.

The stability of the proteins to ethanol, calcium ions and rennet decreased with 
time of storage. However, preliminary autoclaving of the U H T milk induced a high 
degree o f stability.

The extent of protein decomposition that had occurred in the U H T milk samples 
depended on the time and temperature o f storage. There was negligible decomposition 
when the samples had been autoclaved before storage at 4 and 2 0  °C. Storage at 
37 °C led to significant decomposition.

U H T milk samples gelled after being stored for 13 months at 4, 20 and 30 °C, but 
not at 37 °C. The autoclaved milk was still fluid after being stored for 2  years at these 
temperatures.

The time of onset o f gelation did not depend on the degree o f protein breakdown, 
and it seemed therefore that proteolysis was not the primary cause of gelation on 
storage.

It was concluded that the proteins in U H T milk underwent several changes on 
storage that were apparently independent o f each other and led ultim ately to 
coagulation of the milk. These changes included proteolysis, and a progressive loss 
o f stability under conditions that favoured aggregation of the casein micelles.

Milk that has been sterilized by conventional autoclaving in the bottle remains 
unchanged in appearance during storage for long periods of time. On the other hand, 
milk sterilized by the use of ultra-high-temperature (UHT) processes often forms a gel 
after only a few months of storage, the time before gelation occurs being inversely 
related to the severity o f the heat treatm ent applied (Alfa-Laval, 1967).

The problem of gelation of U H T milk has been investigated by Hostettler, Stein & 
Bruderer (1957), who observed that all samples of U H T milk examined showed resid
ual phosphatase activity and that those which had gelled had undergone some 
casein decomposition. These observations led them to propose that protein decom
position and coagulation might be caused by proteolytic enzymes which had regained 
activity after being temporarily inactivated by the U H T  process. Samuelsson & 
Holm (1966) observed that there was an inverse relationship between the degree o f 
protein decomposition and the time of onset of gelation, and attributed gelation to 
reactivation of proteolytic enzymes.
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A gainst this, N akai, Wilson & Herreid (1964) found no evidence for the presence o f 
proteolytic enzymes in UHT-sterilized concentrated milk, although the samples 
gelled after only a few weeks of storage.

Investigations in our laboratory over the past 2 years have demonstrated that 
changes occur on storage of commercially produced UHT-sterilized milk which affect 
its stability to heat and to low pH  values, and precede the onset of gelation. The casein 
micelles in milk remained in colloidal suspension after heat-sterilization but showed 
a  tendency, which increased with age, to aggregate to form a coagulum on exposure to 
heat and low pH  values. The increase in the tendency to coagulation might possibly 
be the result of changes in the protein molecules themselves or o f changes in their 
environment (e.g. in the calcium ion concentration). Such changes are known to affect 
the colloidal stability o f casein micelles (Jenness & Patton, 1959).

The present report is concerned with changes in the properties of the proteins in 
UHT-sterilized milk during storage which precede or occur simultaneously with 
visible manifestations of protein instability. Interest has been centred particularly on 
changes in the structure of casein micelles which result in decomposition and the 
release of peptides and glycopeptides. Such changes resemble those that occur during 
the action of rennet on milk, where hydrolysis of the /c-casein molecules precedes 
coagulation.

R .  S a m e l , R .  W . V . W e a v e r  a n d  D . B .  G a m m a o k

EXPERIMENTAL

Materials

Samples of UHT-sterilized milk were obtained from a  commercial plant. The milk 
was heated by an indirect heating method, the milk temperature being raised to 
138 °C and held at that temperature for 2-5 s. Some samples of U H T milk were further 
heat-treated by autoclaving to give ‘ autoclaved U H T m ilk ’ . Autoclaving was 
carried out by transferring samples of U H T milk into cans and heating the cans in a 
rotary batch sterilizer for 15 min at 116 °C.

The milks were stored at 4, 2 0 , 30 and 37 °C for up to 2  years or until gelation 
occurred and were examined at intervals of 2-3 months.

Methods
Alcohol test. One ml portions of aqueous ethanol (96, 83, 72 and 62 %, v/v) were 

added to a series of test tubes, each containing 1  ml milk.
The tubes were examined for evidence of coagulation both immediately after 

mixing the contents and after standing for 5 min. The minimum concentration of 
alcohol which produced coagulation after 5 min was noted.

Calcium sensitivity. Volumes of 0-1 M-CaCla solution ranging from 0 to 4-0 ml were 
added to 5 ml portions of milk in 15 ml graduated centrifuge tubes. The final volume 
was made up to 9 ml with distilled water. The tubes were then immersed for 15 min in 
a  water bath at 50 °C, cooled and centrifuged at 900 g  for 1 0  min. After removal of the 
supernatant the sediment was washed with 9 ml distilled water, re-centrifuged, and 
its volume noted. A sediment volume of 0-5 ml or more was regarded as a positive 
indication of precipitation.

Coagulation by rennet. Three ml o f a solution of commercial rennet (Standard calf 
rennet, Chrs. H ansen’s Laboratory Ltd , London) were diluted to 100 ml with distilled



water. Of this solution 1  ml was added to 50 ml of milk a t 37 °C in a conical flask and 
the mixture was incubated at 37 °C. The film of milk produced on the walls of the flask 
by swirling was examined at intervals. The time when the film showed particles of 
precipitate was noted. This was taken as the rennet coagulation time.

Distribution of nitrogen-containing fractions. Total N, non-casein N  and non-protein 
N  were determined as described by Rowland (1938a). Protein was estim ated by 
multiplying N  by 6-38.

Glycopeptide. Glycopeptide was estim ated by determining the A-acetyl-neuraminic 
acid (sialic acid) content of samples of milk from which proteins had been removed by 
precipitation with trichloracetic acid (TCA), the filtrate being subsequently dialysed.

The protein precipitation was carried out by adding TCA to give a final concen
tration of 1 2  % (w/v) in the milk sample. The filtrate obtained was dialysed for 12 h 
against running tap  water using 1  cm Visking dialysis tubing, which had been im
mersed in water at 95 °C for 5 min to reduce its porosity. A sample o f the dialysed 
solution was heated in 0T  n -H2S 0 4 for 1  h at 80 °C to release bound sialic acid. The 
free sialic acid was then estim ated by a thiobarbituric acid method as described by 
Aminoff (1961).

Changes in  U H T  m ilk  during storage 3 2 5

R E SU L T S

Gelation occurred in all samples o f U H T  milk examined after about 13 months 
storage a t temperatures o f 4, 2 0  and 30 °C. No gelation took place when they had 
been stored at 37 °C for 13 months and longer.

F ig . 1. Storage o f U H T  milk. Changes in nitrogen-containing constituents a t  different tem pera
tures. O , 4 °C ; « ,  20 °C ; A , 30 °C ; A , 37 °0 .

The depletion of protein in the bulk of the milk resulting from sediment formation 
and from separation of some protein into the cream layer was determined in a sample 
of bottled U H T milk that had been stored for 13 months a t 37 °C. The casein N  content 
of the middle portion of this milk was compared before and after the sediment and
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cream layer had been re-incorporated into the hulk of the milk by mixing in a  house
hold liquidizer. The casein N  content o f the mixed milk was 390 mg/ 1 0 0  g milk and 
th at o f the middle portion of the unmixed milk was 370 mg/ 1 0 0  g. Thus, the casein N  
of the middle portion had decreased during storage by 5 %. This decrease was con
sidered unlikely to account for the failure of the milk to gel, since a sample of UHT- 
processed skim-milk in which there was a 9 % reduction in protein due to sedimenta
tion was shown to gel on storage a t 2 0  °C after 13 months.

Table 1. Changes in the stability to ethanol during storage at 20 °C

Minimum concentration o f ethanol in water

R .  S a m e l , R .  W . V . W e a v e r  a n d  D .  B .  G a m m a c k

Storage to produce coagulation, %
time, (

m onths U H T  milk Autoclaved U H T  milk

0 96 >  96
2 96 >  96
5 83 >  96
9 62 >  96

13 Gelled >  96

Table 2 . Changes in calcium sensitivity during storage 
at 4 and 20 °C

ml 0-1 M-CaCl2 required to  give positive test (see text)
(-------------------------- %

Storage U H T  m ilk Autoclaved U H T  milk
tune, ( 1 f

A
m onths 4 °C to o o Q

oO oOO

0 2-8 2-8 2-1 2-1
2 1-6 1-4 1-5 1-8
5 1-2 0-8 1-0 2-0

10 0-6 0-2 1-0 1-8
13 Gelled Gelled 0-6 2-0

Calcium sensitiv ity  o f raw m ilk >  4-0 ml M-CaCl2.

I t  was decided therefore to examine the relative rates of decomposition of the 
proteins in U H T milk after storage a t 30 and 37 °C. The rates observed at 30 and 
37 °C were very similar (Fig. 1 ) so that the extent of decomposition as judged by the 
decrease in the concentration of casein plus denatured whey protein (total N  — non
casein N) was similar in milks stored for 48 weeks at 37 °C and for 56 weeks at 30 °C. 
However, samples stored at 30 °C gelled whereas those stored at 37 °C did not.

There was no detectable gelation in autoclaved U H T milk which had been stored 
at 4, 2 0  or 37 °C for up to 13 months.

Stability to ethanol. The stability to ethanol of the proteins in U H T milk decreased 
with time, slowly at first and more rapidly later (Table 1 ). Autoclaved U H T milk, on 
the other hand, retained its original stability throughout the storage period.

Calcium sensitivity. On storage of U H T milk at 4 and 20 °C the stability of casein to 
precipitation by added calcium decreased progressively until it reached a  very low 
value shortly before gelation (Table 2 ). Autoclaved U H T milk stored at 20 °C showed 
no change in its calcium sensitivity over the test period of 13 months and showed no 
signs of gelation at 24 months. When autoclaved U H T milk was stored at 4 °C,



its calcium sensitivity increased progressively with the time of storage but a t a lower 
rate than that of U H T milk which had not been autoclaved.

Coagulation by rennet. Raw  milk coagulated in about 7 min. After U H T treatment 
the rennet coagulation time increased to about 50 min, but during storage at 20 °0  
the rennet coagulation time progressively decreased. Thus, after storage for 6  months, 
U H T milk coagulated as quickly as milk that had not been heat-treated (Table 3). 
There were, however, differences in the appearance o f the coagulum -  that from raw 
milk was a  firm gel whereas stored U H T milk gave a soft coagulum. On storage at 
37 °C rennet coagulation time increased.

Table 3. Changes in renneting time during storage at 20 and 37 °C

Coagulation time, min

Changes in  U H  T  m ilk during storage 3 2 7

Storage U H T  milk
tim e, A ----------- Ï Autoclaved U H T  milk,

months

OO

37 °C 20 °C

0 50 50 > 1 2 0
2 50 120 —
4 12 >  120 —
6 4 > 1 2 0 —

11 4 — > 1 2 0
13 Gelled > 1 2 0 > 1 2 0

Coagulation tim e of raw m ilk: 7 min.

Table 4. The effects of ultra-high-temperature ( U H T) processing and of autoclaving of 
milk on the distribution of N  among protein and peptide fractions and on the amount of 
non-dialysable sialic acid soluble in 12 % trichloracetic acid (T C A )

H eat treatm ent None U H T Autoclaving

Total N , m g/100 g 522 522 522
Non-casein N , m g/100 g 122 65 62
Non-protein N , m g/100 g 29 34 34
Casein N , mg/100 g 400 457 460
Sialic acid  soluble in 12%  TCA, 

mg/100 g 1 1 1-5 1-2
W hey protein N , m g/100 g 93 31 28
D enatured whey-protein N , 

m g/100 g _ 62 65
D enatured whey-protein N , %  

o f original value __ 66-5 70

Autoclaving o f U H T  milk increased the coagulation time even further, so that no 
coagulum was observable 2 h after renneting. The rennet coagulation time observed 
for autoclaved U H T milk did not decrease with increasing time of storage a t 20 °C.

Effect of UH T  treatment and autoclaving on the distribution of nitrogen between 
different fractions and on the release of sialic acid

Casein N  was calculated from the difference between total 1ST and non-casein N 
(Table 4). The whey protein N  fraction was calculated as the difference between non
casein N  and non-protein N. The fraction consisted o f the milk serum proteins /?- 
lactoglobulin, a-lactalbumin, serum albumin, the various immune globulins and the 
proteose-peptone fraction.

ZI D A R  3 8
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The non-dialysable, 1 2 % TCA-soluble fraction obtained from unheated milk 

sam ples contained about 7 % of the total sialic acid measured in those samples. The 
sialic acid in this fraction is probably present mainly in glycopeptides and in oligo
saccharides which are minor constituents of milk (Barker & Stacey, 1963).

After U H T treatm ent there was an increase in the fraction of the total N  measured 
as casein N and a decrease in whey protein N. These changes were attributable to the 
precipitation at pH  4-6 of both casein and whey proteins, the latter having been 
denatured as the result of heating and also forming complexes with casein. The 
increase in the N  content measured as ‘ casein N ’ was not precisely equal to the 
reduction in that measured as ‘ whey-protein N  ’ since heating caused decomposition 
of proteins leading to an overall increase in the amount of N-containing compounds 
soluble in 12 % TCA.

The particular U H T treatm ent used denatured a surprisingly high proportion of 
the whey proteins and the subsequent autoclaving had only a small additional effect. 
Taking the content o f the heat-stable proteose-peptone fraction as 25 % of the serum 
proteins (Rowland, 19386) the proportions o f native whey proteins remaining in 
U H T milk and in autoclaved U H T milk were calculated as 8  and 5 % respectively.

U H T treatment resulted in a  slight increase in the sialic acid content of the non- 
dialysable, 1 2  % TCA-soluble fraction. This suggested that some protein breakdown 
had occurred. Unexpectedly, autoclaving reduced the amount of this fraction. This 
reduction m ay be attributed to subsequent decomposition of some of the glyco
peptides formed during U H T treatm ent due to autoclaving. This would result in the 
liberation of free and therefore dialysable sialic acid, which would not be measured 
by the method of analysis used, being specifically a measure of the bound sialic acid 
content.

Effect of storage of UH T  milk on the distribution of nitrogen between fractions, 
and on the release of sialic acid

Some of the proteins in U H T milk have been found to break down into smaller 
molecules when the milk was stored at various temperatures. Small peptides were 
formed which contribute to the non-protein N  fraction (Fig. 2 ). There was a linear 
increase in the non-protein N  fraction with time when samples were stored at all 4 
temperatures during the test period of 13 months.

On storage there was a decrease in the casein N  fraction, consisting of casein together 
with whey proteins changed by heating, and an increase in the fraction soluble a t pH
4-6 but insoluble in 1 2  % TCA, and thought to consist of native whey proteins and 
proteose-peptone (Figs 1 , 3). The increase in the whey protein concentration was 
thought to be due to products of casein breakdown. I t  was considered unlikely that 
there was an increase in the whey protein content due to the restoration of denatured 
whey proteins to the native state, making them soluble a t pH  4-6.

On storage of U H T milk there was also an increase in the proportion of sialic acid 
present in the non-dialysable, 1 2  % TCA-soluble fraction (Fig. 4). This was attributed 
to the release from casein of glycopeptides containing sialic acid. I t  was considered 
unlikely that these glycopeptides were derived from the proteose-peptone fraction 
(Marier, Tessier & Rose, 1963) because measurements of the distribution of sialic acid 
between fractions from freshly prepared and from stored U H T milk indicated that
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Fig. 2. Storage o f U H T  milk. Changes in nitrogen-containing constituents a t  different tem pera
tures. O , 4 °C; « ,  20 °C ; A , 30 °C ; A , 37 °C.
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Storage o f XJHT m ilk. Changes in nitrogen-containing constituents a t  different tem pera
tures. O , 4 °C; • ,  20 °C ; A , 30 °C; A , 37 °C.

F ig . 4. Storage of XJHT m ilk. Changes in nitrogen-containing constituents a t  different tem pera
tures. O , 4 °C ; * ,  20 °C ; A , 30 °C ; A , 37 °C.
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m ost of the glycopeptides were derived from the casein fraction rather than from the 
whey protein fraction (Table 5).

For present purposes it was assumed that the sialic acid attached to non-dialysable 
peptide material, soluble in 1 2  % TCA, was released by decomposition of /c-casein and 
that the linear increase in the sialic acid content of this fraction with length of storage 
a t 4 and 2 0  °C (Fig. 4), represented a progressive breakdown of /c-casein. When U H T 
milk was stored a t 30 and 37 °C the amount o f sialic acid in the undialysable portion 
of the 12 % TCA filtrate appeared to reach a limiting value after about 10 months. 
After this period at 37 °C the increase in non-dialysable sialic acid was 5 mg/lOOg 
milk, representing about one-third of the observed 14-4 mg/100 g total sialic acid 
content of the casein fraction.
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Table 5. Sialic acid distribution (mg/100 g) between protein fractions in 
freshly prepared and stored ultra-high-temperature ( UH T) milks

Total sialic acid 
Whey protein fraction 
Non-protein N fraction 
Casein fraction by difference

Freshly prepared 
UHT milk

18-2
2-6
1-2

14-4

UHT milk stored 
for 7 months 

at 37 °C

18-2
2-4
5-4

10-4

>  °  >  o  -o 7T £ M

+  b

Storage temp., °C

Fig. 5. Changes in nitrogen distribution in UHT milk and autoclaved UH T milk after storage 
for 13 months at different temperatures (expressed as differences between original distribution 
and distribution after 13 months’ storage). Q,  U H T; autoclaved.

Differences brought about by autoclaving U H T  milk 

Fig. 5 shows the marked effect that autoclaving U H T milk had on the changes in 
nitrogen distribution that took place on storage.

The increase in the non-protein N  content and the decrease in the casein+  
denatured whey protein N  content of U H T milk were apparently linear with increas
ing temperature of storage for the storage period of 13 months. With milk that had 
been autoclaved before storage there was negligible change in the non-protein 1ST 
content and casein +  whey protein N  content after storage for 13 months a t 4 or 
2 0  °C. Storage a t 37 °C resulted in some protein decomposition.
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D IS C U S S IO N

Gelation in U H T milk followed a gradual decrease with length of time in the 
stability of the casein micelles to ethanol, calcium ions and rennet. Gelation was 
probably a further stage in a slow process as a result o f which the system  became 
more sensitive to agents that induce protein-protein interactions.

Decomposition of the protein molecules during storage m ay provide an explanation 
for the observed changes in the stability of U H T milk. Changes in the distribution of 
nitrogen between the various fractions of U H T milk during storage (Figs 1-5) 
suggested that protein decomposition preceded gelation and might therefore be a 
cause of gelation. Thus, the smaller extent of protein decomposition in autoclaved 
U H T milk appeared to correlate with a  greater resistance to gelation (Fig. 5). 
However, if gelation were the result o f protein decomposition alone then it would be 
expected to occur when a critical degree of decomposition had occurred. This seems 
to be true for rennet coagulation, in which the hydrolysis o f /c-casein precedes 
coagulation (Wake, 1959), but it is not true for the coagulation of U H T milk on 
storage.

The amount of sialic acid found in the fraction soluble in 1 2  %  TCA, probably from 
glycopeptides, following storage of U H T milk for 13 months at 4° C, was similar to 
that found after storage for 3 |  months a t 2 0  °C and for 1 |  months at 30 °C (Fig. 4). 
However, gelation occurred after approxim ately the same period of storage at all 
3 temperatures, namely 13 months.

These results clearly indicated that there was little or no correlation between the 
extent of protein decomposition on storage and the tendency of the milk to gel, which 
appeared to be almost independent of temperature. Moreover, the observation that 
protein decomposition still occurred on storage o f U H T milk a t 37 °C, even after it 
had been autoclaved (Fig. 5), argued against an involvement of proteolytic enzymes 
in the decomposition process. Thus, the search for surviving or reactivated protease 
molecules m ay be irrelevant to the problem of gelation.

The basis o f the long-term stability conferred on milk proteins by the autoclaving 
process, which involves high temperatures and long times of heating, is clearly of 
considerable theoretical and practical interest. I t  is highly significant that storage of 
U H T milk at 37 °C prevented gelation, an observation already made and discussed 
by H ostettler et al. (1957). Both autoclaving and storage at 37 °C are associated with 
considerable browning of the milk. Browning of milk results from the reaction of 
lactose with the lysine residues of proteins. In recent experiments in which the lysine 
and arginine residues of x-casein molecules were blocked there was a resultant loss of 
sensitivity to rennet coagulation (Hill & Craker, 1968; Hill, 1970). Thus, it should be 
expected that browning would lead to an inhibition of rennet coagulation. This was 
in fact observed in autoclaved U H T milk and in U H T milk stored at 37 °C (Table 3).

Hill (1970) concluded that in addition to the previously recognized mechanism of 
rennet coagulation involving calcium bridging and hydrophobic bonding there m ay 
also be an interaction between the separate casein molecules through oppositely 
charged regions o f suitable configuration.

These regions on the molecules owe their configuration and charge to specific 
groups. Lysine residues m ay be among those which contribute to the special
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configuration of the regions on the micelles which interact (Hill, 1970). These arguments 
ascribing a significant role to lysine residues in the rennet coagulation of milk m ay 
apply also to the storage coagulation of sterile milk.

Therefore, it may be postulated that coagulation occurs partly because slow con
formational changes in the molecules on the surface of casein micelles expose regions 
which subsequently interact to form casein aggregates.

The casein-lactose combination involving lysine residues which precedes browning 
in U H T milk stored at temperatures above 30 °C and during autoclaving m ay either 
prevent these changes or block existing regions that could otherwise take part in 
protein-protein interaction.

Further studies of the mechanisms involved in the interaction of casein micelles 
are needed to test this hypothesis.
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S u m m a r y . The concentrations of lactose, potassium , sodium, chloride and citric acid 
were determined in milks o f cows, sows, ewes and goats. For cows, sows and ewes 
trends with lactation are reported and for all species correlations between constituents 
in milks secreted in mid-lactation are given. The results are discussed in relation to 
the secretion of water-soluble constituents in milk.

Numerous studies have been made of the variations in concentration of the water- 
soluble constituents in milks from the Friesian cow (see review by Rook & Wheelock, 
1967) but little information is available for other breeds or for other species. In  the 
work reported below the concentrations of water-soluble constituents were deter
mined in milks from cows of the Jersey  breed and from ewes, sows and goats. To 
minimize effects on composition due to m ammary infection or damage, samples were 
taken mainly from animals in their first lactation and samples of milk were obtained 
from individual units of the gland so that abnormal milks could be identified and 
excluded.

EXPERIMENTAL

Animals

Milk samples were obtained from 10 Jersey  cows, 5 Masham ewes, 7 Large White x 
W essex sows and 3 Saanen and 3 British Toggenburg goats. All the cows, ewes and 
sows and 3 of the goats were in their first lactation. The remaining goats were in their 
second lactation. Two of the cows, 3 o f the sows and 4 of “he ewes were sampled at 
intervals throughout a complete lactation and other animals were sampled over a 
period of 3-4 weeks in the middle of lactation. Cows were kept in lactation for about 
1 1  months but ewes ceased to lactate when the lambs were weaned at 13-14 weeks of 
age and sows after about 8 weeks, following the enforced weaning of piglets. In no 
instance was there any clinical evidence of m ammary infection.

Collection of samples
Cows were milked at a morning and evening milking using a  machine designed for 

the collection of milk from separate quarters of the udder and samples o f milk were 
taken from each quarter for analysis. Goats were treated similarly but were milked by 

*  Present address: The H annah D airy R esearch Institu te, Ayr, Scotland.



hand. Ewes and sows were hand-milked once on the day of sampling after an injection 
of 1 i.u. oxytocin (Syntocinon) into the jugular vein of the ewe and the ear vein 
of the sow. Samples of milk were taken from each half of the udder of the ewe and 
from each of 2  left and each of 2  right anterior teats of the sow.

After collection milks were stored at — 2 0  °C until required for analysis. For the 
cow, ewe, sow and goat, samples were excluded if the standard error of the mean value 
for sodium in milks from separate gland units was greater than 1 0  % of the mean.

Methods of analysis

Lactose was determined by a modification of the chloramine-T method of Hinton & 
M acara (1927). Sodium and potassium  were determined on protein-free filtrates of 
milk using a Unicam S.P. 90 flame-photometer. Chloride was estim ated by an ad ap ta
tion of the Volhard method (Davies, 1932) and citric acid by the method of Marier & 
Boulet (1958), as modified by White & Davies (1963). Total solids were determined 
gravim etrically (British Standards Institution, 1951).
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F ig . 1. Variations throughout the first lactation  in the concentrations (mmoles/kg o f m ilk 
water) o f lactose, potassium , sodium, chloride and citric acid in ewe’s milk. (Values are m eans 
with standard errors, for 4 anim als.)
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RESULTS

Variations in the composition of the milk associated with stage of lactation
Cow

The trends with lactation were similar to those reported by Rook & Campling
(1965). Lactose content increased during the first 2  weeks, the level was maintained 
until about 15 weeks post partum  and then decreased until the end of lactation. The 
trends in potassium  were similar, but less pronounced, whereas sodium and chloride 
contents declined from the beginning of lactation to a  minimum at about 8  weeks and 
then increased to the end of lactation. Citric acid content increased during the first 
week and then fell slowly throughout lactation.

Fig . 2. Variations throughout the first lactation  in the concentrations (mmoles/kg o f m ilk 
water) o f lactose, potassium , sodium , chloride and citric acid in sow’s milk. (Values are means 
with stan dard  errors, for 3 anim als.)

Ewe (F ig. 1)
The trends in lactose content were much more pronounced in the ewe than in the 

cow, values rising sharply to a  distinct peak at about the third week of lactation. 
There was a complementary fall in potassium  content over the same period but then 
there was little change throughout the rest o f lactation. Trends in sodium and 
chloride contents were similar to those in the cow, whereas citric acid content decreased 
over the first 4 weeks and then increased slowly to the end of lactation.
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Sow [Fig. 2)

Lactose content increased sharply throughout the first week of lactation, remained 
steady until the fourth week but then fell to the end of lactation. There were opposite 
trends in potassium  content, with a pronounced minimum at the end of the first week. 
Sodium content increased throughout lactation, whereas chloride content decreased, 
except over the last 2  weeks. The concentration of citric acid fell during the first week 
but thereafter showed no clear trend.

Table 1. Mean values, with standard error, for the concentrations (:mmoles I kg of milk 
water) of lactose, potassium, sodium, chloride and citric acid in the milks of Jersey cows, 
sows, ewes and goats in mid-lactation

(Values were calculated for weeks 19-22 of lactation for cows and goats, weeks 3-5 for sows, and weeks
5-7 for ewes.)

Species Animal

No. of 
sam ples 

on which 
values 

are based Lactose

Cow K  60 5 161-5 +  0-9
K  63 4 159-0 +  0-8
L  2 6 162-9 +  3-8
L  9 6 157-5 +  0-5
L  10 4 167-0 +  0-7
L  11 5 158-1+0-6
L  20 5 163-4 +  0-8
L  29 6 156-3+1-3
L  37 6 164-2 +  2-5
L  62 5 155-3 +  4-0

Mean with s .e . 160-5+1-2

Sow 876 1 201-0
878 1 191-5
1022 3 188-6 +  0-8
1229 4 190-7+1-7
1230 3 191-9 +  1-9
1231 2 184-9 +  5-1
8839 1 193-4

Mean w i t h  s .e . 191-7+1-9

Ew e 6 3 188-0 +  5-7
9 2 178-1 +  3-8

11 3 191-5+3-6
12 3 187-1 +  2-6
14 3 183-6 +  7-5

Mean with s .e . 185-7 +  2-3

G oat Daphne 16 152-4 +  0-9
Gail 2 147-9 +  0-6
Gill 5 135-7 +  2-0
Moorchick 4 137-3 +  3-4
N anette 2 148-8 +  0-9
Pam ela 2 145-7 +  3-9

144-6 +  2-7

Potassium Sodium Chloride Citric Acid

63-7 +  0-3 15-0+3-6 22-0 +  0-5 11-0 +  0-2
61-9 +  3-4 17-0 +  0-9 22-2 +  0-8 12-6 +  0-4
63-3 +  0-2 17-4 +  0-9 22-4 +  0-7 12-3 +  0-3
61-1+0-7 19-3 +  0-4 28-8 +  0-4 9-7 ± 0 -7
58-8 +  0-8 15-5 +  4-3 21-0 +  0-7 12-0 +  0-7
64-2 +  0-6 16-7 +  3-8 25-4 +  0-7 10-1 +  0-3
61-3 +  0-9 17-4 +  0-8 24-2 +  0-8 11-5 +  0-2
58-9 +  0-9 22-9 +  0-7 24-6 +  0-7 12-6 +  0-4
56-6 +  0-6 19-2 +  0-7 20-4 +  0-2 12-3 +  0-5
58-8 +  1-0 18-0 +  4-2 35-9 +  0-7 9-7 +  0-6
60-9 +  0-8 17-8 +  0-7 24-7+1-5 11-4 +  0-4

37-1 17-7 — 4-0
41-5 18-2 — 6-0
39-4 +  0-3 20-5 +  0-8 13-3 +  0-5 5-6 +  3-5
43-6 +  3-2 19-9 +  0-6 12-4 +  0-2 7-8 +  0-2
39-5 +  4-7 22-3 +  0-8 12-1+0-9 6-7 ± 0 -2
36-6 +  0-4 19-2 +  0-7 13-9 +  5-3 9-0 +  0-1
43-0 18-8 — 5-0
40-1 +  1-0 19-5 +  0-6 12-9 +  0-4 6-3 +  0-6

54-0 +  5-9 18-7 +  4-9 16-9 +  5-5 16-1 +  0-4
52-6+1-0 18-3 +  0-3 19-7 +  5-7 7-8 +  0-5
43-0 +  2-9 34-8 +  0-7 22-4 +  4-8 9-9 +  0-3
48-5 +  5-2 20-3 +  3-8 19-9 +  3-4 9-4 +  0-2
52-9 +  3-9 16-1 +  4-1 16-2 +  0-7 10-3+1-0
50-2 +  2-0 21-6 +  3-4 19-0+1-1 10-7 +  1-4

75-1 +  0-7 19-8 +  0-2 45-7 +  0-5 2-8 +  0-1
58-1 +  3-8 25-0 +  0-4 46-6 +  0-4 3-5 +  0-0
80-2 +  0-5 25-2 +  0-4 36-6 +  0-5 —
82-9 +  3-1 23-6 +  0-1 45-7 +  0-5 —
67-7 +  0-7 14-2 +  0-0 43-1 +  0-2 5-7 ± 0-1
62-5 +  2-5 14-0 +  0-0 48-4+7-0 4-9 ± 0 -4
71-0 +  4-1 20-3 +  2-1 44-3+1-7 4-2 +  0-7Mean with s .e .
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Between-species differences in mid-lactation values for the concentrations of 
water-soluble constituents of milk

Mid-lactation values were calculated from the values for samples taken in weeks 
19-22 inclusive for cows and goats, weeks 5-7 for ewes and weeks 3-5 for sows 
(Table 1 ). Within any one species between-animal variations in composition were 
small, but there were larger and in some instances significant differences between 
species. Lactose content was highest in the sow and the ewe, with mean values of 
191-7 mmoles/kg and 185-7 mmoles/kg respectively. Values for the goat (mean value, 
144-6 mmoles/kg) were slightly lower than those for the cow. Values for potassium  
content were in the reverse order. Between-species differences in sodium content were 
small but there was a 3-fold variation in chloride content, with the highest values in 
the goat and the lowest values in the sow. Citrate contents were highest in the cow, 
with the exception of a very high value for ewe 6 , and lowest in the sow and the goat.

The relationship between water-soluble constituents in milks obtained in
mid-lactation

The correlations between lactose, potassium, sodium and chloride in milks obtained 
in mid-lactation for cows, sows, ewes and goats and for the pooled values for all 
species are shown in Table 2 . In individual species, for most constituents correlation 
was poor and did not have statistical significance (P  <  0-C5). Exceptions were the 
negative correlations between lactose and chloride in the ccw and sow, and sodium 
and potassium, and potassium  and chloride in the ewe. However, for pooled values 
for all species there were significant (P  <  0-05) positive correlations between potas
sium and chloride, and significant (P  <  0-05) negative correlations between potas
sium and lactose and between chloride and lactose, but there was only a poor 
correlation between sodium and chloride, sodium and lactose, and sodium and 
potassium.

D ISCUSSIO N

The trends in the concentration of water-soluble constituents in cow’s milk with 
stage of lactation are well established (see Rook & Campling, 1965) but information 
for other species is more limited. The results reported here for the Jersey  cow are 
consistent with earlier observations for the Friesian (Rook & Campling, 1965) but 
lactational trends for the sow and ewe differed from those o f the cow in several 
im portant respects. In all species there were corresponding trends in milk lactose 
content, values rising to a peak in the first weeks of lactation and then declining to 
the end of lactation. For the cow there was little variation in potassium  content from 
about the third day of lactation onwards to the middle of lactation, then values 
declined to the end of lactation. However, for the sow and ewe potassium  values 
decreased early in lactation and towards the end of lactation increased in the sow and 
decreased only slowly in the ewe. In sow’s milk the sodium content increased progres
sively throughout lactation but there was an opposite trend in the chloride levels.

The management o f cows involves removal of the calf a t birth and milking-out of 
the udder at frequent intervals. Accumulation of milk within the mammae of this 
species is thus prevented but in the sow and ewe the volume of milk removed is



338 A . K o n a r , P .  C . T h o m a s  a n d  J .  A . F .  R o o k

Table 2. The relationships between sodium, potassium, lactose and chloride in milk 
obtained in mid-lactation from Jersey cows, sows, ewes and goats

(The concentrations o f sodium , potassium  and chloride are expressed in m m oles/kg of m ilk water.)

Species

Cow

Sow

Ewe

Goat

S.E. of
Correlation regression Correlation
betw een! Regression equations coefficients coefficient

N a and Cl N a =
a  =

0-104 Cl +  15-3 
0-445 N a + 1 6 -7

1-67 X 10“ 1 1 
7-12 x 10-1 J 0-22

N a and K N a =  
K  =

-0 -4 3 6  K  +  44 
— 0-546 N a +  69

2- 76 x  10-1 1
3- 45 x  10-1 ) -0 -4 9

N a and L N a =  
L  =

-0 -2 8 3  L  +  64 
-0 -8 3 0  K  +  175

1-81 x 10-1 \  
5-27 x 10-1 j -0 -4 9

K  and Cl K  =  
Cl =

0-050 Cl +  62-1 
-0 -1 7 0  K  +  35-0

1-91 x 10” 1 1 
6-49 x  10-1 f -0 - 0 9

K  and L K  =  
L  =

-0 -0 7 9  L  +  74 
-0 -1 8 4  K  +  172

2-29 x 10-1 1 
7-90 x 10-a J - 0 - 1 2

Cl and L Cl =  
L  =

-0 -8 9 6  L + 1 6 7  
-0 -6 0 6  C l+  176

2-90 x  lO“ 1 1 
1-99 x  10-1 J - 0 - 7 3 *

N a and Cl N a =  
Cl =

1-18 C l+  36 
0-461 N a +  22-4

7-64 x 10-1 \  
2-98 x lO“ 1 j -0 - 7 4

N a and K N a = 0-536 K  +  18-4 3-23 x 10-1 \
0-11K  = 0-253 N a +  34 1-49 j

N a and L N a = -0 -1 2 7  L  +  44 l-2 9 x  10-1 \
-0 -4 0L  = -1 - 2 8  N a +  216 1-30 j

K  and Cl K  =  
Cl =

-2 - 4 4  C l+  71 
-0 -2 0 1  K  +  21

1-75 \  
1-44 x  10-1 j -0 - 7 0

K  and L K  = -0 -0 0 6  L  +  41 2-47 x 10-1 \
-0 -0 1L  = -0 -0 2 0  K  +  193 8-0 x 10-1 j

Cl and L Cl = -0 -2 6 3  L  +  63 4-24 x lO-2 \
L  = -3 -6 3  C l+  236 5-61 x  10-1 j — 0-97*

N a and Cl N a = 2-5 C l- 2 6 9-49 x 10-1 \
0-83Cl = 0-28 N a +  13-0 1-05 x  10-1 j

N a  and K N a =  
K  =

-1 - 5 4  K  +  99 
-0 -5 6  N a +  68

3-51 x 10-1 \  
1-28 x 10-1 j - 0 - 9 3 *

N a and L N a =  
L  =

1-0 L  — 167 
0-46 N a +  176

6-20 x 10“ 1 \  
2-83 x  10-1 J 0-69

K  and Cl K  =
Cl =

-1 - 5 9  C l+  80 
-0 - 4 9  K  +  43

5-00 x 10-1 \  
1-53X 10-1 j - 0 - 8 8 *

K  and L K  = -0 -5 9  L  +  151 3-94 x  10-1 \
-0 -6 4L  = -0 - 7 2  K  +  222 4-94 x  10-1 f

Cl and L Cl = 0-162 L - l l - 1 2-69 x  10-1 \
0-33L  = 0-67 C l+ 1 9 8 1-10 j

N a and Cl N a = -0 - 4 8  C l+  42 5-74 x 10-1 1
-0 -3 8Cl = -0 -3 0 9  N a +  51 3-71 x lO '1 J

N a and K N a = 0-20 K  +  6-6 2-42 x 10-1 \
0-37K  = 0-71 N a +  57 8-89 x 10“ 1 J

N a and L N a -0 -3 9 7  L  +  78 3-32 x 10-1 \
-0 -5 11. = - 0 - 6 6  N a + 1 5 8 5-54 x 10-1 J

K  and Cl K  = - 1 - 2 6  C l+  127 1-01 \
-0 -5 3Cl = -0 - 2 2  K  + 60 1-78 x 10-1 J

K  and L K  = -0 -9 1  L  +  202 5-88 x 10-1 1
-0 -6 1L  = _0-41  K + 1 7 4 2-66 x lO“ 1 j

Cl and L Cl = 0-34 L - 5 - 1 2-60 x 10-1 1
0-54L  = 0-67 Cl +  115 6-70 x 10-1 j
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Table 2 . (cont.)

Correlation 
Species betw eenf Regression equations

S.E. o f 
regression 

coefficients
Correlation

coefficient

All species N a  and Cl N a =  
Cl =

0-006 C l+ 1 9 -4  
0-048 N a +  25

7-87 x 10~2 \ 
5-51 x  10-1 1 0-02

N a  and K N a =  
K  =

-0 -0 3 0  K  +  21-1 
-0 - 2 7  N a +  61

6-48 x 10-2 1 
5-82 x IO“ 1 j -0 -0 9

N a and L N a =  
L  =

0-017 L + 1 6 - 6  
0-035 N a + 1 6 3

4-24 x  10"2 \  
8-93 x  IO“ 1 J 0-076

K  and Cl K  =  
Cl =

0-75 C l+  38 
-0 -7 3  K - 1 5 - 6

1-43 x  IO"1 1 
1-37 x  10-1 j 0 -7 4 ***

K  and L K  =  
L  =

- 0 - 6 0  L  +  66 
-1 - 4 0  K  +  248

5-09 x  10-2 1 
1-21 x IO"1 J - 0 - 9 1 * * *

Cl and L Cl =  
L  =

- 0 - 5 5  L + 1 1 9  
-1 - 2 9  C l+  200

7-28 x IO“ 2 \  
1-69 x IO“ 1 J - 0 - 8 4 * * *

*  p  <  0-05, * * *  p  <  0-001.
t  L , Lactose; N a, sodium ; K , potassium ; Cl, chloride.

F ig . 3. The relationship between lactose and potassium  concentrations (mmoles/kg of m ilk 
water) in m ilks of the cow, O i goat, % : ewe, □ ; sow, A  (present experim ent); human, 
rabbit, ■  (Konar, Thom as & Rook, unpublished d a ta ); elephant, V  (McCullagh & Widdowson, 
1970); rhinoceros, ▼  (Gregory, Row land, Thom pson & K on, 19651; m are, <0 (Ling, K on  & 
Porter, 1961); ra t, +  (Cox & Mueller, 1937). The solid line represents the regression: Lactose =  
246-5— 1 -47 +  O i l  potassium  (r =  —0-90, P  <  0-001).

determined by the appetite o f the piglets or lambs and m ay be less than that secreted. 
Consequent engorgement of the udder m ay result in a partial resorption of lactose 
which, if unaccompanied by a  loss of potassium , could cause the observed high values 
for potassium  in milk removed from the udder. Also, in the sow and ewe the arbitrary 
termination of lactation when the young are weaned m ay not allow the development 
of changes in milk composition characteristic o f advanced lactation in the cow.

Differences between species in mid-lactation values for lactose content are well
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recognized, but the close inverse relationship with potassium  content (Table 2) has 
not previously been reported, although a similar relationship has been observed in 
milks of Friesian heifers in mid-lactation (Rook & Wood, 1959). On the basis of values 
available from the literature and our own observations it seems likely that the 
relationship between lactose and potassium  m ay extend to the milks o f m any species 
(Fig. 3). To account for the relationship in milks from Friesian heifers Rook & Wood 
(1959) postulated that milk fluid arises by a continuous synthesis of lactose and other 
constituents within the cell and a movement of water into the cell to maintain 
osmotic equilibrium until a  fairly constant ratio of secretory to intracellular fluid is 
obtained, when the cellular contents are expelled into the alveolar lumen. The ratio 
of the secretory to intracellular fluid at the moment of expulsion would vary from 
animal to animal. The physiological basis of such a process was obscure but recently 
Coffey & Reithel (1968) have demonstrated that lactose synthetase activity is 
associated with particulate material derived from the Golgi body of the secretory 
cell and Brew (1969) has proposed that lactose m ay be secreted in these ‘ particles’. 
I f  the ‘particles’ are vesicular in nature (see reviews by Brew, 1970; Keenan, Saacke 
& Patton, 1970) then the relationship observed in the milk between lactose and 
potassium  m ay reflect their association in the vesicular contents.

The between-species relationships between lactose and other water-soluble con
stituents and between potassium  and chloride m ay have a similar origin as some 
sodium and chloride would be present with potassium  in the cell contents. The 
relatively poor correlation between sodium and chloride and sodium and potassium  
(Table 2 ) suggests, however, that there m ay be im portant differences between species 
in the concentration or distribution of sodium within the cell. The close positive 
correlation between sodium and chloride reported in m any previous studies with the 
cow has probably arisen mainly because of effects of stage of lactation or inter-quarter 
differences which appear to reflect changes in the extent to which the primary secretion 
of the alveolar cell is diluted with a transudate of blood plasm a (see Rook & Wheelock, 
1967).

The results of the present studies indicate that in most species the contribution of 
citric acid to the osmotic activity of milk is small. On the basis o f values for citric 
acid content in milk reported in the literature for the horse, human and pig, Hardwick
(1966) generalized that levels in non-ruminant milks are substantially less than in 
ruminant milks, a  difference that he suggested might be linked to the absence of ATP- 
citrate lyase (EC 4 . 1 . 3 . 8 ) from ruminant m ammary tissue. The values obtained for 
the goat in the present investigations are not consistent with such a conclusion 
although they are somewhat lower than reported by Bosworth & Van Slyke (1916). 
However, the lactational variations in milk citric acid content m ay reflect the involve
ment of ATP-citrate lyase since the activity of the enzyme increases during early 
lactation (Baldwin, 1966; Baldwin & Milligan, 1966) and during this period most 
species show a decline in the citric acid content of their milk.

We are grateful to Mr J .  Halley and Mr T. G. Boaz for provision of animals from 
the herds and flocks o f the University farm, to Mrs J .  Mitchell for her assistance 
during the course of the work and to Mrs M. Seddon for help during the computation 
of the results.
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H e a t - i n d u c e d  i n t e r a c t i o n  o f  / ’- l a c t o g l o b u l i n  a n d  tc - c a s e i n

B y  g . h . m c k e n z i e , r . s . N o r t o n  and w . h . s a w y e r

Russell Grimwade School of Biochemistry, University of Melbourne, 
Parlcville, Victoria 3052, Australia

(Received 5 A pril 1971)

S u m m a r y . The interaction o f  /Mactoglobulin and /c-casein at high temperature was 
studied polarimetrically. The rate of interaction was related to the genetic variant 
of /Mactoglobulin present. //-Lactoglobulin B , whose thermodenaturation was faster 
than that o f A  variant, interacted more rapidly with /c-casein than did the A  variant. 
Velocity sedimentation studies indicated that characteristics of the complex were 
determined more by the /Mactoglobulin than by the /c-casein. The presence of 
/c-casein during the thermodenaturation of /Mactoglobulin appeared to prevent the 
aggregation of /Mactoglobulin from proceeding to completion, the /c-casein complexing 
with intermediate species and restricting the aggregation process.

A  complex is formed when /Mactoglobulin and /c-casein are heated together in 
solution at neutral pH. Several workers have presented evidence that the formation 
of this complex during forewarming treatm ents of milk increases the heat-stability 
and therennin clotting time of the colloidal caseinate system (Trautman & Swanson, 
1958; K annan & Jenness, 1961; Zittle, Thompson, Custer & Cerbulis, 1962). The 
subject has been reviewed recently (Sawyer, 1969). Although the complex is known 
to form when buffered solutions of the 2  proteins are heated, there is still considerable 
uncertainty as to whether a similar type of complex forms in the milk medium 
(Tessier, Yaguchi & Rose, 1969). Nevertheless, the heat stability o f a milk sample 
m ay be determined at least in part by the genetic composition of the proteins present, 
since each of the m ajor milk proteins (a-, /?-, and /c-casein, /Mactoglobulin and a- 
lactalbumin) is known to occur in several genetically determined forms which differ 
only slightly in amino acid composition (McKenzie, 1967). The rate and extent of 
interaction of /Mactoglobulin with /c-casein might therefore be governed by the 
genetic variants of these proteins present. The present paper describes a study of the 
kinetics o f this interaction and examines certain characteristics of the complex 
formed. Differences in the rate of interaction of 2  /Mactoglobulin variants, /?-A and 
/MB, with /c-casein are related to the susceptibility o f the /Mactoglobul in variants to 
thermodenaturation.

E X P E R I M E N T A L

M aterials

/c-Casein was prepared from whole casein by the method of Zittle & Custer (1963). 
The method yielded 2-3 g /c-casein from 60 g whole casein. The preparation was stored 
as the freeze-dried powder.

22 D A R  3 8
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/j-LactoglobuJins A and B  were prepared from the milk of homozygous cows by the 
method of Armstrong, McKenzie & Sawyer (1967). Pooled /Mactoglobulin (3 tim es 
recrystallized) was obtained from K och-Light Laboratories Ltd, Colnbrook, Bucks.

All reagents were of analytical grade and glass-distilled water was used throughout 
the study. AT-ethylmaleimide was obtained from K och-Light Laboratories and 
Sephadex G-200 from Pharmacia, Uppsala, Sweden. Guanidine hydrochloride, ultra- 
pure grade (GuHCl) was the product of Mann Research Laboratories, Orangeburg, 
New York. The buffer employed in the study was of the following composition: 0-05 
M-sodium cacodylate, 0-01 M-cacodylic acid, 0-05 M-NaCl (pH 6-6, i  =  0T).

Methods

Concentrations of /c-easein and /Mactoglobulin were measured spectrophoto- 
metrically at 278 nrn using a Zeiss PMQ II  instrument. Absorbancy coefficients used 
were 0-961/gcm  for /Mactoglobulin (Sawyer, 1966) and 1-22 1/g cm for /c-casein 
(Zittle & Custer, 1963).

Sedimentation velocity experiments were carried out in a Spinco Model E  analytical 
ultracentrifuge at 20°C using schlieren optics. Velocity experiments in GuHCl were 
carried out at 25 CC and sedimentation coefficients were corrected for temperature 
and the density of the solvent using the data of Kaw ahara, Kirshner & Tanford
(1965). Values of the sedimentation coefficient so calculated are approxim ate as no 
consideration was given to changes in the partial specific volume that m ay occur in 
the denaturing solvent.

All other methods, including polarimetric procedures and the use o f the Guggen
heim procedure for the analysis of single and consecutive first-order reactions, have 
been described previously (Guggenheim, 1926; Sawyer, Norton, Nichol & McKenzie,
1971).

R E S U L T S  

Optical rotation
The interaction of /Mactoglobulin and /c-casein was followed polarimetrically under 

specified conditions of temperature (60-80°C), protein concentration, pH  and ionic 
strength. These experiments established the time required for the reaction to go 
to completion and were of assistance in the design of sedimentation velocity experi
ments. Moreover, the results were amenable to kinetic analysis.

Optical rotation was measured as a function of time for 1:1 (w/w) mixtures of 
/Mactoglobulin and /c-casein. The total protein concentration of each solution was 
0-48 g/100 ml, and 6 temperatures were examined between 60 and 80°C. The results 
are summarized in Fig. 1(a). The initial reaction is rapid and extrapolation of the 
data  to zero time is difficult, especially a t the higher temperatures. The final specific 
rotation is different at each temperature: [cc]365nm decreases from —349 a t  60°C to 
— 356 at 65°C and then increases to — 342 at 80°C.

The data could not be satisfactorily described by the equation for a second-order 
reaction. Treatment of the data in Fig. 1 (a) according to  the procedure of Guggen
heim (1926) for the analysis of first-order reactions is shown in Fig. 1(b). Apparent 
first-order reactions are observed at 65-0, 72-5, 77-0 and 79-5°C, the rate constants 
being 0-0012, 0-003, 0-0092 and 0-0135 min-1 respectively. At 60-0 and 69-5°C the

G . H . M c K e n z i e , R .  S .  N o r t o n  a n d  W . H . S a w y e r
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G u g g e n h e im  p lo t s  a re  b ip h a s ic  in  a  m a n n e r  w h ich  s u g g e s t s  th e  o c c u rre n c e  o f  2 
c o n se c u t iv e  f ir s t-o rd e r  r e a c t io n s  (S a w y e r  et a l .  19 7 1 ). A t  a l l  t e m p e r a tu r e s ,  G u g g e n 
h e im  p lo t s  b e c o m e  n o n - lin e a r  n e a r  th e  c o m p le tio n  o f  th e  re a c t io n , su g g e s t in g  th e  
o c c u rre n c e  o f  r e a c t io n s  o f  in te r m e d ia te  o r  h ig h e r  o rd e r . F ig .  2 sh o w s t h a t  th e  r e a c t io n  
is  m a r k e d ly  c o n c e n tr a t io n  d e p e n d e n t . T h e  f in a l sp e c if ic  r o ta t io n , a n d  th e re fo r e  th e  
f in a l p r o d u c t  o f  th e  r e a c t io n , i s  d if fe re n t  a t  e a c h  p r o te in  c o n c e n tr a t io n .

H e a t - t r e a t m e n t  d id  n o t  c h a n g e  th e  sp e c ific  r o ta t io n  o f  /c-casein  (F ig . 3 a ) . T h u s , th e  
t o t a l  c h a n g e  in  th e  sp e c ific  r o ta t io n  o b s e r v e d  fo r  m ix tu r e s  o f  /c-casein  a n d  /?- lac to -  
g lo b u lin  m a y  b e  a t t r ib u t e d  to  (i) c h a n g e s  in  th e  c o n fo rm a tio n  a n d  s t a t e  o f  a g g r e g a t io n

Interaction of fi-lactoglobulin and K-casein

Fig. 1. (a) The dependence of optical rotation on time for solutions of pooled /f-lactoglobulin 
and /c-casein (1:1, w/w), at several temperatures. Total protein concentration, 0-48g/100m l. 
(b) D ata analysed according to the Guggenheim procedure for the analysis of first-order reactions 
(Guggenheim, 1926). Values of log ([a](+Ai — [a],) were calculated from the smooth curve through 
the experimental points in Fig. 1(a). Values of /\t  were as follows: 120 min at 60-0°C and 650 °C, 
60 min at 69-5°C and 72'5°C, 30 min at 77-0°C and 20 min at 80-0°C.

Tim e, min

Fig. 2. Time dependence of optical rotation for solutions of pooled /Mactoglobulin and /c-casein 
( 1:1, w/w) at initial total protein concentrations of 0-24, 0-48 and 1-16 g/100 ml. The temperature 
of heating was 74°C.

22-2
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o f  th e  /M a c to g lo b u lin  a n d  (ii) r o ta t io n s  w h ic h  m a y  a r ise  a t  th e  s i t e s  o f  c o n t a c t  b e tw e e n  
p o ly p e p t id e  c h a in s  o f  th e  2 p ro te in s . I t  w a s  th e re fo r e  o f  in te r e s t  t o  r e la te  th e  o b s e r v e d  
r o ta t io n a l  c h a n g e  t o  t h a t  e x p e c te d  fro m  c o n s id e ra t io n  o f  th e  d é n a tu r a t io n  o f  /?- 
la c to g lo b u lin  its e lf . T h e  t im e  c o u rse  o f  th e  d é n a tu r a t io n  o f  th e  A  a n d  B  v a r i a n t s  o f  
/M a c to g lo b u lin  a t  7 4 °C  is  sh o w n  in  F ig .  3 ( a ) .  T h e  r e su lt s  a re  in  a g re e m e n t  w ith

G . H . M cK e n z i e , R .  S .  N o r t o n  a n d  W . H . S a w y e r

Fig. 3. (a) Dependence of optical rotation on time for solutions of /?-lactoglobulia A and B, 
and Ar-casein heated at 74°C. (b) Comparison between the experimental (expt) and the theoreti
cally calculated (calc.) time dependence of optical rotation at 74°C for solutions of /?-A//c-casein 
and /?-B//c-casein. The theoretical curve was calculated according to equation (1).

th o s e  p r e v io u s ly  r e p o r te d  (S a w y e r  et a l .  1971). I f  n o  in te r a c t io n  o c c u r s  b e tw e e n  th e  
2 p ro te in s , th e  e x p e c te d  r o ta t io n  a t  a n y  t im e  is  d e te rm in e d  b y  th e  w e ig h t  a v e r a g e  
re la t io n sh ip  (M c K e n z ie , S a w y e r  & S m ith , 19 6 7 ):

[a ]calc. Cß +  CK (1)

w h ere  Cp a n d  c K a r e  th e  w e ig h t  c o n c e n tr a t io n s  o f  /M a c to g lo b u lin  a n d  x -c a se in  r e s 
p e c t iv e ly , a n d  [a ]^  a n d  [ a ] K a re  th e  sp e c if ic  r o ta t io n s  o f  th e  2 p r o te in s  a t  a n y  t im e  
d u r in g  th e  re a c t io n : [ a ] calc is  th e  e x p e c te d  sp e c ific  r o ta t io n  o f  th e  m ix tu r e . T h e  r e s u lt s  
sh o w n  in  F ig .  3 (b ) sh o w  t h a t  o b s e r v e d  r o ta t io n s  a r e  le s s  t h a n  th o se  e x p e c te d  h a d  n o  
in te r a c t io n  o c c u rre d . T h e  e x t e n t  o f  th e  r o ta t io n a l  c h a n g e  (a s  re f le c te d  b y  v a lu e s  o f  
th e  f in a l r o ta t io n )  a s  w ell a s  th e  r a t e  o f  c h a n g e  is  le s s  t h a n  w o u ld  b e  e x p e c te d  in  th e  
a b se n c e  o f  in te r a c t io n . A lso  th e  f in a l sp e c if ic  r o ta t io n  is  a c h ie v e d  m o re  q u ic k ly  fo r  
t h e  /?-B //e-casein  so lu tio n  t h a n  fo r  th e  /M A /V -cascin  so lu t io n , su g g e s t in g  t h a t  /?-B  
in te r a c t s  f a s t e r  w ith  /c-casein  t h a n  d o e s  fj-A .

S ed im en tatio n  velocity

S o lu t io n s  fo r  se d im e n ta t io n  v e lo c ity  a n a ly s i s  w ere  p r e p a r e d  in  th e  s a m e  b u ffe r  a s  
t h a t  u se d  in  k in e t ic  in v e s t ig a t io n s  ( c a c o d y la te  b u ffe r , p H  6-6, i  =  O T ). T h e  c o n c e n 
t r a t io n  d e p e n d e n c e  o f  th e  se d im e n ta t io n  co e ffic ie n t o f  K -casein  i s  sh o w n  in  F ig .  4 . 
T h e  d e p e n d e n c e  i s  l in e a r  a n d  o b e y s  th e  re la t io n sh ip

s 20,w 20, wS — 7 - lc , (2 )
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w h ere s ° 20jW (2 0 - 6 S )  i s  th e  se d im e n ta t io n  co e ffic ie n t a t  in fin ite  d ilu t io n  a n d  c is  th e  
p ro te in  c o n c e n tr a t io n  in  g /1 0 0  m l. H e a t - t r e a t m e n t  h a d  n o  e ffe c t  o n  th e  se d im e n ta t io n  
co e ffic ie n t o f  K -casein  b u t  a  sm a ll  a m o u n t  (a p p r o x . 3 % ) o f  h ig h ly  a g g r e g a t e d  m a te r ia l  
w a s  e v id e n t  d u r in g  th e  e a r ly  s t a g e s  o f  th e  se d im e n ta t io n  v e lo c ity  e x p e r im e n t.

Interaction of (J-lactoglobulin and K-casein

C o n c e n t r a t i o n ,  g/100 ml

Fig. 4. Concentration dependence of sedimentation coefficients for solutions of /c-casein (un
heated) and the /?-A//c-casein complex (74°C for 6 h). The results for thermodenatured /?- 
lactoglobulin A (74°C for 6 h) are those of Sawyer et al. (1971) and are included for comparison.

A s  th e  se d im e n ta t io n  co e ffic ie n t o f  K -casein  is  a p p r o x im a t e ly  7 t im e s  g r e a t e r  t h a n  
t h a t  o f  n a t iv e  /M a c to g lo b u lin  (s20;W f ° r  /M:-Y a t  p H  6-6 i s  2 - 6 S ;  M c K e n z ie  & S a w y e r , 
19 6 7 ), a  m ix tu r e  o f  th e  2 p r o te in s  c a n  b e  re so lv e d  b y  v e lo c ity  s e d im e n ta t io n . H o w 
e v e r , w h en  th e  m ix tu r e  is  h e a te d , o n ly  o n e  a sy m m e tr ic  p e a k  re p re se n t in g  th e  
c o m p le x  is  o b se rv e d . T h e  se d im e n ta t io n  c o e ffic ie n t o f  th e  c o m p le x  is  d e p e n d e n t  o n  
th e  te m p e r a tu r e  o f  h e a t in g  a n d  d e c r e a se s  m o n o to n ic a lly  fro m  4 4  S  a t  65  °C  t o  32 S  a t  
9 0 °C  a s  sh o w n  in  F ig .  5. T h e se  so lu t io n s  h a d  b e e n  c o o le d  t o  ro o m  te m p e r a tu r e  o n ly  
a f t e r  o p t ic a l  r o ta t io n  m e a su r e m e n ts  h a d  in d ic a te d  t h a t  th e  r e a c t io n  h a d  p ro c e e d e d  
t o  co m p le tio n . A  s m a ll  a m o u n t  o f  lo w -m o le c u la r -w e ig h t  m a te r ia l  r e m a in e d  n e a r  th e  
m e n isc u s  d u r in g  s e d im e n ta t io n  v e lo c ity  r u n s . T h is  m a te r ia l  c o u ld  b e  r e m o v e d  b y  
p a s s a g e  o f  th e  p ro te in  th r o u g h  a  c o lu m n  o f  S e p h a d e x  G -2 0 0 . T h e  d e p e n d e n c e  o f  th e  
se d im e n ta t io n  co e ffic ie n t o n  c o n c e n tr a t io n  o f  th i s  p u r if ie d  c o m p le x  is  sh o w n  in  F ig .  4. 
T h e  d e p e n d e n c e  is  l in e a r  a n d  o b e y s  th e  r e la t io n sh ip

s 2o,w =  s  2o,w ~ 1 6 -6c, (3)

w h ere  s ° 20 w =  47 -3 S . I t  sh o u ld  b e  n o te d  t h a t  /M a c to g lo b u lin  i t s e l f  p o ly m e r iz e s  d u r in g  
th e r m o d e n a tu r a t io n . T h e  c o n c e n tr a t io n  d e p e n d e n c e  o f  th e  se d im e n ta t io n  co e ffic ie n t 
o f  th e r m o d e n a tu r e d  /?-A  h a s  b e e n  r e p o r te d  p r e v io u s ly  (S a w y e r  et a l .  1971) b u t  th e  
r e su lt s  a re  in c lu d e d  in F ig .  4  fo r  c o m p a r iso n .

T h e  r e s u lt s  o f  th e  p o la r im e tr ie  e x p e r im e n ts  su g g e s te d  t h a t  th e  r a t e  o f  in te r a c t io n  
o f  K -casein  w ith  th e  B  v a r ia n t  o f  / /- la c to g lo b u lin  w a s  f a s t e r  t h a n  w ith  th e  A  v a r ia n t .  
I t  w a s  im p o r ta n t  th e re fo re  t o  d e te rm in e  w h e th e r  th is  r e la t io n sh ip  c o u ld  b e  c o n firm e d



b y  s e d im e n ta t io n  v e lo c ity  s tu d ie s .  S o lu t io n s  o f  /c-casein //?-A  a n d  k -c a se in //? -B  w ere  
h e a te d  a t  7 4 °C  fo r  10 m in , 1 h  a n d  6 h . T h e  re a c t io n s  w ere  t e r m in a te d  b y  co o lin g  
r a p id ly  t o  ro o m  te m p e r a tu r e . T h e  sc h lie re n  p ro file s  a r e  sh o w n  in  P la t e  1 to g e th e r  
w ith  th e  r e le v a n t  v a lu e s  o f  th e  se d im e n ta t io n  co e ffic ie n ts . T h e  p ro file s  a t  6 h  a re  
n o t  in c lu d e d  a s  th e y  w ere  s im ila r  t o  th o se  a t  1 h . F o r  th e  k - c a se in //? -B  so lu tio n , 
a p p r o x im a t e ly  95 %  o f  th e  m a te r ia l  r e a c te d  a f te r  10 m in  t o  fo rm  a  sp e c ie s  m o v in g  
w ith  a  v e lo c ity  o f  38 S . O n  th e  o th e r  h a n d , 2 p a r t ia l ly  r e so lv e d  p e a k s  o f  s im ila r  a r e a  
w e re  o b se rv e d  fo r  th e  /c-casein //?-A  so lu t io n  a f t e r  th e  sa m e  t im e  in te r v a l .  C le a r ly , 
th e  B  v a r i a n t  r e a c t s  f a s t e r  w ith  ¿--casein  t h a n  th e  A  v a r ia n t .  T h e  r e su lt s  th e re fo re  
a g r e e  w ith  th o s e  o f  p o la r im e tr ic  s tu d ie s .

3 4 8  G . H . M cK e n z i e , R .  S .  N o r t o n  a n d  W . H . S a w y e r

T e m p ,  o f  heating ,  ° C

Fig. 5. Variation of the sedimentation coefficient of the /?-A//c-casein complex as a  function of 
temperature of heating. Protein concentration, 0*75 g /100 ml. All solutions had been heated 
until optical rotations remained constant with time.

E ffe c t o f  th iol b lock ing reagen t. T h e  p re se n c e  o f  A -e th y lm a le im id e  (tw ice  th e  a m o u n t  
re q u ir e d  t o  b in d  th e  s in g le  th io l  g r o u p  in  /?-A ) d u r in g  h e a t  t r e a t m e n t  o f  th e  p ro te in  
m ix tu r e  p r e v e n te d  c o m p le x  fo r m a t io n  t o  o n ly  a  m in o r  d e g re e : 8 %  o f  th e  m a te r ia l  
s e d im e n te d  w ith  a  v e lo c ity  c h a r a c te r is t ic  o f  /c-casein . T h e  p e a k  re p re se n t in g  th e  
c o m p le x  w a s  h y p e r s h a r p  a n d  se d im e n te d  f a s t e r  (50  S )  t h a n  th e  c o m p le x  fo rm e d  in  
th e  a b se n c e  o f  A -e th y lm a le im id e  (30  S ) . C o n tro l e x p e r im e n ts  in d ic a te d  t h a t  th e  e ffe c t  
o f  JV -e th y lm a le im id e  w a s  m a in ly  o n  th e  /?- la c to g lo b u lin  r a th e r  th a n  o n  th e  ¿r-casein . 
F o r  e x a m p le , w h en  ft-A  w a s  h e a te d  in  th e  p re se n c e  o f  a  s im ila r  a m o u n t  o f  A - e t h v i 
ni a le im id e , th e  o b se rv e d  sc h lie re n  p e a k  w a s  h y p e r s h a r p  a n d  i t s  se d im e n ta t io n  c o e f
fic ie n t (54  S )  w a s  g r e a te r  t h a n  t h a t  fo u n d  in  th e  a b se n c e  o f  N -e th y lm a le im id e  (37  S ).

In te rac tio n  w ith therm oden atured fi-lactoglobu lin . P la t e  2 (a )  sh o w s th e  sc h lie re n  
p ro file  fo r  a  1 :1  (w /w ) so lu tio n  o f  /c-casein  a n d  h e a t  d e n a tu r e d  /?-A . M e a su re m e n t  o f  
th e  p e a k  a r e a s  fro m  e n la rg e m e n ts  o f  th e se  p h o to g r a p h s  in d ic a te d  t h a t  45  %  o f  th e  
m a t e r ia l  se d im e n te d  a s  th e  s lo w  c o m p o n e n t  a n d  55  %  a s  th e  f a s t  c o m p o n e n t. T h u s , 
th e re  is  l i t t le  te n d e n c y  fo r  /c-casein  to  c o m p le x  w ith  th e rm o d e n a tu re d  fi-A  w h en  th e  2 
p r o te in s  a re  m ix e d  a t  ro o m  te m p e r a tu r e . O n th e  o th e r  h a n d , w h en  th is  so lu t io n  
w a s  h e a te d  a t  7 5 °C  fo r  7-5 h , th e  p r o p o r t io n s  o f  f a s t  a n d  slo w  c o m p o n e n ts  w ere  76 
a n d  2 4 %  r e sp e c t iv e ly  (P la te  2 b ), t h u s  in d ic a t in g  t h a t  a b o u t  5 0 %  in te r a c t io n  h a d
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o c cu rred . T h e  p re se n c e  o f  N  - e th y l m  a l ei m  i d  e (tw ice  th e  a m o u n t  re q u ir e d  to  b in d  th e  
s in g le  th io l  g r o u p  in  j3-A ) d u r in g  th e  h e a t  t r e a t m e n t  o f  [ I K  o r  h e a t  t r e a t m e n t  o f  th e  
m ix tu r e  d id  n o t  a f fe c t  t h i s  r e su lt .

E ffe c t o f  d is so c ia t in g  agen ts. T h e  l in e a r  d e p e n d e n c e  o f  th e  se d im e n ta t io n  co e ffic ie n t 
o f  th e  c o m p le x  o n  c o n c e n tr a t io n  (F ig . 4) s u g g e s t e d  t h a t  th e  c o m p le x  w a s  e x tr e m e ly  
s t a b le  a n d  d id  n o t  d is so c ia te  a t  lo w  p ro te in  c o n c e n tr a t io n s . I t  w a s  th e re fo r e  o f  
in te r e s t  t o  d e te rm in e  w h e th e r  G u H C l c o u ld  d is so c ia te  th e  c o m p le x  t o  a n y  m a r k e d  
e x te n t .  A  1 :1  (w /w ) m ix tu r e  o f  /c-casein  a n d  /?-A  ( t o t a l  p ro te in  c o n c e n tr a t io n , 0-9 
g /1 0 0  m l) w a s  h e a te d  a t  7 5 °C  fo r  8 h  a n d  c o o le d  r a p id ly  to  ro o m  te m p e r a tu r e . T w o  
sa m p le s  o f  t h e  h e a te d  so lu t io n  w ere  re m o v e d  a n d  so lid  G u H C l w a s  a d d e d  t o  e a c h  to  
g iv e  f in a l c o n c e n tr a t io n s  o f  3-0 m  a n d  6-0 M a f t e r  a llo w in g  fo r  v o lu m e  c h a n g e s . T h e  
fin a l p ro te in  c o n c e n tr a t io n  in  e a c h  so lu t io n  w a s  0-49  g /1 0 0  m l. A  s in g le  sc h lie re n  p e a k  
w a s  o b s e r v e d  fo r  e a c h  so lu t io n  a lth o u g h  th e re  w a s  e v id e n c e  o f  m a te r ia l  r e m a in in g  
c lo se  t o  th e  m e n isc u s . S e d im e n ta t io n  co e ffic ie n ts  w ere  21-75  S  a n d  14-3 S  in  3-0  m  
a n d  6-0 m -G u H C 1 re sp e c t iv e ly . T h e  d e c re a se  in  th e  a p p a r e n t  se d im e n ta t io n  co e ffic ie n t 
o b s e r v e d  in  G u H C l s u g g e s t s  a  r e d u c t io n  in  th e  m o le c u la r  w e ig h t  o f  th e  c o m p le x  
a l th o u g h  a n  in c re a se  in  th e  fr ic t io n a l  co e ffic ie n t c a u se d  b y  fu r th e r  d é n a tu r a t io n  m a y  
c o n tr ib u te  s l ig h t ly  t o  th is  c h a n g e . I n  6-0 m  G u H C l th e  a r e a  o f  th e  p e a k  w a s  o n ly  70  %  
o f  th e  c o rre sp o n d in g  a r e a  o b s e r v e d  in  3-0 m G u H C l. W h en  a  so lu t io n  o f  th e  c o m p le x  
w a s  r e a c te d  in  6-0  m  G u H C 1/0-2 m  m e r c a p to e th a n o l  fo r  12 h , c o m p le te  d is so c ia t io n  o f  
th e  c o m p le x  w a s  o b s e r v e d  (s 25jW =  <  2 S )  a n d  n o  p e a k  re so lv e d  fro m  th e  m e n isc u s  
e v en  a f t e r  sp in n in g  fo r  60  m in  a t  t o p  sp e e d  (5 9 7 8 0  re v /m in ).

Interaction o f fi-lactoglobulin and K-casein

DISCUSSION

K h ie t ic  a n a ly s i s  o f  th e  o p t ic a l  r o ta t io n  r e su lt s  in d ic a te s  t h a t  th e  r e a c t io n  b e tw e e n  
/?- la c to g lo b u lin  a n d  /c-casein  d o e s  n o t  fo llo w  t r u e  f ir st-  o r se c o n d -o rd e r  k in e t ic s . 
A lth o u g h  l in e a r  f ir s t -o rd e r  p lo t s  w ere  o b ta in e d  a t  se v e r a l  t e m p e r a tu r e s ,  th e  d e p e n d 
e n ce  o f  th e  r a t e  a n d  e x t e n t  o f  th e  r e a c t io n  o n  th e  in it ia l  p ro te in  c o n c e n tr a t io n  (F ig . 2) 
sh o w s t h a t  t r u e  f ir s t-o rd e r  k in e t ic s  a re  n o t  o b e y e d . T h e  fo rm  o f  th e  G u g g e n h e im  p lo t  
fo r  a  se r ie s  o f  2 ir re v e r s ib le  f ir s t-o rd e r  r e a c t io n s  h a s  b e e n  r e p o r te d  p r e v io u s ly  (S a w y e r  
et a l .  1971) a n d  th e  b ip h a s ic  r e la t io n sh ip  o b s e r v e d  a t  60  a n d  7 0 °C  (F ig . 16 ) s u p p o r t s  
su c h  a  m e c h a n ism . H o w e v e r , i t  sh o u ld  b e  n o te d  t h a t  l in e a r ity  o f  th e  G u g g e n h e im  
p lo t  d o e s  n o t  n e c e s s a r ily  in d ic a te  th e  a b se n c e  o f  c o n se c u t iv e  re a c t io n s  a s  a  l in e a r  p lo t  
i s  o b s e r v e d  i f  th e  r a t e  c o n s ta n t s  o f  th e  2 r e a c t io n s  a r e  o f  a  s im ila r  m a g n itu d e . A lth o u g h  
th e  a p p a r e n t  f ir s t -o rd e r  r a t e  c o n s ta n t s  a r e  r e la t e d  t o  th e  a b so lu te  te m p e r a tu r e  in  th e  
m a n n e r  p r e d ic te d  b y  th e  A rrh e n iu s  e q u a t io n , i t  i s  in a p p r o p r ia te  to  a t t a c h  s ig n ific a n c e  
t o  th e  v a lu e  o f  th e  a c t iv a t io n  e n e r g y  so  o b ta in e d  s in c e  th e  ty p e  o f  c o m p le x  fo rm e d  
d e p e n d s  on  b o th  th e  t im e  a n d  te m p e r a tu r e  o f  h e a t in g . F o r  e x a m p le , th e  f in a l sp e c if ic  
r o ta t io n  a n d  th e  se d im e n ta t io n  co e ffic ie n t o f  th e  c o m p le x  a re  s t r o n g ly  d e p e n d e n t  on  
th e  te m p e r a tu r e  o f  h e a t in g . T h is  b e h a v io u r  a p p e a r s  t o  b e  d e te rm in e d  p r im a r ily  b y  
th e  /M a c to g lo b u lin  c o m p o n e n t  w h ich  sh o w s s im ila r  c o m p le x  c h a r a c te r is t ic s  o n  
th e r m o d e n a tu r a t io n  (S a w y e r  et a l .  1971 ). I n  c o n tr a s t ,  th e  se d im e n ta t io n  co e ffic ie n t 
a n d  o p t ic a l  r o ta t io n  o f  /c-casein  a r e  u n a ffe c te d  b y  h e a t  t r e a tm e n t .  T h u s , th e  c h a n g e s  
in  o p t ic a l  r o ta t io n  o b s e r v e d  e x p e r im e n ta l ly  fo r  m ix tu r e s  o f  th e  2 p r o te in s  m u s t  b e  
d u e  to  th e  th e r m o d e n a tu r a t io n  o f  /M a c to g lo b u lin  a n d  t o  r o ta t io n a l  e f fe c ts  c a u se d  b y
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c o m p le x  fo r m a t io n  its e lf . A lth o u g h  th e  m a g n itu d e  o f  th i s  l a t t e r  e ffe c t  is  u n k n o w n , 
i t  i s  c le a r  f ro m  F ig .  3 (a )  a n d  3 (b) t h a t  th e  p re se n c e  o f  /¿-case in  l im it s  th e  f in a l v a lu e  
o f  th e  la e v o r o ta t io n  w h ich  m ig h t  h a v e  b e e n  e x p e c te d  in  th e  a b se n c e  o f  in te r a c t io n . 
W h e n  c o n s id e re d  in  th e  f ig h t  o f  se d im e n ta t io n  v e lo c ity  e x p e r im e n ts  d i s c u s se d  b e lo w , 
th e  r e s u lt  s u g g e s t s  t h a t  th e  p re se n c e  o f  /¿-casein  p r e v e n t s  th e  d é n a tu r a t io n  o f  /?- 
la c to g lo b u lin  fro m  p ro c e e d in g  t o  co m p le tio n .

B o t h  se d im e n ta t io n  v e lo c ity  a n d  p o la r im e tr ic  s tu d ie s  sh o w  t h a t  /¿-case in  r e a c t s  
m o re  r a p id ly  w ith  /?-B  th a n  w ith  /M A . T h e  t h e r m o d e n a tu r a t io n  o f  /M a c to g lo b u lin  i t s e l f  
p r o c e e d s  v i a  a  c o m p lic a te d  se r ie s  o f  u n fo ld in g  a n d  a s s o c ia t io n  s te p s .  H o w e v e r , i t  is  
s ig n if ic a n t  t h a t  th e  B  v a r ia n t  i s  d e n a tu r e d  m o re  r a p id ly  t h a n  th e  A  v a r ia n t .  I t  a p p e a r s  
th e re fo r e  t h a t  th e  r a t e  o f  d é n a tu r a t io n  o f  /M a c to g lo b u lin  d e te rm in e s  i t s  r a t e  o f  in t e r 
a c t io n  w ith  /¿-casein .

T h e  se d im e n ta t io n  co e ffic ie n t o f  th e  c o m p le x  is  o n ly  s l ig h t ly  g r e a te r  t h a n  t h a t  fo r  
th e r m o d e n a tu r e d  /M a c to g lo b u lin  (e .g . 35  S  c o m p a r e d  t o  37 S  fo r  th e r m o d e n a tu r e d  
/MA a t  a  c o n c e n tr a t io n  o f  0 - 6 g / 1 0 0 m l :  F ig .  5). I t  i s  c le a r  th e re fo r e  t h a t  /¿-case in  
a s s o c ia t e s  w ith  /M a c to g lo b u lin  b e fo re  th e  a g g r e g a t io n  o f  /M a c to g lo b u lin  i t s e l f  
p ro c e e d s  to  c o m p le tio n . I f  th e  a s s o c ia t io n  h a d  o c c u rre d  w ith  fu l ly  d e n a tu r e d  /?- 
la c to g lo b u lin , th e  e x p e c te d  se d im e n ta t io n  co e ffic ie n t o f  th e  r e su lt in g  c o m p le x  w o u ld  
h a v e  b e e n  c o n s id e ra b ly  h ig h e r  t h a n  th e  e x p e r im e n ta l ly  o b s e r v e d  v a lu e  a l th o u g h  th e  
e x a c t  f ig u re  c a n n o t  b e  p r e d ic te d  d u e  t o  u n c e r ta in ty  o f  c h a n g e s  in  th e  fr ic t io n a l  
co e ffic ie n t. I n  s u p p o r t  o f  th i s  v ie w  i t  sh o u ld  b e  n o te d  t h a t  th e  in te r a c t io n  o f  /¿-case in  
w ith  th e r m o d e n a tu r e d  /?-A  is  in c o m p le te , w ith  o n ly  5 0  %  o f  th e  /¿-casein  r e a c t in g  to  
fo rm  th e  c o m p le x . O u r v a lu e s  fo r  th e  se d im e n ta t io n  co e ffic ie n t o f  th e  c o m p le x  a r e  in  
g e n e ra l  a g re e m e n t  w ith  th o s e  o f  o th e r  w o rk e rs  (Z it t le  et a l . 1 9 6 2 ; T e s s ie r  et a l .  1969). 
H o w e v e r , d ire c t  c o m p a r iso n s  c a n n o t  b e  m a d e  d u e  to  th e  u se  o f  d iffe re n t  c o n d it io n s  o f  
p H , t im e  a n d  te m p e r a tu r e  o f  h e a t  t r e a tm e n t .

T h e  l in e a r ity  o f  th e  re la t io n sh ip  b e tw e e n  th e  se d im e n ta t io n  co e ffic ie n t a n d  p ro te in  
c o n c e n tr a t io n  (F ig . 4) in d ic a te s  t h a t  th e  c o m p le x  i s  r e la t iv e ly  s t a b le  a n d  d o e s  n o t  
d is so c ia te  a t  low  c o n c e n tr a t io n s . In d e e d , 6 m -G u H C 1 i s  u n a b le  t o  e n t ir e ly  d i s r u p t  th e  
c o m p le x  a lth o u g h  a  s l ig h t  d e g re e  o f  d is so c ia t io n  i s  o b se rv e d . I t  is  o n ly  w h en  m er- 
c a p to e th a n o l  is  in c lu d e d  in  th e  so lv e n t  t h a t  c o m p le te  d is so c ia t io n  is  o b ta in e d . T h is  
r e s u lt  i s  in  a c c o rd  w ith  th o s e  o f  p r e v io u s  w o rk e rs  w h o  h a v e  sh o w n  t h a t  in te r m o le c u la r  
d isu lp h id e  b o n d s  a r e  in v o lv e d  in  c o m p le x  fo r m a tio n  (S a w y e r , C o u lte r  & Je n n e s s ,  
1 9 6 3 ; P u r k a y a s t h a ,  T e s s ie r  & R o se , 1967 ). I n  th e  p re se n c e  o f  A - e th y lm a le im id e , a  
th io l  b lo c k in g  r e a g e n t  w h ich  p r e v e n t s  d isu lp h id e  in te r c h a n g e , c o m p le x  fo r m a tio n  is  
in h ib ite d  b u t  n o t  e n t ir e ly  p re v e n te d . T h u s , a l th o u g h  th e  fo rm a tio n  o f  in te r m o le c u la r  
d isu lp h id e  b o n d s  m a y  b e  a  m a jo r  fa c t o r  in  s t a b i l iz in g  th e  c o m p le x , so m e  fo rm  o f  le s s  
sp e c if ic  a s s o c ia t io n , p e r h a p s  in v o lv in g  p h y s ic a l  e n ta n g le m e n t  o f  p o ly p e p t id e  c h a in s , 
m a y  a lso  b e  in v o lv e d .
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Interaction of fi-lactoglobulin and K-casein

EXPLANATION OF PLATES

P l a t e  1

Sedimentation velocity profiles for solutions of /?-A//c-casein and /?-B/a-casein heated at 74°C 
for 10 min and 1 h. Sedimentation coefficients (S20„  ) of individual peaks are indicated.

P l a t e  2

Sedimentation velocity profiles for (a) a  solution of A-casein and thermodenatured /3-lacto- 
globulin A and (b) the same solution heated at 75°C for 7'5 h.
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(R eceived  22  A p r i l  1971)

S u m m a r y . T h e  c o n tr ib u t io n  t h a t  th e  c o m p u te r  h a s  m a d e  in  th e  in te r p r e ta t io n  a n d  
a n a ly s i s  o f  a  m e ta b o lic  p ro file  t e s t ,  w h ich  is  d e s ig n e d  t o  m o n ito r  th e  m e ta b o lic  h e a lth  o f  
a  d a ir y  h e rd  a n d  a s s e s s  th e  a d e q u a c y  o f  d ie ta r y  in ta k e  fo r  p ro d u c t io n , is  d e sc r ib e d . 
T h e  t e s t  i s  b a s e d  o n  a n  a s s e s s m e n t  o f  b lo o d  c h e m is tr y  fo r  a n y  n u m b e r  o f  v a r ia t e s ,  
w h ich  c o n s t i tu te  th e  m e ta b o lic  p ro file , m e a su r e d  fo r  r a n d o m ly  se le c te d  co w s f r o m  3 
g r o u p s  o f  a  h e r d :  d r y  co w s, co w s g iv in g  in te r m e d ia te  q u a n t i t ie s  o f  m ilk  a n d  co w s 
g iv in g  h ig h  d a i ly  y ie ld s . T h e  c o m p u te r  p r o g r a m  is  d e s ig n e d  to  g iv e  a n  o b je c t iv e  a n d  
c o m p re h e n s iv e  a s s e s s m e n t  o f  th e  t e s t  in  a n  e a s i ly  in te r p r e ta b le  fo rm  b a s e d  o n  a  
p ic to r ia l  fo rm  o f  p r in t-o u t . T h e  p ro file  i s  d i s p la y e d  a s  a  ‘ h i s t o g r a m ’ p r e s e n te d  a s  
s t a n d a r d  d e v ia t io n s  f ro m  th e  n o rm a l b a se - lin e , a n d  fo r  e a c h  v a r ia b le  a  s c a t t e r  
d ia g r a m  is  in c lu d e d  p re s e n t in g  th e  in d iv id u a l  v a r ia t e s  p lo t te d  a g a in s t  th e  p a r t ic u la r  
a n im a l ’s  d a i ly  m ilk  y ie ld .

T h e  p a r t ic u la r  c o n te x t  o f  th i s  p a p e r  is  a  m etabolic  p ro file  t e s t ,  a s  d e sc r ib e d  b y  
P a y n e ,  D e w , M a n sto n  & F a u lk s  (1 9 7 0 ), w h ic h  is  d e s ig n e d  to  m o n ito r  th e  m e ta b o lic  
h e a lth  a n d  t o  h e lp  d ia g n o se  e x i s t in g  m e ta b o lic  p r o b le m s  o f  d a ir y  h e rd s . T h e  t e s t  is  
b a s e d  o n  a n  a n a ly s i s  o f  b lo o d  c h e m is tr y  o n  a  s a m p le  o f  co w s se le c te d  a t  r a n d o m  fro m  
s e p a r a t e  g r o u p s  o f  a  h e rd  s t r a t i f ie d  in  a c c o r d a n c e  t o  m ilk  y ie ld . A t  p r e s e n t , th e  
g r o u p s  a d o p t e d  a re  d r y  co w s (or, i f  th e re  a re  n o t  e n o u g h  d r y  co w s, co w s g iv in g  low  
y ie ld s ) , co w s g iv in g  in te r m e d ia te  y ie ld s  o f  m ilk , a n d  co w s g iv in g  h ig h  d a i ly  y ie ld s . 
F r o m  th e  b lo o d  a n a ly s i s  r e s u lt s  fo r  th e se  3 g r o u p s , th e  a d e q u a c y  b o th  o f  m a in te n a n c e  
a n d  o f  p r o d u c t io n  r a t io n s  c a n  b e  a s s e s se d .

T h e  b lo o d  s a m p le s  a re  a n a ly s e d  fo r  su c h  v a r i a t e s  a s  p a c k e d  ce ll v o lu m e , g lu c o se , 
m a g n e s iu m , p o t a s s iu m  c o n c e n tr a t io n s , a n d  o th e rs , a n d  th e  a v e r a g e  v a lu e s  c a lc u la te d  
fo r  e a c h  g ro u p . T h is  s e t  o f  v a lu e s  i s  s a id  to  c o n s t i tu te  th e  g r o u p ’s  m etabolic  p ro file  
w ith  r e sp e c t  to  th e  b lo o d  m e a su r e m e n ts  m a d e . I f  th i s  p ro file  is  c o m p a r e d  w ith  th e  
p ro file  t h a t  w o u ld  b e  e x p e c te d  fo r  a n  a v e r a g e  n o r m a l  h e rd , a  la r g e  d e v ia t io n  fro m  
n o rm a l w ith  r e sp e c t  to  a  p a r t ic u la r  v a r ia b le  p r o v id e s  e v id e n c e  o f  ‘ a b n o r m a l i t y  ’ , th e  
la r g e r  th e  d e v ia t io n  th e  g r e a t e r  b e in g  th e  d e g re e  o f  a b n o r m a lity . W ith o u t  th e  h e lp  o f  
th e  c o m p u te r  th is  is  a b o u t  a s  f a r  a s  o n e  c a n  g o  fo r  a  q u ic k  a s s e s sm e n t , a n d  th e re  is  
p le n ty  o f  sc o p e  fo r  e r ro r , b o th  n u m e r ic a l  a n d  s u b je c t iv e . W ith  th e  u se  o f  th e  c o m p u te r , 
h o w ev er , i t  h a s  b e e n  p o s s ib le  to  e x a m in e  n o t  o n ly  th e  d e v ia t io n s  o f  m e a n  v a lu e s  f ro m  
n o rm a l, b u t  a lso  th e  d e v ia t io n s  o f  in d iv id u a l  co w  v a lu e s ,  y e t  s t i l l  p r e s e n t  th e  r e su lt s



in  a  fo rm  t h a t  is  o b je c t iv e  a n d  e a s i ly  u n d e r s to o d . E m p h a s i s  h a s  b e e n  p la c e d  o n  a  
p ic to r ia l  fo rm  o f  p r in t-o u t , so  t h a t  a s s e s s m e n t  o f  th e  p ro file  c a n  b e  m a d e  w ith o u t  
d ir e c t  u se  o f  s t a t i s t ic a l  t e s t s .

B lo o d  s a m p le s  t a k e n  f r o m  th e  e n t ir e  d a ir y  h e rd s  o f  13 f a r m s  h a v e  b e e n  u se d  to  
c o m p u te  th e  n o rm a l v a lu e s  a n d  co n fid e n ce  l im its . P a y n e  et a l .  (1 9 7 0 ) e m p h a s iz e d  
t h a t  th e se  h e rd s  m ig h t  n o t  b e  r e p r e se n ta t iv e  o f  th e  n a t io n a l  h e rd , e s p e c ia l ly  s in c e  
h e rd - to -h e rd  v a r ia t io n  is  l ik e ly  to  b e  th e  la r g e s t  s in g le  v a r ia b le  in  th is  t y p e  o f  w o rk , 
b u t  th e  h e rd s  w e re  se le c te d  b e c a u s e  th e y  h a d  g o o d  re c o r d s  o f  m a n a g e m e n t . F u r t h e r ,  
v a r ia b le s  su c h  a s  s e a so n a l  t r e n d  a n d  a g e  o f  co w s h a v e  n o t  b e e n  t a k e n  in to  a c c o u n t . 
N e v e r th e le s s ,  th e  u se  o f  th e  m e a n s  a n d  s t a n d a r d  d e v ia t io n s  c a lc u la te d  f r o m  th e  
13 h e rd s  d o e s  a p p e a r  to  b e  g iv in g  se n s ib le  d ia g n o s t ic  co n c lu sio n s , so  t h a t  th e ir  
se le c t io n  a s  a  s t a n d a r d  i s  s e rv in g  a  u se fu l  p u rp o se . T h e  p ro file  te c h n iq u e  h a s  s in c e  
b e e n  a p p lie d  to  a  la r g e  n u m b e r  o f  h e rd s  a n d  a  m u c h  la r g e r  s a m p le  is  n o w  a v a i la b le  fo r  
s t a t i s t i c a l  a p p r a i s a l  o f  n o rm a l v a lu e s .

T h e  t e s t  is  th u s  b a s e d  o n  a n  a s s e s sm e n t  o f  a n  in d iv id u a l  h e r d ’s  m e ta b o lic  p ro f ile  
c o m p a r e d  w ith  th e  n o rm a l. P a y n e  et a l .  (1 9 7 0 ) d e sc r ib e d  th e  b lo o d  s a m p lin g  a n d  
a n a ly s i s  te c h n iq u e s , a n d  fo r  a  fu r th e r  d e sc r ip t io n  o f  th e  t e s t  th e  r e a d e r  i s  r e fe r re d  to  
th e ir  p a p e r . T h e  p r e s e n t  p a p e r  d e m o n s t r a te s  h o w  th e  c o m p u te r  h a s  b e e n  u se d  a s  a n  
a id  in  th e  in te r p r e ta t io n  o f  th e  t e s t ,  a n d  i t  is  su g g e s te d  t h a t  th i s  t y p e  o f  p r e s e n ta t io n  
m ig h t  b e  u se fu l  in  o th e r  h e a lth  s tu d ie s ,  b a s e d  o n  a  la rg e -sc a le  l a b o r a t o r y  a n a ly s i s ,  
w h en  a  r a p id  a s s e s s m e n t  o f  th e  r e s u lt s  is  r e q u ire d . T h e  p r in t-o u t  o f  th e  p r o g r a m  is  
i l lu s t r a t e d  b y  so m e  o f  th e  f a r m  t e s t s  d i s c u s se d  b y  P a y n e  et a l .  (1970),

METHODS 

P r e p a r a t io n  o f  d a ta

A t  th e  t im e  o f  th e  b lo o d  sa m p lin g , n a m e s  o r  id e n t ify in g  c o d e s  o f  co w s in  th e  s a m p le  
to g e th e r  w ith  th e ir  c u r re n t  a v e r a g e  d a i ly  m ilk  y ie ld s  a re  re c o r d e d  o n  a  d a t a  sh e e t. 
S u b s e q u e n t ly  th e  b lo o d  a n a ly s i s  r e s u lt s  a re  a d d e d . A t  p r e s e n t  th is  i s  d o n e  m a n u a l ly  
b y  c o p y in g  th e  f ig u re s  f ro m  a  d ig i t a l  p a p e r  o u t p u t  p r o d u c e d  b y  th e  a u t o a n a ly s e r s .  I n  
th e  n e a r  fu tu r e  i t  i s  p la n n e d  to  a t t a c h  a  p a p e r  t a p e  p u n c h  t o  o n e  a u t o a n a ly s e r  so  t h a t  
th i s  s t e p  c a n  b e  b y p a s s e d .  W h en  a ll  th e  r e s u lt s  h a v e  b e e n  a s s e m b le d , e a c h  c o w ’s  
r e c o r d  c o n s is t s  o f  i t s  n a m e , m ilk  y ie ld  a n d  th e  b lo o d  v a r ia b le s ,  a  t y p ic a l  s e t  b e in g  
p a c k e d  ce ll v o lu m e , g lu c o se , u r e a , in o r g a n ic  p h o sp h o ru s , c a lc iu m , m a g n e s iu m , 
so d iu m , p o ta s s iu m , t o t a l  p ro te in , a lb u m in , g lo b u lin  a n d  h a e m o g lo b in . T h e  d a t a  a re  
p u n c h e d  o n  c a r d s  a n d  s u b m it t e d  to g e th e r  w ith  p a r a m e t e r  v a lu e s  d e sc r ib in g  th e  d a t a  
t o  th e  c o m p u te r .

P a ra m e te r  C a rd s

T a b le  1 i l lu s t r a t e s  a  t y p ic a l  s e t  o f  in p u t  d a t a :
(1) T h e  f ir s t  lin e  p r o v id e s  a  h e a d in g  fo r  th e  p r in t-o u t . A n y  in fo r m a t io n  d e sc r ib in g  

th e  h e rd , su c h  a s  fa r m , fa rm e r , v e te r in a r y  su rg e o n , d a t e  o f  b le e d , r a n g e  o f  m ilk  
y ie ld s  in  e a c h  g ro u p , m a y  b e  in c lu d e d .

(2) T h e  m e t a b o lit e s  line specifies the num ber o f blood variab les m easured.
(3) T h e  l a b e l s  lin e  g iv e s  th e  o r d e r  in  w h ich  th e  v a r ia b le s  a r e  l i s t e d ,  a n d  th e  

a b b r e v ia t e d  la b e ls  id e n t i fy  th e m  in  th e  p r o g r a m  p r in t-o u t .
(4) T h e  m e ta b o lic  p ro file  t e s t  r e la te s  th e  p a r t ic u la r  h e r d ’s  p ro file  to  th e  a v e r a g e
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p o p u la t io n  v a lu e s .  T h e  m e a n s  a n d  s.D . l in e s  sp e c ify  th e se  p o p u la t io n  v a lu e s  in  th e  
fo rm  o f  m e a n s  a n d  s t a n d a r d  d e v ia t io n s , th e  u n it s  b e in g  m g /1 0 0  m l fo r  g lu c o se , u re a , 
in o rg a n ic  p h o sp h o ru s , c a lc iu m  a n d  m a g n e s iu m , m - e q u iv ./ l  fo r  so d iu m  a n d  p o ta s s iu m , 
a n d  g /1 0 0  m l fo r  t o t a l  p ro te in , a lb u m in , g lo b u lin  a n d  h a e m o g lo b in .

Use of the computer as an aid in  diagnosis 3 5 5

T a b le  1. E x a m p le  o f  a  set o f  in p u t  d a ta

H ER D  22 GROUPS 5-14, 15-24 AND 2 5 +  LB S M ILK/DAY
M ETA BO LITES 12
LA B E LS 12 PCV GLU U REA IP CA MG NA K TP A LB GLOB HB

MEANS 29 45 15-0 5-4 9-3 2-58 1390 4-80 7-10 3-30 3-80 12-2
S.D. 3 4-5 2-5 0-9 0-5 0-27 2-0 0-40 0-50 0-30 0-60 1-2

LIM ITS 1
9 5-2 9-2

GROUPS 3 5 15 25
SALAD 14 26 31 15-0 6-1 8-9 2-10 1370 4-30 7-30 3-20 4-10 11-8
DELPHIUM 41 24 33 16-0 7-0 9-1 1-90 140-5 4-65 6-40 2-75 3-65 10-0
D O LLY 8 32 36 14-0 5-8 9-1 2-30 139-0 4-20 7-45 3-00 4-45 13-8
FLO RA 18 26 36 13-0 5-8 9-3 2-30 138-0 5-40 8-45 3-00 5-45 11-0
FLO R IN 18 27 36 130 6-0 9-1 2-60 140-0 5-20 7-65 2-85 4-80 11-4
D IL ISN C E 18 25 42 12-5 5-7 9-1 2-10 139-0 4-30 7-65 2-85 4-80 11-0
SALUTE 36 28 41 11-5 5-5 8-9 2-50 137-0 4-10 7-15 3-05 4-10 11-8
SATIN 30 21 35 12-0 6-4 9-1 2-20 139-5 4-40 8-00 2-80 5-20 8-8
JACIN TH 31 26 43 130 5-3 8-9 2-10 138-5 3-70 7-65 2-50 5-15 10-6
CORVETTE 16 27 37 9-5 4-5 8-8 1-85 139-5 4-50 8-00 2-40 5-60 11-2
BIANCA 12 22 31 15-0 5-7 8-9 2-00 138-0 4-40 8-00 2-60 5-40 9-4
CALUMET 20 26 45 11-0 5-8 9-4 2-20 139-5 4-40 8-30 2-65 5-65 10-6
SKYSCA PE 10 26 39 14-0 6-7 9-0 1-80 137-5 4-50 8-45 2-80 5-65 11-2
LILAC 20 25 36 14-0 5-4 9-6 2-10 139-0 4-35 7-65 3-45 4-20 10-8
P. GALNTH 12 31 32 16-0 5-4 8-9 2-00 142-0 4-50 6-55 2-80 3-75 13-0
K ATRIN A 10 29 33 130 6-7 9-9 2-10 140-0 5-00 8-80 3-20 5-60 12-8
MAGIC 12 28 38 12-5 61 9-2 2-10 135-5 4-30 8-65 2-75 4-90 11-4
FLO SSY 24 22 44 14-0 6-3 9-0 1-85 139-5 4-50 7-65 2-85 4-80 9-6
GALINTH 31 29 40 14-5 5-4 9-1 2-00 138-5 5-00 8-00 3-25 4-75 12-4
FO R G ETFL 36 26 43 11-0 2-3 9-0 2-25 139-0 4-20 7-55 2-55 5-00 11-2
RO CH ELLE 28 29 37 15-0 6-5 9-2 1-60 139-5 4-90 9-20 3-15 5-90 11-8
END

The first column of figures after the cows’ names is the daily milk yield in lb. The blood variables 
follow in the order described in the l a b e l s  line.

The first 8 columns on a  card are available for the cows’ nam e; an abbreviation is necessary if the name 
contains more than 8 letters.

A  l i s t  o f  la b e ls ,  m e a n s  a n d  s t a n d a r d  d e v ia t io n s  i s  d e fin e d  in  th e  p r o g r a m . T h u s , th e  
l a b e l s , m e a n s  a n d  s.D . l in e s  in  T a b le  1 a r e  o p t io n a l  a n d  a r e  r e q u ir e d  o n ly  i f  th e  
v a r ia b le s  m e a su r e d  d iffe r  f ro m  th e  s t a n d a r d  l is t .

(5) R a n g e s  o f  v a lu e s  w ith in  w h ic h  th e  d a t a  a r e  g e n e r a lly  e x p e c te d  to  h e  a r e  d e fin ed  
in  th e  p r o g r a m . T h e se  r a n g e s  a re  u s e d  t o  e x c lu d e  u n re a so n a b le  v a lu e s  t h a t  m a y  
a r ise  f ro m  e r ro r s  in  p u n c h in g  a n d  fro m  o th e r  c a u se s , a n d  a lso  to  d e fin e  s u ita b le  
s c a le s  in  th e  s c a t t e r  d ia g r a m s  t h a t  a re  p ro d u c e d . I n  p a r t ic u la r  c a s e s  r a n g e s  c a n  b e  
re d e fin e d . T h e  l i m i t s  lin e  in  T a b le  1 i l lu s t r a t e s  th is ,  in  t h a t  th e  r a n g e  fo r  th e  on e 
v a r ia b le  t o t a l  p ro te in  (th e  n in th  v a r ia b le  in  th e  l is t )  i s  re d e fin e d  a s  5 -2 -9-2  so  t h a t  
th e  a b n o r m a lly  h ig h  t o t a l  b lo o d  p r o te in  c o n c e n tr a t io n  o f  th e  co w  R o c h e lle  c a n  b e  
in c lu d e d .

(6) T h e  g r o u p s  lin e  sp e c if ie s  th e  m ilk  y ie ld  g r o u p s  in to  w h ic h  th e  d a t a  a r e  t o  b e  
d iv id e d . I n  th is  c a s e  th e re  a r e  3 g r o u p s , c o m p r is in g  a n im a ls  y ie ld in g  5 - 1 4 , 1 5 - 2 4  a n d  

25  lb s  o r  m o re  o f  m ilk  p e r  d a y .
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(7) T h e  in d iv id u a l  c o w s’ re c o r d s  fo llo w ; co w s m a y  b e  l is t e d  in  a n y  o rd er . I n d iv id u a l  

v a lu e s  n o t  re c o rd e d , d u e , fo r  e x a m p le , to  b lo o d  c lo t t in g  o r  lo s t  sa m p le s ,  m a y  b e  le f t  
b la n k . T h e se  a r e  t r e a t e d  a s  m iss in g  v a lu e s  a n d  a re  n o t  in c lu d e d  in  a n y  su b se q u e n t  
c a lc u la t io n .

(8) T h e  e n d  lin e  s ig n ifie s  t h a t  a ll  th e  d a t a  h a v e  b e e n  r e a d . M e ta b o lic  p ro file  t e s t s  
fo r  a n y  n u m b e r  o f  f a r m s  m a y  b e  ru n  a t  o n e  t im e ; fo r  a ll  e x c e p t  th e  l a s t  f a r m  th e  en d  
lin e  is r e p la c e d  b y  a  co n tin u e  lin e , w h ic h  sig n ifie s  t h a t  d a t a  fo r  a n o th e r  fa r m  fo llo w .

R ESU LTS 

C o m p u ter p r in t-o u t

P ig s  1 -3  d e m o n s t r a te  a  se le c t io n  o f  th e  c o m p u te r  p r in t- o u t  fo r  3 t e s t s .  A s  th e  
c o m p u te r  p r in t-o u t  c o u ld  n o t  b e  p h o to g r a p h e d  d ire c t ly , th e se  f ig u re s  a r e  r e p r o 
d u c t io n s  o f  t y p e d  c o p ie s  o f  th e  p r in t-o u t . T h e  r e se m b la n c e  to  th e  a c t u a l  p r in t - o u t  a s  
p r o d u c e d  b y  th e  c o m p u te r , h o w e v e r , i s  c lo se . E a c h  p r in t-o u t  in c lu d e s  fo r  th e  m a in  
p a r t  a  su m m a ry  tab le o f  m e a n s ,  a  ‘ h isto g ram  ’ f o r  e a c h  g ro u p  g iv in g  a  g e n e ra l  p ic to r ia l  
p r e s e n ta t io n  o f  th e  h e r d ’s  p ro file , a n d  scatter d ia g ra m s  in  w h ich  v a r ia b le s  fo r  in d iv id u a l  
co w s a re  p lo t t e d  a g a in s t  in d iv id u a l  d a i ly  m ilk  y ie ld s .

S u m m a r y  tab les

T h e  s u m m a r y  t a b le s  (F ig s  1 -3 )  c o m p a r e  th e  m e a n  sa m p le  v a lu e s  w ith  th e  p o p u la 
t io n  m e a n s , w h ich  a re  th e  n o r m a l s t a n d a r d s .  T h e  p o p u la t io n  m e a n s  a n d  s t a n d a r d  
d e v ia t io n s  d iffe r  s l ig h t ly  f ro m  th o s e  p u b lis h e d  b y  P a y n e  et a l . ,  b u t  o n ly  in  t h a t  th e y  
h a v e  b e e n  ro u n d e d  o ff  to  th e  n u m b e r  o f  s ig n if ic a n t  d ig i t s  t h a t  th e  a n a ly t ic a l  p r o 
c e d u re s  g iv e . T h e  s a m p le  s t a n d a r d  d e v ia t io n s  a re  c a lc u la te d  a s  ‘ p o o le d  w ith in  g r o u p  ’ 
s t a n d a r d  d e v ia t io n s , a n d  e x c lu d e  d iffe re n c e s  b e tw e e n  h e rd s  a n d  b e tw e e n  g r o u p s  
w ith in  a  h e rd . I n  th e  t a b le s  th e se  a r e  p r in te d  a lo n g s id e  th e  p o p u la t io n  s t a n d a r d  
d e v ia t io n  v a lu e s ,  c a lc u la te d  o n  th e  sa m e  b a s i s ,  so  t h a t  th e  h e r d ’s  v a r ia b i l i t y  c a n  b e  
c o m p a r e d  w ith  th e  a v e r a g e .

M iss in g  v a lu e s  a n d  v a lu e s  o u ts id e  th e  a s s ig n e d  l im it s  a re  n o t  in c lu d e d  in  th e  
c a lc u la t io n s  o f  m e a n s  a n d  s t a n d a r d  d e v ia t io n s . T h e  f ig u re s  p r in te d  a lo n g s id e  th e  
g r o u p  n u m b e r s  in  th e  s u m m a r y  t a b le s  g iv e  th e  t o t a l  n u m b e r s  o f  co w s fo r  w h ich  b lo o d  
c h e m ic a l a n a ly s e s  h a v e  b e e n  c a r r ie d  o u t.

H isto g ra m s

T h e  ‘ h is to g r a m s  ’ , p r o d u c e d  fo r  e a c h  g ro u p , re p re se n t  th e  m e a n  v a lu e s  g iv e n  in  th e  
su m m a r y  t a b le s  b u t  in  p ic to r ia l  fo rm  so  t h a t  im b a la n c e s  in  th e  p ro file  c a n  b e  se e n  
q u ic k ly . T h e  h o r iz o n ta l  lin e  th r o u g h  th e  m ean  r e p r e se n ts  th e  p o p u la t io n  m e a n  fo r  
e a c h  v a r ia b le , a n d  i s  u se d  a s  th e  b a se - lin e . T h e  le f t - h a n d  v e r t ic a l  a x i s  i s  d iv id e d  u p  
in to  h a l f  s t a n d a r d  d e v ia t io n  u n it s .  T h e  s t a n d a r d  d e v ia t io n , o f  c o u rse , h a s  a  d if fe re n t  
n u m e r ic a l  v a lu e  fo r  e a c h  v a r ia b le , b u t ,  b y  e x p r e s s in g  d iffe re n c e s  b e tw e e n  sa m p le  a n d  
p o p u la t io n  m e a n s  in  t e r m s  o f  s t a n d a r d  d e v ia t io n s , d e p a r tu r e s  f r o m  n o r m a li ty  c a n  b e  
c o m p a r e d  fo r  a ll  v a r ia b le s  o n  th e  sa m e  sc a le . T h e  h o r iz o n ta l se c t io n s  o f  th e  h is to g r a m s  
g iv e  th e  p o s i t io n s  o f  s a m p le  m e a n s  r e la t iv e  to  th e  b a se -lin e . A  g r o u p  w ith  a s  fe w  a s  
5 co w s s a m p le d  a t  r a n d o m  c a n  b e  c o n s id e re d  to  b e  n o rm a l w ith  r e sp e c t  to  a  
p a r t ic u la r  v a r ia b le  i f  th e  m e a n  v a lu e  lie s  w ith in  1 S .D .  o f  th e  m e a n  a n d  th e  h e rd  i s  n o
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m o re  v a r ia b le  t h a n  a v e r a g e . T h e  fu r th e r  th e  h is to g r a m  i s  a b o v e  o r  b e lo w  1 s .d . fro m  
th e  b a se - lin e  th e  g r e a t e r  th e  d e v ia t io n  fro m  n o r m a li ty . A  m e a n  v a lu e  f a l l in g  2 s .d . 

b elo w  th e  m e a n , fo r  e x a m p le , im p lie s  t h a t  a b o u t  h a l f  th e  co w s in  th e  g r o u p  h a v e  
v a lu e s  b e lo w  th e  95 %  co n fid e n ce  l im it  fo r  t h a t  v a r ia b le .

Use of the computer as an aid in  diagnosis

GROUP NO. PCV GLU U REA IP CA MG NA K TP A LB GLOB HB
1 7 33-57 43-29 23-93 6-64 9-37 2-39 140-50 5-71 7-42 4-81 2-61 13-67
2 7 32-43 46-43 21-21 6-40 9-23 2-10 141-14 5-76 7-72 4-79 2-94 13-59
3 7 30-14 45-71 19-29 6-46 9-59 2-17 140-21 6-06 7-79 4-69 3-09 12-17

MEAN 21 32-05 45-14 21-48 6-50 9-40 2-22 140-62 5-84 7-64 4-76 2-88 13-14
POP. MEAN 29-00 45-00 15-00 5-40 9-30 2-58 139-00 4-80 7-10 3-30 3-80 12-20
SAMPLESD 2-12 4-61 2-39 0-84 0-41 0-33 1-31 0-55 0-65 0-53 0-82 0-69

POP.SD 3-00 4-50 2-50 0-90 0-50 0-27 2-00 0-40 0-50 0-30 0-60 1-20

G L U  IP M G K  A L B  H B G L U IP M G K  A L B  H B
P C V  U R E A C A  N A  T P G L O B P C V  U R E A  C A  N A T P G L O B
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Fig. 1. A selection of the computer print-out for herd 16 -  a  relatively hypomagnesaemic herd.

S c a tte r  d ia g ra m s

T h e  h is to g r a m s  a re  fo llo w e d  b y  s c a t t e r  d ia g r a m s  w h ic h  d e m o n s t r a te  h o w  th e  
r e s u lt s  fo r  in d iv id u a l  co w s a r e  d i s t r ib u te d  a b o u t  th e ir  p o p u la t io n  m e a n s , so  t h a t  i t  
c a n  b e  se en , fo r  e x a m p le , h o w  m a n y  t e n d  to  h a v e  e x tr e m e  c o n c e n tr a t io n s  o f  a  
p a r t ic u la r  v a r ia b le .  E a c h  in d iv id u a l  v a r ia t e  i s  p lo t t e d  a g a in s t  t h a t  a n im a l ’s  d a i ly  
m ilk  y ie ld . A  s c a t t e r  d ia g r a m  is  p r o d u c e d  fo r  e a c h  v a r ia b le . E a c h  d ia g r a m  c o n ta in s  
3 h o r iz o n ta l  l in e s , th e  c e n tra l  lin e  c o rre sp o n d in g  t o  th e  p o p u la t io n  m e a n , th e  u p p e r  
a n d  lo w e r t o  th e  m e a n ±  2 p o p u la t io n  s t a n d a r d  d e v ia t io n s . F o r  a  ‘ n o r m a l ’ h e rd  th e  
m a jo r i ty  o f  p o in t s  sh o u ld  b e  d i s t r ib u t e d  w ith in  th is  b a n d . B y  c h a n c e  a n  a v e r a g e  o f  
a b o u t  1 in  20  p o in t s  w ill f a l l  o u ts id e .
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E x a m p le s

I n  F ig s  1 -3  th e  c o m p u te r  p r in t- o u t  d e sc r ib e d  so  f a r  is  i l lu s t r a t e d  fo r  3 o f  th e  h e rd s  
16, 22  a n d  25 d i s c u s se d  b y  P a y n e  et a l .  T w o  s c a t t e r  d ia g r a m s  a n d  th e  h is to g r a m s  fo r  
g r o u p s  1 a n d  2 a re  s e le c te d  in  e a c h  c a s e  fo r  d e m o n str a t io n . T h e  h is to g r a m s  fo r  g ro u p  3 
(m a x im u m  y ie ld in g  co w s) w ere  in  e a c h  c a se  s im ila r  to  th e  h is to g r a m s  fo r  g ro u p  2 
( in te rm e d ia te  y ie ld in g  co w s).

GROUP NO. PCV GLU U REA IP CA
1 7 27-71 34-29 14-21 6-07 9-13
2 7 25-43 39-43 12-43 5-64 9-19
3 7 26-14 38-86 13-29 5-49 9-04

MEAN 2 1 26-43 37-52 13-31 5-73 9-12
POP. MEAN 29-00 45-00 15-00 5-40 9-30
SAMPLESD 2-85 3-91 1 - 6 6 1 - 0 2 0-27

POP.SD 3-00 4-50 2-50 0-90 0-50

GLU IP MG K ALB HB
PCV UREA CA NA TP GLOB
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MG NA K TP A LB GLOB H B
2-06 138-43 4-46 7-89 2-91 4-84 11-91
2-14 139-21 4-66 7-91 2 - 8 6 5-04 10-80
2-08 138-64 4-42 7-71 2-89 4-82 10-94
2-09 138-76 4-51 7-83 2-89 4-90 1 1 - 2 2

2-58 139-00 4-80 7-10 3-30 3-80 1 2 - 2 0

0-25 1-50 0-41 0-72 0-29 0-71 1-19
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Fig. 2. A selection of the computer print-out for herd 22 -  a Jersey herd with generally 
inadequate diet and high incidence of ketosis and milk fever.

H e rd  1 6  w a s  r e p o r te d  to  b e  su ffe r in g  fro m  a n  u n u su a lly  la r g e  n u m b e r  o f  c a s e s  o f  
m ilk  fe v e r . T h e  h is to g r a m s  (F ig .  1) sh o w  th is  t o  b e  a  r e la t iv e ly  h y p o m a g n e s a e m ic  
h e rd , a n d  th e  d e p a r tu r e  fro m  n o r m a li ty  to  b e  m o s t  p ro n o u n c e d  fo r  m ilk in g  co w s 
(g ro u p s  2 a n d  3). O f  th e  m a g n e s iu m  c o n c e n tr a t io n s  a l l  b u t  2 w ere  b e lo w  a v e r a g e  fo r  
t h e  m ilk in g  co w s, a n d  h a l f  th e  re m a in d e r  w ere  o u ts id e  th e  lo w e r 2 s t a n d a r d  d e v ia t io n  
lim it . T h e  h is to g r a m s  a lso  sh o w  t h a t  c o n c e n tr a t io n s  o f  so m e  o f  th e  o th e r  v a r ia b le s
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w ere  a b n o r m a lly  h ig h . T h e  s c a t t e r  d ia g r a m  fo r  a lb u m in , fo r  e x a m p le , sh o w s t h a t  in  
e v e r y  in s ta n c e  c o n c e n tr a t io n s  w ere  a b o v e  n o rm a l. T h is  c o u ld  in  p a r t  b e  e x p la in e d  b y  
th e  f a c t  t h a t  th e  h e rd  h a d  b e e n  g r a z in g  o n  h ig h ly  fe r t i l iz e d  p a s t u r e .  T h e  c o m p u te r  
p r in t - o u t  d e m o n s t r a te s  v e r y  c le a r ly  th e  a b n o r m a l ity  o f  th e  p ro file  o f  th is  h e rd .

Use of the computer as an a id  in  diagnosis

GROUP NO. PCV GLU UREA IP CA MG NA K TP A LB GLOB H B
1 6 34-00 44-33 12-33 5-62 9-82 2-33 140-50 4-48 8-43 3-26 5-17 13-30
2 7 32-00 50-00 1 1 - 8 6 5-44 9-13 2-54 139-00 4-60 7-90 3-46 4 . 4 4 12-44
3 7 29-14 50-29 9-31 5-87 9-80 2-59 139-21 4-87 8-24 3-39 4-84 11-47

MEAN 20 31-60 48-40 11-11 5-64 9-57 2-49 139-52 4-66 8-18 3-38 4-80 12-36
POP. MEAN 29-00 45-00 15-00 5-40 9-30 2-58 139-00 4-80 7-10 3-30 3-80 1 2 - 2 0

SAMPLESD 2-04 3-59 2-19 0-67 0-57 0-26 1-52 0-40 0-48 0-35 0-75 0-73
POP.SD 3-00 4-50 2-50 0-90 0-50 0-27 2 - 0 0 0-40 0-50 0-30 0-60 1 - 2 0

GLU IP MG K ALB HB GLU IP MG K ALB HB
PCV UREA CA NA TP GLOB PCV UREA CA NA TP GLOB

5SD 5SD
¿SD 4SD
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1SD • • .. • ..
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Fig. 3. A selection of the computer print-out for Herd 25 -  a  high-yielding and exceptionally
well-managed Friesian herd.

H e r d  2 2  (F ig . 2) is  c h o se n  to  d e m o n s t r a te  a  h e rd  t h a t  w a s  d e fic ie n t  in  e n e r g y , 
m a g n e s iu m  a n d  p ro te in . T h e  h is to g r a m s  sh o w  th is  w ith  th e  m e a n s  fo r  b lo o d  g lu c o se , 
m a g n e s iu m  a n d  a lb u m in  a ll  1 s .d . o r  m o re  b e lo w  th e  m e a n . T h e  s c a t t e r  d ia g r a m s  
fo r  m a g n e s iu m  a n d  g lu c o se  h ig h lig h t  th e  s i tu a t io n . D e d u c t io n s  f ro m  th e  c o m p u te r  
p r in t-o u t  c o r re sp o n d e d  w ith  n u tr i t io n a l  d e fic ie n c ie s  su b se q u e n t ly  fo u n d  in  th e  h e rd .

H e rd  2 5  (F ig .  3) w a s  o n e  o f  th e  m o re  ‘ n o r m a l ’ h e rd s  t e s te d . A p a r t  f r o m  u r e a  
c o n c e n tr a t io n s  w h ic h  w ere  lo w e r t h a n  a v e r a g e , th e  h is to g r a m s  fo r  t h e  m ilk in g  co w s 
(g ro u p s  2 a n d  3) d e m o n s t r a te  a n  a lm o s t  ‘ id e a l  ’ p ro file . T h e  p ro file  fo r  d r y  co w s (g ro u p  
1) w a s  g o o d  to o , w ith  o n ly  th e  m a g n e s iu m  v a lu e s  te n d in g  to  b e  a  l i t t le  low . E x a m in a -
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tio ix  o f  th e  s c a t t e r  d ia g r a m  fo r  m a g n e s iu m , h o w e v e r , in d ic a te s  l i t t le  a b n o r m a l ity .  
G lu c o se  c o n c e n tr a t io n s  fo r  m ilk in g  co w s a r e  a b o v e  a v e r a g e , a n d  th e  in o r g a n ic  
p h o s p h o r u s  c o n c e n tr a t io n s  a r e  n o rm a l. T o  q u o te  P a y n e  et a l . (1 9 7 0 ) : ‘ H e r d  25  
i l lu s t r a t e s  a n  a lm o s t  id e a l  p ro file . D ie t s  w e re  c a r e fu lly  p la n n e d  fo r  h ig h  p r o d u c t io n , 
th e re  w e re  fe w  c lin ic a l p r o b l e m s . . .T h e  fe w  a n im a ls  fa l l in g  o u ts id e  th e  c o n fid e n c e  
l im it s  s u g g e s t  g e n e r o u s  fe e d in g  a s  o p p o se d  to  a n y  im b a la n c e . ’

A b n o rm a l cow s

T h e  h e rd  d a t a  a r e  l is t e d  in  th e  c o m p u te r  p r in t-o u t , so  t h a t  in d iv id u a l  c o w  v a lu e s  
c a n  b e  lo o k e d  a t  m o re  c lo se ly . T h is  is  fo llo w e d  b y  a  l i s t  o f  th o se  co w s w h ic h  h a v e  o n e  
o r  m o re  v a r i a t e s  fu r th e r  t h a n  ±  3 s t a n d a r d  d e v ia t io n s  f ro m  th e  p o p u la t io n  m e a n s .

T a b le  2. C ow s in  herd  2 2  w ith  excep tio n ally  low  ( — ) a n d  excep tio n ally  h igh  ( + )  
levels m ore th an  3  s ta n d a rd  d e v ia tio n s f r o m  the p o p u la t io n  m e a n s

PCV GLUCUREA IP CA MG NA K TP ALB GLOB HB
CORVETTE _ +
BIANCA .  — .

CALUMET +
SKYSCAPE +
KATRINA + +
MAGIC +
FORGETFUL —
ROCHELLE — + +

T a b le  2 i l lu s t r a t e s  th e  fo r m  o f  p r in t-o u t  fo r  h e rd  22 . W h e n e v e r  a  c o n c e n tr a t io n  lie s  
o u ts id e  th e se  l im it s  a  ‘ +  ’ (fo r  a b o v e )  o r  a  ‘ ’ ( fo r  b e lo w ) i s  p r in te d  in  i t s  a p p r o p r ia te
co lu m n . W h e n  a  h e rd  m e ta b o lic  im b a la n c e  i s  d e m o n s t r a te d  b y  th e  h is to g r a m s , th i s  
t a b le  id e n tif ie s  th o se  co w s fo r  w h ic h  th e  im b a la n c e  i s  m o s t  p ro n o u n c e d . T h e  t a b le  a lso  
id e n tifie s  co w s t h a t  m a y  b e  o u t  o f  lin e  w ith  th e  r e s t  o f  th e  h e rd . T h e  f a r m e r  m ig h t  b e  
a b le  to  s u g g e s t  w h y  su c h  a  co w  m ig h t  b e  e x c e p t io n a l ;  fo r  e x a m p le , p e r h a p s  i t  h a s  
a lw a y s  b e e n  a  p o o r  y ie ld e r , o r  w a s  p a r t ic u la r ly  su sc e p t ib le  to  k e to s is .

I n  T a b le  2 co w s B ia n c a  a n d  R o c h e lle  a r e  th e  e x tr e m e  e x a m p le s  o f  a  g e n e ra l  
d e fic ie n c y  in  b lo o d  g lu c o se  a n d  m a g n e s iu m  r e sp e c t iv e ly  in  h e rd  22. I n  a d d it io n  t o  
g lu c o se  B ia n c a  h a d  a  lo w  p a c k e d  cell v o lu m e  a n d  lo w  m a g n e s iu m , a lb u m in  a n d  
h a e m o g lo b in  c o n c e n tr a t io n s  (T a b le  1), a l l  m o re  th a n  2 s t a n d a r d  d e v ia t io n s  b e lo w  th e  
p o p u la t io n  m e a n . T h e  e x t r e m e ly  lo w  c o n c e n tr a t io n  o f  in o r g a n ic  p h o s p h o r u s  fo r  
F o r g e t fu l  i s  c o m p le te ly  o u t  o f  lin e  w ith  th e  r e s t  o f  th e  h e rd . O th e rw ise , a p a r t  f ro m  
a lb u m in , th i s  c o w ’s  p ro file  w a s  w ith in  th e  2 s t a n d a r d  d e v ia t io n  l im it s ,  so  t h a t  th e  
in o rg a n ic  p h o sp h o ru s  v a lu e  c o u ld  w ell b e  d u e  to  a n  e r ro r  in  re c o rd in g .

E s t im a te  o f  percen tage  n u m b er a b n o rm a l in  herd

I t  i s  q u ite  b y  c h a n c e  t h a t  a n y  p a r t ic u la r  co w  is  se le c te d  in  th e  sa m p le , a n d  a l th o u g h  
e x t r a  in fo r m a t io n  o n  in d iv id u a l  a n im a ls  m ig h t  b e  h e lp fu l, th i s  i s  n o t  th e  a im  o f  th e  
m e ta b o lic  p ro f ile  te c h n iq u e . R a t h e r  i t  is  a  m e th o d  fo r  a s s e s s in g  th e  n o r m a l i ty  o f  th e  
w h ole  h e rd  in  te r m s  o f  th e  b lo o d  m e a su r e m e n ts  m a d e . T h u s , in  a d d it io n  to  id e n t i fy in g  
p a r t ic u la r  a b n o r m a l  a n im a ls  in  th e  s a m p le , th e  p r o g r a m  g iv e s  fo r  e a c h  v a r ia b le  
e s t im a t e s  o f  th e  t o t a l  n u m b e r s  o f  co w s in  th e  g r o u p s  l ik e ly  to  d e v ia te  f r o m  n o r m a l i ty
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b y  m o re  th a n  3 s t a n d a r d  d e v ia t io n s . T a b le  3 d e m o n s t r a te s  th is ,  g iv in g  e s t im a t e s  fo r  
h e rd  2 2  o f  th e  n u m b e r  o f  co w s w ith  a b n o r m a lly  lo w  c o n c e n tr a t io n s  fo r  3 o f  th e  
v a r ia b le s  -  b lo o d  g lu c o se , a lb u m in  a n d  m a g n e s iu m . F o r  g lu c o se , 2 4 %  o f  th e  co w s in  
g ro u p  1 w e re  e s t im a t e d  a s  h a v in g  a b n o r m a lly  lo w  c o n c e n tr a t io n s , a n d  a b o u t  1 0 %  
o f  th e  c o w s th r o u g h o u t  t h e  h e rd  g a v e  a b n o r m a lly  lo w  m a g n e s iu m  c o n c e n tr a t io n s .

T a b le  3. E s t im a te d  p ercen tage s o f  cow s in  herd 2 2  w ith  a b n o rm a l co n cen tration s  
m ore th an  3  s ta n d a rd  d e v ia tio n s below p o p u la t io n  m e an s

Use of the computer as an aid in  diagnosis

Group Glucose Magnesium Albumin

1 24 12 4
2 2 7 6
3 3 11 5

D IS C U S S IO N

T h e  p u r p o s e  o f  th e  m e ta b o lic  p ro file  t e s t  i s  t o  c o m p a r e  a  h e r d ’s  p ro f ile  w ith  th e  
n a t io n a l  a v e r a g e  fo r  c lin ic a lly  n o r m a l a n im a ls ,  n o t  w ith  o th e r  h e rd s . T h e  co n fid e n ce  
l im it s  n e e d  t o  b e  b a s e d  o n  s t a n d a r d  d e v ia t io n s  t h a t  r e p r e se n t  v a r ia t io n  o n ly  a m o n g  
th e  in d iv id u a l  a n im a ls  in  a  h e rd , n o t  a m o n g  in d iv id u a ls  in  th e  p o p u la t io n  a t  la rg e . 
I t  i s  e m p h a s iz e d , th e re fo re , t h a t  in  th e  c a lc u la t io n  o f  th e  p o p u la t io n  s t a n d a r d  
d e v ia t io n s  d iffe re n c e s  a m o n g  th e  13 h e rd s  h a v e  b e e n  e x c lu d e d . T h u s , in  th e  in t e r 
p r e t a t io n  o f  th e  s c a t t e r  d ia g r a m s ,  a n im a ls  in  a  ‘ n o r m a l ’ h e rd  w ill b e  d i s t r ib u t e d  w ith  
a b o u t  19 o u t  o f  20  w ith in  th e  9 5 %  co n fid e n ce  b a n d s . I f  th e  s t a n d a r d  d e v ia t io n s  h a d  
b e e n  c a lc u la te d  ig n o r in g  d iffe re n c e s  a m o n g  h e rd s , th e  co n fid e n ce  b a n d s  w o u ld  b e  
w id e r , a n d  i t  w o u ld  n o t  b e  p o s s ib le  t o  s a y  h o w  m a n y  co w s m ig h t  b y  c h a n c e  lie  
o u ts id e .

T h e  2 s t a n d a r d  d e v ia t io n  l im it s  (a p p r o x im a te ly  95  %  co n fid e n ce  l im it s )  u s e d  in  th e  
s c a t t e r  d ia g r a m s  p r o v id e  a  m e a n s  o f  g iv in g  a d v a n c e d  w a rn in g  o f  p o s s ib le  m e ta b o lic  
d iso rd e r s  t h a t  m ig h t  d e v e lo p , th e  m o re  p o in t s  fa l lin g  o u ts id e  th e se  l im its , t h e  m o re  
a b n o r m a l  th e  h e r d ’s  p ro file . T h is  w ill a lso  b e  re f le c te d  in  th e  p o s it io n s  o f  th e  m e a n  
v a lu e s  in  th e  h is to g r a m s  r e la t iv e  to  th e  b a se - lin e . H o w e v e r , i t  i s  e m p h a s iz e d  t h a t  th e  
co w s o u ts id e  th e  2 s t a n d a r d  d e v ia t io n  l im it s  a r e  n o t  n e c e s sa r ily  a b n o r m a l  co w s in  th e  
c lin ic a l se n se . T o  d is t in g u ish  b e tw e e n  c lin ic a lly  n o rm a l a n d  a b n o r m a l  co w s a  w id e r  
r a n g e  is  n e e d e d . T h is  i s  th e  a im  o f  t h e  3 s t a n d a r d  d e v ia t io n  l im it s  ( a p p r o x im a te ly  
9 9 - 9 %  co n fid e n ce  l im it s ) . F u t u r e  e x p e r ie n c e  w ill s u g g e s t  w h e th e r  o n  c lin ic a l g r o u n d s  
th e se  3 s t a n d a r d  d e v ia t io n  r a n g e s  a r e  re a so n a b le .

F i f t e e n  b lo o d  s a m p le s  a n a ly z e d  fro m  5 d r y  co w s, 5  co w s g iv in g  in te r m e d ia te  m ilk  
y ie ld s  a n d  5 co w s g iv in g  h ig h  m ilk  y ie ld s ,  c h o se n  a t  ra n d o m  f r o m  th e  h e rd , a r e  
a d e q u a te ,  e v e n  fo r  la r g e  g r o u p s , to  sh o w  s t a t i s t ic a l ly  s ig n if ic a n t  ( P  <  0-05) e v id e n c e  
o f  d e p a r tu r e  f r o m  n o r m a l i ty  o f  g r o u p s  w ith  m e a n  v a lu e s  1 s t a n d a r d  d e v ia t io n  o r  m o re  
f r o m  th e  p o p u la t io n  a v e r a g e . M e a n  v a lu e s  w ith in  1 s t a n d a r d  d e v ia t io n  o f  th e  b a s e 
lin e  im p ly  t h a t  th e  h e rd  is  n o r m a l  w ith  r e sp e c t  to  th e  p a r t ic u la r  v a r ia b le . T h u s , a  
s a m p le  o f  th i s  s iz e  p r o v id e s  a n  a d e q u a te  in te r p r e ta t io n  o f  th e  h e r d ’s  p ro file , a n d  th e re  
i s  g e n e ra lly  l i t t le  t o  b e  g a in e d  b y  in c re a s in g  th e  sa m p le . H o w e v e r , in te r p r e ta t io n  o f  
th e  r e su lt s  d o e s  d e p e n d  o n  th e  s a m p le  o f  co w s b e in g  c h o se n  a t  r a n d o m  a n d  a n  a t t e m p t  
i s  b e in g  m a d e  t o  e n su re  t h a t  th i s  i s  d o n e ; o th e rw ise  th e  s a m p le  m e a n  v a lu e s  c o u ld

2 3 - 2
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p r o v id e  b ia s e d  e s t im a t e s  o f  th e  h e r d ’s  p ro file . P a y n e  et a l .  (1 9 7 0 ) p r o p o se d  7 co w s/ 
g ro u p . F r o m  th e  e x p e r ie n c e  s in c e  g a in e d  in  th e  a p p lic a t io n  o f  th e  t e s t  i t  a p p e a r s  t h a t  
5 /g ro u p  m a y  b e  a d o p t e d  a s  a  s a t i s f a c t o r y  w o rk in g  n u m b e r .

I n  co n c lu sio n , th i s  w o rk  d e m o n s t r a te s  th e  v a lu a b le  c o n tr ib u t io n  t h a t  th e  c o m p u te r  
c a n  m a k e  in  a  s t u d y  o f  th i s  n a tu r e  w h en  a  la r g e - sc a le  l a b o r a t o r y  a n a ly s i s  i s  in v o lv e d . 
T h e  c o m p u te r  p r in t - o u t  is  p r o v id in g  a  r a p id ,  o b je c t iv e  a n d  c o m p re h e n s iv e  a s s e s s 
m e n t  o f  a  h e r d ’s  m e ta b o lic  p ro file  in  a n  e a s i ly  in te r p r e ta b le  fo rm .

T h e  c o m p u te r  p r o g r a m  is  w r it te n  in  F O R T R A N  I V  a n d  is  s u ita b le  fo r  a  c o m p u te r  
su c h  a s  a n  I B M  360 .

W e a re  g r a t e fu l  to  D r  J .  M . P a y n e  fo r  h e lp fu l a d v ic e  a n d  e n c o u ra g e m e n t  g iv e n  
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N a t io n a l  In s t itu te  f o r  R e se a rch  in  D a ir y in g , S h in fie ld , R e a d in g , R G 2  9A  T

(.R eceived  29  A p r i l  1971)

S u m m a r y . T h re e  e x p e r im e n ts  w e re  c o n d u c te d  t o  d e te rm in e  th e  e ffe c t  o f  fe e d in g  
p o ly u n s a t u r a t e d  fish  o ils  to  d a ir y  co w s re c e iv in g  r a t io n s  o f  h ig h , m e d iu m  o r  lo w  
ro u g h a g e  c o n te n t . I n  th e  ru m e n , th e  d e c re a se s  in  th e  p ro p o r t io n  o f  a c e t ic  a c id  a n d  
in c re a se s  in  p ro p io n ic  a c id  in d u c e d  b y  th e  o ils  b e c a m e  g r e a te r  a s  th e  a m o u n t  o f  o il 
g iv e n  w a s  in c re a se d  b u t  th e  m a g n itu d e  o f  th e  re sp o n se  t o  a n y  d o se  d e p e n d e d  u p o n  th e  
c o m p o sit io n  o f  th e  b a s a l  d ie t . T h e  e ffe c ts  o n  v o la t i le  f a t t y  a c id s  (V F A )  p r o p o r t io n s  
o f  sm a ll  a m o u n ts  o f  th e  o ils  (1 2 5 - 1 5 0  m l/d a y )  w ere  g r e a t e s t  w ith  th e  lo w -ro u g h a g e  
r a t io n s . W ith  la r g e  d o se s  o f  o il (3 7 5 - 4 5 0  m l/d a y )  th e  r e sp o n s e s  w ere  v a r ia b le  b u t  i t  is  
c o n c lu d e d  t h a t ,  in  g e n e ra l, c h a n g e s  in  V F A  p r o p o r t io n s  a re  l e a s t  w ith  lo w -ro u g h a g e  
r a t io n s .

T h e  f a t  c o n te n t  o f  m ilk  w a s  m o re  se n s it iv e  t o  d ie ta r y  o il su p p le m e n ta t io n  t h a n  
w ere  th e  ru m e n  V F A  p ro p o r t io n s . W h e n  th e  u n s a t u r a t e d  o ils  w ere  g iv e n  th e re  w a s  a  
d e c re a se  in  m ilk  f a t  p e r c e n ta g e  a n d  a n  in c re a se  in  th e  p ro p o r t io n  o f  u n s a t u r a t e d  f a t t y  
a c id s  in  th e  f a t ;  th e re  w a s  a lso  in c r e a se d  in c o rp o ra t io n  o f  f a t t y  a c id s  w ith  m o re  t h a n  
18 c a rb o n  a to m s  in  th e  m ilk  f a t .  T h e  m e ta b o lis m  in  th e  ru m e n  te n d e d  t o  b e c o m e  
a d a p t e d  t o  th e  fe e d in g  o f  150 m l /d a y  o f  o il, th e  V F A  p a t t e r n  re tu rn in g  d u r in g  th e  
se c o n d  a n d  th ir d  w e e k  o f  su p p le m e n ta t io n  t o  t h a t  o b se rv e d  b e fo re  th e  a d d it io n  o f  

oil.

T h e  in c lu s io n  o f  c o d  l iv e r  o il (C L O ) in  th e  r a t io n  o f  r u m in a n t s  o fte n  c a u s e s  a  
m a r k e d  fa l l  in  th e  r a t io  o f  a c e t ic  a c id  t o  p ro p io n ic  a c id  in  th e  ru m e n  a n d  a  r e d u c t io n  
in  m ilk  f a t  se c re t io n . T h e  e ffe c ts  o n  ru m e n  fe r m e n ta t io n  a r e  p r o b a b ly  d u e  to  th e  h ig h  
c o n te n t  o f  p o ly u n s a t u r a t e d  lo n g -c h a in  f a t t y  a c id s  in  C L O . H o w e v e r , th e  m a g n itu d e  
o f  th e  r e sp o n s e s  r e p o r te d  in  th e  l i t e r a tu r e  is  n o t  c o n s is te n t . F o r  in s ta n c e , w h en  
N ic h o lso n , C u n n in g h a m  & F r ie n d  (1 9 6 3 ) g a v e  60 m l C L O  d a i ly  t o  s t e e r s  re c e iv in g  a n  
a l l- c o n c e n tr a te  r a t io n , th e y  fo u n d  m a r k e d  d e c re a se s  in  th e  m o la r  p r o p o r t io n s  o f  
a c e t ic  a n d  b u ty r ic  a c id s  a n d  a n  in c re a se  in  p ro p io n ic  a c id . I n  c o n tr a s t ,  B r o s t e r ,  
S u tto n , T u c k  & B a lc h  (1 9 6 5 ) fo u n d  o n ly  sm a ll  e f fe c ts  o n  th e  m o la r  p r o p o r t io n s  o f  
v o la t i le  f a t t y  a c id s  (V F A ) w h en  o v e r  tw ic e  a s  m u c h  o il, 150  m l/d a y , w a s  g iv e n  to



d a ir y  h e ife rs  r e c e iv in g  a  r a t io n  c o n s is t in g  o f  a p p r o x im a t e ly  5 k g  h a y  a n d  2 k g  c o n 

c e n tr a te s  d a i ly .
T h e  p r e s e n t  e x p e r im e n ts  w e re  d e s ig n e d  to  d e te rm in e  w h e th e r  th e  v a r y in g  r e s 

p o n se s  o f  ru m e n  V F A  p r o p o r t io n s  c o u ld  b e  a t t r ib u t e d  t o  a n  in te r a c t io n  b e tw e e n  th e  
r o u g h a g e  c o n te n t  o f  th e  r a t io n s  a n d  th e  a m o u n t  o f  u n s a t u r a t e d  o il g iv e n  in  th e  d ie t . 
I n  a d d it io n , th e  e ffe c t  o n  m ilk  c o m p o sit io n  w a s  d e te rm in e d  in  2 o f  th e  3 e x p e r im e n ts .
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EXPERIMENTAL
E x p t  1 , d ry  cow s (S h in fie ld )

S i x  d r y  F r ie s ia n  co w s f it t e d  w ith  ru m e n  c a n n u la  w e re  u s e d  in  a  3 x  3 L a t in - s q u a r e  
e x p e r im e n t  w ith  2 r e p l ic a te s .  T h e  r a t io n s  w ere  d e s ig n e d  t o  b e  a p p r o x im a t e ly  e q u a l  
in  m e ta b o liz a b le  e n e r g y  a n d  d ig e s t ib le  p ro te in  c o n te n t  b u t  to  g iv e  h ig h , m e d iu m  o r  
lo w  ro u g h a g e  le v e ls  (T a b le  1). T h e  co w s w ere  g iv e n  th e ir  c o n c e n tr a te  r a t io n  a t  9 .3 0  h  
a n d  th e ir  ro u g h a g e  a llo w a n c e  a t  1 2 .3 0  h . C o w s g iv e n  o n ly  ro lle d  b a r le y  r e c e iv e d  h a l f  
th e ir  d a i ly  a llo w a n c e  a t  e a c h  o f  th e  a b o v e  t im e s . W a te r  a n d  s a l t  l ic k s  w e re  a lw a y s  
a v a i la b le .

T a b le  1. E x p t  1 :  co m p o sitio n  o f  the ra t io n s , kg ¡d a y

Rations

Content
High

roughage
Medium
roughage

Low
roughage

Barley straw 6-0 0 0
Grass hay 0 3-0 0
Rolled barley 1 - 0 2-5 5-0
Groundnut meal 0-5 0-5 0

T h e  co w s w e re  a llo w e d  3 w e e k s  to  b e c o m e  a d ju s t e d  to  e a c h  r a t io n  c h a n g e . E a c h
3-w eek  a d ju s tm e n t  p e r io d  w a s  th e n  fo llo w e d  b y  th re e  1-w eek  p e r io d s  in  w h ic h  e a c h  
cow  r e c e iv e d  su c c e s s iv e ly  125 , 2 5 0  a n d  375  m l/d a y  o f  C L O  (B r it i sh  C o d liv e r  O ils 
(H u ll a n d  G r im s b y  L t d ) ,  w ith  a n  io d in e  v a lu e  o f  1 62 ; th e  C L O  w a s  m ix e d  w ith  th e  
c o n c e n tr a te s  g iv e n  a t  9 .3 0  h . F o r  s t a t i s t i c a l  a n a ly s i s  th e  o il le v e ls  w ere  c o n s id e re d  a s  
s p l it  p lo t s  w ith in  th e  L a t in  s q u a r e  d e s ig n . R u m e n  f lu id  s a m p le s  w ere  t a k e n  a t  9 .0 0 ,
1 2 .0 0  a n d  1 7 .0 0  h  o n  th e  l a s t  2  d a y s  o f  e a c h  3 -w eek  a d ju s tm e n t  p e r io d  a n d  o n  th e  
s ix t h  a n d  se v e n th  d a y s  o f  e a c h  w e e k  w h en  th e  C L O  su p p le m e n ts  w ere  g iv e n . T h e  
p H  w a s  d e te rm in e d  im m e d ia te ly  a n d  th e  s a m p le s  s to r e d  a t  — 1 7 °C  u n t i l  r e q u ir e d  fo r  
c h e m ic a l a n a ly s i s .

E x p t  2 , la c ta tin g  cow s (F re d e r ic to n )

S i x  F r ie s ia n  a n d  3 A y r sh ire  la c t a t in g  co w s w ere  u se d  in  a  3 x  3 L a t in - s q u a r e  d e s ig n  
w ith  3 r e p l ic a te s .  T h e  p ro c e d u re s  u s e d  w ere  s im ila r  t o  th o s e  in  e x p t  1 w h e re v e r  
p o s s ib le .  H o w e v e r , c h a n g e s  h a d  t o  h e  m a d e  in  th e  r a t io n  t o  p r o v id e  th e  e n e rg y , p ro te in  
a n d  m in e ra ls  r e q u ir e d  b y  th e  la c t a t in g  co w s. T h e  r a t io n s  fe d  t o  th e  F r ie s ia n  co w s a r e  
sh o w n  in  T a b le  2. A llo w a n c e s  fo r  th e  A y r sh ire s  w e re  85 %  o f  th o s e  fo r  th e  F r ie s ia n s .  
T h e  co w s w ere  fe d  tw ic e  d a i ly  a t  7 .3 0  h  a n d  1 6 .3 0  h , w ith  m o re  t h a n  h a l f  th e  d a i ly  
a llo w a n c e  b e in g  g iv e n  a t  th e  e v e n in g  fe e d . T h e  u n s a t u r a t e d  o il u s e d  w a s  a  w h o le  b o d y  
f ish  o il (W B F O ) (N a t io n a l  S e a  P r o d u c t s  L t d ,  H a l i f a x ,  N .S .)  w h ich  h a d  a n  io d in e
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v a lu e  o f  a b o u t  120. T h e  d a i ly  a l lo w a n c e s  o f  150, 3 0 0  o r  4 5 0  m l o il w ere  m ix e d  in d iv i
d u a l ly  w ith  th e  e v e n in g  fe e d . R u m e n  f lu id  w a s  o b ta in e d  b y  s to m a c h  tu b e  a t  1 0 .0 0  h  
on  th e  l a s t  d a y  o f  e a c h  p e r io d . M ilk  p r o d u c t io n  w a s  r e c o r d e d  o n  th e  l a s t  d a y  o f  e a c h  
p e r io d . M ilk  s a m p le s  w ere  t a k e n  a t  th e  f in a l e v e n in g  a n d  m o rn in g  m ilk in g s  fo r  th e  
d e te rm in a t io n  o f  p ro te in , so lid s - n o t- fa t  ( S N F ) ,  t o t a l  f a t ,  a n d  f a t t y  a c id  c o m p o sit io n  
o f  th e  f a t .  A ll  s a m p le s  w ere  s to r e d  fro z e n .

Effects o f unsaturated oils on dairy  cows

T a b le  2. E x p t  2 :  co m p o sitio n  o f  the ra t io n s , kg ¡d a y *

Rations

Content
High

roughage
Medium

roughage
Low

roughage

Timothy hay ad lib.f 8-00 1-00
Soybean meal 1-00 1-20 1-15
Ground barley 0-43 6-68 11-30
Dicalcium phosphate 0-07 0-12 0
Ground limestone 0 0 0-15

*  The allowances shown are for Friesian cows. Ayrshires were 
given 85%  of the Friesian allowances.

t  The average daily consumption of hay by the Friesians was 
15-2 kg and by the Ayrshires 13-4 kg.

E x p t  3, a d a p ta t io n  in  la c ta tin g  cow s (F re d e r ic to n )

A t  th e  co n c lu sio n  o f  e x p t  2 th e  3 co w s t h a t  h a d  b e e n  re c e iv in g  th e  m e d iu m -  
ro u g h a g e  r a t io n  c o n t in u e d  o n  th i s  r a t io n  fo r  a  fu r th e r  0 w e ek s. F o r  th e  f ir s t  3 w e e k s  
n o  o il w a s  g iv e n  b u t  fo r  th e  se c o n d  3-w eek  p e r io d  th e  r a t io n  w a s  su p p le m e n te d  w ith  
150  m l W B F O  d a i ly  t o  d e te rm in e  w h e th e r  th e  p r o g r e s s iv e  c h a n g e s  fo u n d  in  e x p t  2 
c o u ld  b e  a n  e ffe c t  o f  t im e  r a th e r  t h a n  o f  th e  in c re a s in g  le v e ls  o f  o il. R u m e n  f lu id  a n d  
m ilk  w ere  s a m p le d  o n  th e  l a s t  d a y  b e fo re  in tro d u c t io n  o f  th e  W B F O  a n d  a t  th e  e n d  o f  
e a c h  7 - d a y  p e r io d  a s  in  e x p t  2.

C h em ical a n a ly se s

R u m e n  f lu id  s a m p le s  f ro m  e x p t  1 w ere  a n a ly s e d  fo r  th e  c o n c e n tr a t io n  a n d  m o la r  
p r o p o r t io n s  o f  V F A  u s in g  a  V a r ia n  A e r o g r a p h  600-3  g a s  c h r o m a to g r a p h  w ith  a  
h y d ro g e n - f la m e  io n iz a t io n  d e te c to r . T h e  V F A  w e re  s e p a r a t e d  o n  a  s ta in le s s - s te e l  
co lu m n  ( 1 8 3 x 0 - 3 2  cm ) p a c k e d  w ith  7 - 5 %  (w /w ) p o ly e th y le n e  g ly c o l  4 0 0  m o n o 
s t e a r a t e  a n d  0 - 7 5 %  (w /w ) o r th o p h o sp h o r ic  a c id  on  6 0 /8 0  m e sh  a c id -w a sh e d  ch ro m o - 
so rb  W  (S u t to n  & Jo h n s o n , 1969 ). I n  e x p t s  2 a n d  3 a  V a r ia n  A e r o g r a p h  M o d e l 2 1 0 0  
g a s  c h r o m a to g r a p h  w ith  a  d e te c to r  a n d  co lu m n  p a c k in g  s im ila r  t o  th e  a b o v e  w a s  
u se d .

T o t a l  m ilk  f a t  w a s  d e te rm in e d  b y  s t a n d a r d  B a b c o c k  t e s t  p ro c e d u re s . T h e  f a t t y -  
a c id  c o m p o sit io n  w a s  d e te rm in e d  w ith  th e  M o d e l 21 0 0  g a s  c h r o m a to g r a p h  f it t e d  w ith  a  
s ta in le s s - s te e l  c o lu m n  (1 9 8  x  0 -32  cm ) p a c k e d  w ith  8 %  ( w /w ) l : 4 b u ta n e d ia l  su c c in a te  
p o ly e s te r  o n  a c id -w a sh e d  H .M .D .S .  C h ro m o so rb  W , 8 0 /1 0 0  m e sh . A tp e t  80 w a s  
a d d e d  t o  th e  s t a t io n a r y  p h a s e  a t  th e  r a t e  o f  0-5  %  (w /w ) b e fo re  c o a t in g . T h e  m ilk  f a t  
w a s  e x t r a c t e d  w ith  c h lo ro fo rm -m e th a n o l ( 2 :1 ,  v /v )  a n d  m e th y la te d  b y  h e a t in g  i t  a t  
1 0 0 °C  fo r  1 h  in  a  c lo se d  t u b e  w ith  so d iu m  m e th o x id e . T h e  re su lt in g  e s te r s  w ere
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in je c t e d  in to  th e  g a s  c h r o m a to g r a p h  im m e d ia te ly  u p o n  o p e n in g  th e  tu b e . T h e  p e a k  
a r e a s  o f  th e  c h r o m a to g r a m s  fo r  th e  C 10 a n d  lo w e r f a t t y  a c id s  w ere  c o n v e r te d  t o  w e ig h t  
p e r c e n ta g e s  b y  th e  f a c t o r s  o f  d e M a n  (1 9 6 4 ).

RESULTS

R e s u l t s  in  T a b le s  3 - 5  a r e  p r e s e n te d  b o t h  a s  th e  m e a n  v a lu e s  fo r  a ll  le v e ls  o f  oil 
su p p le m e n ta t io n  fo r  e a c h  ro u g h a g e  le v e l (r o u g h a g e  lev e l) a n d  a s  th e  m e a n  o f  a ll 
r o u g h a g e  le v e ls  fo r  e a c h  le v e l  o f  o il su p p le m e n ta t io n  (C L O  o r  W B F O  le v e l) . R e s u l t s  
fo r  in d iv id u a l  t r e a t m e n t s  a re  p r e s e n te d  in  F ig s  1 a n d  2 a n d  a r e  d is c u s se d  in  th e  t e x t  
w h en  in te r a c t io n s  b e tw e e n  o il a n d  r o u g h a g e  le v e l a r e  co n s id e re d .

E x p t  1 , d ry  cows

A s  th e  ro u g h a g e  le v e l  in  th e  r a t io n  d e c r e a se d , th e  p H  a n d  th e  m o la r  p e r  c e n t  o f  
a c e t ic  a c id  d e c r e a se d  in  th e  ru m e n  f lu id  (T a b le  3). T h e  c o n c e n tr a t io n  o f  V F A  a n d  th e  
m o la r  p e r c e n ta g e s  o f  p ro p io n ic  a n d  v a le r ic  a c id s  in c r e a se d  a s  th e  r o u g h a g e  le v e l 
d e c re a se d . T h e  m o la r  p e r c e n ta g e  o f  b u ty r ic  a c id  w a s  h ig h e r  fo r  th e  m e d iu m -r o u g h a g e  
r a t io n  t h a n  fo r  e ith e r  th e  low - o r  th e  h ig h -ro u g h a g e  r a t io n s .

T a b le  3. E x p t  1 :  m e a n  p H  a n d  the co n cen tration s a n d  m o la r  p ro p o rt io n s  o f  V F A  in
ru m en  f lu id

Total — A
VFA, Iso +  n- Iso +  n-

Roughage level pH mmoles/1 Acetic Propionic butyric valeric

High 6-75“ 70-3“ 6 6 -0 ° 23-1“ 9-1° 1 -8®
Medium 6-65“ 7 4 .4 a 57-56 27-3b 1 1  -6 6 3-66
Low 6 -1 0 6 95-76 46-7° 37-9® 9-7® 5-7®

CLO level, ml/day
0 6 -59“ 77-8® 62-8® 22-9® 10-9“ 3-4“

125 6-53® 79-2“ 57-46 28-86 1 0 -1 ® 3-8®
250 e-se6 82-5“ 5 5 -2 t> 31 l 6c 1 0 -2 “ 3-6“
375 6-51“6 81-0“ 51-6® 35-1° 9-4® 4-0®

Superscripts indicate the significance of differences within columns for roughage levels or CLO levels. 
Means followed by different superscripts are significantly different (P  <  0*01).

I n c r e a s in g  th e  le v e l o f  C L O  d id  n o t  h a v e  a  c o n s is te n t  e ffe c t  o n  th e  p H , V F A  
c o n c e n tr a t io n  o r  m o la r  p r o p o r t io n s  o f  b u ty r ic  a n d  v a le r ic  a c id s  in  th e  ru m e n  f lu id  
(T a b le  3). I t  d id  c a u se  s ig n if ic a n t  d e c re a se s  in  th e  m o la r  p r o p o r t io n  o f  a c e t ic  a c id  a n d  
in c re a se s  in  p ro p io n ic  a c id . T h e  r a t io  o f  a c e t ic  t o  p ro p io n ic  a c id  d r o p p e d  f r o m  3-2 
w h en  n o  C L O  w a s  g iv e n  t o  1-5 a t  th e  h ig h e s t  (375  m l) le v e l  o f  o il su p p le m e n ta t io n .

S ig n if ic a n t  (P  <  0-05) in te r a c t io n s  o c c u r re d  b e tw e e n  r o u g h a g e  a n d  C L O  le v e ls  fo r  
m o la r  p r o p o r t io n s  o f  a c e t ic  (F ig . 1 a )  a n d  p ro p io n ic  a c id s  (F ig . 1 b). T h e  f ir s t  in c re m e n t  
o f  C L O  (125  m l) c a u se d  a  m a r k e d  d ro p  in  th e  p r o p o r t io n  o f  a c e t ic  a c id  w ith  th e  low - 
a n d  m e d iu m -r o u g h a g e  r a t io n s  b u t  o n ly  a  s l ig h t  d r o p  w ith  th e  h ig h -ro u g h a g e  r a t io n  
(F ig .  l a ) .  S u c c e s s iv e  in c re m e n ts  o f  C L O  h a d  l i t t le  a d d it io n a l  e ffe c t  o n  a c e t ic  a c id  
w h en  th e  lo w -ro u g h a g e  r a t io n  w a s  g iv e n . W ith  th e  m e d iu m -r o u g h a g e  r a t io n ,  th e  
m a g n itu d e  o f  th e  d ro p  in  a c e t ic  a c id  w ith  th e  se c o n d  a n d  th ir d  in c re m e n ts  o f  C L O  
w a s  a b o u t  h a l f  o f  t h a t  c a u se d  b y  th e  f ir s t  in c re m e n t. W ith  th e  h ig h -ro u g h a g e  r a t io n
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th e  se c o n d  in c re m e n t  o f  C L O  c a u se d  a  m a r k e d  fa l l  a n d  a  fu r th e r  s u b s t a n t ia l  d ro p  
o c c u rre d  w ith  th e  t h ir d  in c re m e n t. A lth o u g h  th e  in it ia l  in c re m e n t  o f  C L O  t o  th e  
h ig h -ro u g h a g e  r a t io n  c a u s e d  o n ly  a  sm a ll  c h a n g e  in  th e  p r o p o r t io n  o f  a c e t ic  a c id , th e  
o v e ra ll  d iffe re n c e  d u e  t o  fe e d in g  th e  h ig h e s t  le v e l o f  o il a m o u n te d  t o  13-5 p e r c e n ta g e  
u n it s  c o m p a r e d  w ith  14-0 u n it s  fo r  th e  m e d iu m -r o u g h a g e  r a t io n  a n d  6-2 u n i t s  fo r  
th e  lo w -ro u g h a g e  r a t io n .

Effects o f unsaturated oils on dairy  cows

Fig. 1. E xp t 1: the interactions between level (ml/day) of CLO administered and molar per
centage of acetic acid (a), propionic acid (6), butyric acid (c) and valeric acid (d) in rumen fluid 
of cows receiving rations of high- ( # ) ,  medium- (■ ) or low- (A ) roughage levels.

C h a n g e s  in  th e  m o la r  p e r  c e n t  o f  p ro p io n ic  a c id  w ere  g e n e r a lly  th e  re v e r se  o f  th o s e  
n o te d  fo r  a c e t ic  a c id  (F ig .  1 6 ). T h e  in c re a se  in  p ro p io n ic  a c id  d u e  t o  in c re a s in g  C L O  
w a s  g r e a t e r  fo r  t h e  m e d iu m -r o u g h a g e  r a t io n  (17-5  u n it s )  t h a n  fo r  th e  h ig h -ro u g h a g e  
r a t io n  (1 2 -0  u n it s ) .

T h e  in te r a c t io n  b e tw e e n  r o u g h a g e  a n d  C L O  le v e ls  fa i le d  t o  r e a c h  s t a t i s t ic a l  
s ig n if ic a n c e  ( P  <  0-05) fo r  th e  c h a n g e  in  th e  p r o p o r t io n  o f  b u ty r ic  a c id  a l th o u g h  
e a c h  r a t io n  p r o d u c e d  a  d i s t in c t ly  d if fe re n t  p a t t e r n  o f  c h a n g e  (F ig . l c ) .  T h e r e  w a s  
l i t t le  d iffe re n c e  b e tw e e n  a n y  o f  th e  r a t io n s  in  p a t t e r n  o f  c h a n g e  fo r  v a le r ic  a c id  
(F ig .  I d ) .

E x p t  2 , l a d a t in g  cow s

R u m e n . M e a n  v a lu e s  fo r  p H  a n d  c o n c e n tr a t io n  o f  V F A  in  ru m e n  f lu id  a r e  n o t  g iv e n  
b e c a u s e  s a m p le s  w e re  c o n ta m in a te d  w ith  v a r ia b le  a m o u n ts  o f  s a l iv a .  T h is  c o n ta m in a 
t io n  d o e s  n o t  in v a l id a t e  th e  in fo r m a t io n  o n  r e la t iv e  p r o p o r t io n s  o f  th e  V F A  w h ic h  
a r e  p r e s e n te d  in  T a b le  4. T h e  c h a n g e s  p r o d u c e d  in  t h e  p r o p o r t io n s  o f  th e  V F A
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b y  in c re a s in g  th e  r o u g h a g e  o r  W B F O  le v e l  w ere  a l l  s im ila r  in  d ire c t io n  t o  t h o s e  in  
e x p t  1. T h e  p ro p o r t io n  o f  a c e t ic  a c id  t e n d e d  t o  b e  h ig h e r  a n d  th o s e  o f  p ro p io n ic  a n d  
v a le r ic  a c id s  lo w e r in  e x p t  2.

In c r e a s in g  th e  le v e l  o f  W B F O  h a d  a  r e la t iv e ly  sm a ll  e ffe c t  o n  th e  p r o p o r t io n s  o f  
th e  Y F A  a lth o u g h  th e  c h a n g e s  w ere  s t a t i s t ic a l ly  s ig n if ic a n t  ( P  <  0-01) fo r  a c e t ic , 
p ro p io n ic  a n d  b u ty r ic  a c id s  (T a b le  4 ). A s  in  e x p t  1, p r o p o r t io n s  o f  b u ty r ic  a c id  w ere  
h ig h e r  ( P  <  0-01) o n  th e  m e d iu m -r o u g h a g e  r a t io n  t h a n  o n  th e  h igh - o r  lo w -ro u g h a g e  
r a t io n s .

J .  W . G . N i c h o l s o n  a n d  J .  D .  S u t t o n

T a b le  4. E x p t  2 :  m e an  p ro p o r t io n s  o f  V F A  in  the ru m en  f lu id  a n d  the y ie ld  a n d
co m p o sitio n  o f  the m ilk

VFA, molar % Milk Composition, %

Roughage
level Acetic Propionic

Iso+n-
butyric

Iso +  n 
valeric

Milk yield, 
kg/day Protein Fat SNF

High 70-34“ 19-84 9-P* 0-94 15-6 3-3“ 3-4“ 8-1
Medium 66-4 a » 20-04 12-2B 1-34 17-5 3-16 3-4“ 8-1
Low 54-8B 33-4B 9-04 2-7B 15-2 3-4“ 2-76 8-1
WBFO 
level 

ml/day 0 66 T4 20-84 11-34“ 1-6 16-6 3-54“ 3-84 8-24“
150 65-64 22- 1A 10-74“ 1-6 16-6 3-2B6c 3-4B g - l 4 a b

300 62-IB 26-2B 10-046 1-7 16-0 3-lBc 2-9c 8 - 1 4 B 6

450 61-6s 2 8 - 5 ° 8-3B 1-6 15-2 3-34B6 2 -oD 8-OB“

Superscripts indicate the significance of differences within columns for roughage levels or WBFO 
levels. Means followed by different superscripts are significantly different at P  <  0-05 for upper case 
(A, B ,  C ) or P  <  0-01 for lower case (a, 6, c).

T h e re  w ere  s ig n if ic a n t  ( P  <  0-01) in te r a c t io n s  b e tw e e n  r a t io n s  a n d  W B F O  le v e ls  
fo r  a c e t ic  a c id  a n d  p ro p io n ic  a c id  a s  i l lu s t r a t e d  in  F ig .  2 (a )  a n d  (b ) r e sp e c t iv e ly . T h e  
in c lu sio n  o f  W B F O  in  th e  h ig h -ro u g h a g e  r a t io n  d id  n o t  c h a n g e  th e  p r o p o r t io n  o f  
a c e t ic  a c id . T h e  f ir s t  in c re m e n t  o f  W B F O  h a d  n o  e ffe c t  w ith  th e  m e d iu m -r o u g h a g e  
r a t io n  b u t  th e  se c o n d  in c re m e n t c a u se d  a n  a p p r e c ia b le  d e c lin e  o f  3-5 u n it s .  W ith  th e  
lo w -ro u g h a g e  r a t io n , th e re  w a s  a n  a p p r e c ia b le  d e c lin e  d u e  t o  e a c h  o f  th e  f ir s t  2 
in c re m e n ts  o f  C L O , b u t  n o  fu r th e r  d e c lin e  r e su lte d  fro m  t h e  th ir d  in c re m e n t. T h e  
c h a n g e  in  p ro p io n ic  a c id  w a s  th e  in v e r se  o f  t h a t  in  a c e t ic  a c id  e x c e p t  t h a t  th e  p r o p o r 
t io n  o f  p ro p io n ic  a c id  c o n t in u e d  t o  in c re a se  w ith  th e  th ir d  in c re m e n t  o f  W B F O  o n  
th e  lo w -ro u g h a g e  r a t io n .

M ilk .  T h e  r o u g h a g e  le v e l  o f  t h e  r a t io n  h a d  l i t t le  e f fe c t  o n  th e  p ro te in  o r  S X F  
c o n te n ts  o f  th e  m ilk . T h e  m ilk  f a t  p e r c e n ta g e  w a s  lo w e r ( P  <  0-05) fo r  t h e  low - 
r o u g h a g e  r a t io n  t h a n  fo r  th e  o th e r  2 r a t io n s  (T a b le  4 ). T h e  a v e r a g e  d a i ly  m ilk  y ie ld  o f  
a l l  th e  co w s w a s  16 T  k g . B e c a u s e  o f  th e  s h o r t  t im e  p e r io d s  b e tw e e n  t r e a t m e n t  c h a n g e s  
a n d  th e  se q u e n t ia l  in c re a se  in  W B F O  le v e ls , l i t t le  s ig n if ic a n c e  c a n  b e  a t t a c h e d  to  
d if fe re n c e s  in  y ie ld  b e tw e e n  t r e a tm e n t s .  T h e  p ro te in  c o n te n t  o f  th e  m ilk  d e c r e a se d  
( P  <  0-01) fro m  3 - 5 %  a t  t h e  0 le v e l o f  W B F O  t o  3-1 %  a t  th e  30 0  m l le v e l  b u t  
in c r e a se d  ( P  <  0-05) t o  3-3 %  a t  th e  4 5 0  m l le v e l. T h e  p e r c e n ta g e  o f  f a t  a n d  S N F  in  
t h e  m ilk  d e c r e a se d  w ith  e a c h  su c c e s s iv e  in c re m e n t  o f  W B F O .

T h e  s ig n if ic a n t  ( P  <  0-05) in te r a c t io n  b e tw e e n  r a t io n  a n d  W B F O  le v e l  fo r  m ilk



f a t  (F ig .  2 c )  w a s  th e  r e s u lt  o f  a  m u c h  sh a r p e r  d r o p  (0-7  u n it )  c a u se d  b y  th e  f ir s t  
in c re m e n t o f  W B F O  w ith  th e  lo w -ro u g h a g e  r a t io n  c o m p a r e d  w ith  m u c h  sm a lle r  
d e c re a se s  w ith  th e  o th e r  2 r a t io n s  (0-2  u n it ) . T h e  se c o n d  a n d  th ir d  in c re m e n ts  o f  
W B F O  e a c h  c a u se d  d e c r e a se s  o f  0-5  a n d  0 - 6 %  u n it  w ith  th e  h igh - a n d  m e d iu m - 
ro u g h a g e  r a t io n s  w h ile  w ith  th e  lo w -ro u g h a g e  r a t io n  th e  d e c re a se s  w ere  0-5  a n d  0 T  
u n it .

Effects o f unsaturated oils on dairy  cows 3 6 9

Fig. 2. E xp t 2: the interactions between level (ml/day) of WBFO administered and molar per
centage of acetic acid (a) and propionic acid (6) in rumen fluid, and fat content (% ) in milk (c) 
of cows receiving rations of high- ( 4 ) ,  medium- (■ ) or low- roughage levels.

V a r ia t io n  in  th e  r o u g h a g e  le v e l  in  th e  r a t io n  d id  n o t  p ro d u c e  a n y  c o n s is te n t  c h a n g e  
in  th e  m a jo r  f a t t y  a c id  c o m p o s it io n  o f  th e  m ilk  f a t  (T a b le  5). I n c r e a s in g  th e  le v e l  o f  
W B F O  d id  c a u se  a  c o n s is te n t  d e c re a se  in  th e  w e ig h t  p e r c e n ta g e s  o f  th e  s a t u r a t e d  
a c id s , e x c e p t  C 15, a n d  a n  in c re a se  in  th e  u n s a t u r a t e d  a c id s , e x c e p t  C 18;2. L o n g e r - c h a in  
f a t t y  a c id s ,  t e n t a t iv e ly  id e n t if ie d  a s  C 20;0 a n d  C20:4, w ere  o b s e r v e d  in  in c re a s in g  
a m o u n ts  a s  t h e  le v e l  o f  W B F O  in  th e  d ie t  in c re a se d . A t  th e  h ig h e s t  le v e l o f  W B F O  
th e se  a c id s  m a d e  u p  a s  m u c h  a s  1 0 %  o f  th e  f a t t y  a c id s  in  so m e  m ilk  sa m p le s .  T h e  
r e s u lt s  fo r  th e se  lo n g e r-c h a in  a c id s  w ere  n o t  in c lu d e d  in  th e  s t a t i s t i c a l  a n a ly s e s  
b e c a u s e  s e v e r a l  s a m p le s  c o n ta in e d  th e m  in  in su ffic ie n t  a m o u n ts  fo r  a c c u r a te  a n a ly s i s .

E x p t  3 , a d a p ta t io n  in  la c ta tin g  cow s

T h e  in tr o d u c t io n  o f  150  m l/d a y  o f  W B F O  in to  th e  d ie t  r e su lte d  in  a  d e p r e s s io n  o f  
a c e t ic  a c id  a n d  a n  in c re a se  in  p ro p io n ic  a c id  a t  th e  e n d  o f  th e  f ir s t  w e e k  (T a b le  6). 
T h e re  w a s  a lso  a  d e p r e s s io n  in  m ilk  f a t  p e r c e n ta g e  a n d  a n  in c re a se  in  th e  w e ig h t  p e r 
c e n ta g e  o f  u n s a t u r a t e d  f a t t y  a c id s  in  th e  m ilk  f a t .  W h e n  th e  co w s w ere  c o n t in u e d  o n  
t h is  sa m e  le v e l  o f  W B F O  fo r  2 m o re  w e e k s, th e  ru m e n  V F A  p a t t e r n  r e tu r n e d  t o  t h a t  
b e fo re  th e  a d d it io n  o f  W B F O  b u t  th e  a m o u n t  o f  u n s a t u r a t e d  f a t t y  a c id s  in  th e  m ilk
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T a b le  5. E x p t  2 :  m e an  weight p ercen tages o f  the m a jo r  fa t ty  a c id s  in  the m ilk  f a t

Roughage level WBFO level, ml/day
Fatty _________ A_________

1 < -------------------- '

acid High Medium Low 0 1 5 0 3 0 0 4 5 0

4 : 0 1 -8 2 -2 1-6 1 -9 1-8 1-9 1-8

6 : 0 2 -7 4 2 - 8 4 2 -2B 2 -8 4 2 - 8 4 2 -5 B 2 -Ie

8 : 0 1 -5 1-7 1 -4 1-7 4 1 -8 4 1-5  b 1 -2 C

1 0 :0 3 -1 « 3 - 8 “ 3-3° 4 .0 4 a 3 - 6 4 B “ 3-3-5“ 2 -7  c

1 2 :0 4 - 0 ° 4 - 8 “ 4 .9 6 5 -0 " 4 .7 0 b 4 - 4 “ 4 - 2 “

1 4 :0 1 5 -3 1 5-7 14 -7 1 5 -5 1 5 -4 1 5 -2 1 4-9
1 4 :1 1 -4« 1 -6 ° 2 - 0 “ 1-4  4 « l-QABbc 1 .fB C c 1 -9 “
1 5 :0 1 -8 “ 1 -3 “ 2 - 0 “ l'4-A a 1-6  ABb 1-8  BCc l - 9 Cc

1 6 :0 3 6 -0 3 8 -3 3 6 -6 3 9 -1 4 « 3 7 .4 4 B 6 3 6 -6  BCb 3 4 - 8 Cc
1 6 :1 2 -5 AB 2 -2 4 3 -0B 1 -7 4 2 -2s 2 - 9 c 3 -5 B
1 8 :0 1-2 1-0 0 -8 1 -4 4 1 -9 4 0-6® 0 -2 B
1 8 :1 2 3 -2 1 9 -4 2 3 -2 1 9 .9 4 a 2 0 - 8 4 « “ 22-74BSC 2 4 - 3 Bc
1 8 :2 0 - 8 4 1-4-B 1-7C 1 -7 4 l - 3B a l-p B ab 1-0® “
1 8 :3 2 - 0 “ 1 -8 “ 1-1“ 0 - 2 4 “ Q .7 A Ba 1-8B “ 3 -8 c

Total unsat. 2 9 - 8 « '’ 2 6 - 3 “ 3 1 - 0 “ 2 4 - 8 4 2 6 - 7 4 3 0 -4 B 3 4 -4C

Superscripts indicate significance of differences within lines for roughage levels or WBFO levels. 
Means followed by different superscripts are significantly different at P  <  0-05 for upper case (A, B , G) 
or P  <  0-01 for lower case (a, b, c).

T a b le  6. E x p t  3 :  m e an  p ro p o rt io n s  o f  V F A  in  the ru m en  f lu id  a n d  co m p o sitio n  o f  the
m ilk  a n d  o f  the m ilk  f a t

Week
(
0* 1 2 3

VFA, molar %
Acetic 70-4 64-7 71-7 69-0
Propionic 16-8 20-7 16-4 17-3
Iso H- n-butyric 11-6 12-6 11-0 12-1
Iso +  n-valeric 1-2 2-0 1-0 1-6

Milk composition, %
Protein 3-5 3-4 3-4 3-5
F at 3-5 3-1 3-6 3-2
SNF 8-1 8-0 8-0 8-1

Weight percentages of major fatty  acids in milk fat
4:0 3-7 2-2 2-6 3-5
6:0 3-0 3-5 3-4 3-6
8:0 1-9 2-0 2-0 2-1

10:0 5-0 4-3 5-4 4-2
12:0 6-2 6-6 6-9 5-9
14:0 16-8 18-9 18-5 17-7
14:1 1-2 1-4 1-5 1-6
15:0 1-3 1-3 1-3 1-3
16:0 42-6 40-4 37-0 36-8
16:1 1-9 1-3 1-1 1-5
18:0 1-7 0-7 0-7 2-7
18:1 11-8 15-6 15-6 17-4
18:2 0-7 1-1 1-3 0-9
Total unsaturated 15-6 19-4 19-4 21-4

*  Week 0 refers to the sample taken before introducing WBFO into
the ration. Weeks 1, 2 and 3 refer to samples taken after 1, 2 or 3 weeks
during which 150 ml/day of WBFO were given.
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f a t  r e m a in e d  e le v a te d . T h e  v a r ia t io n  in  m ilk  f a t  p e r c e n ta g e  in  th e  l a s t  2 w e e k s  p r o b 
a b ly  re f le c te d  th e  sm a ll  n u m b e r  o f  co w s in  th e  e x p e r im e n t  r a th e r  t h a n  a n y  t r e a tm e n t  
e ffe c t . T h e r e  w a s  n o t  a  p r o g r e s s iv e  c h a n g e  w ith  t im e  in  a n y  o f  th e  f a c t o r s  s t u d ie d  w ith  
th e  p o ss ib le  e x c e p t io n  o f  th e  p ro p o r t io n  o f  u n s a t u r a t e d  f a t t y  a c id s  in  th e  m ilk  f a t .

Effects of unsaturated oils on dairy  cows

DISCUSSION

T h e  r e s u lt s  o f  e x p t s  1 a n d  2 sh o w e d  t h a t  c h a n g e s  in  th e  p r o p o r t io n s  o f  ru m e n  V F A , 
in d u c e d  b y  th e  in c lu s io n  o f  fish  o ils  in  th e  r a t io n , in c re a se d  w ith  th e  a m o u n t  o f  o il 
g iv e n  b u t  t h a t  th e  s iz e  o f  t h e  re sp o n se  t o  a n y  g iv e n  a m o u n t  o f  o il d e p e n d e d  o n  th e  
c o m p o sit io n  o f  th e  b a s a l  r a t io n .

B y  a n a lo g y  w ith  th e  e ffe c t  o f  l in se e d  o il o n  ru m e n  fe r m e n ta t io n  (C z e rk a w sk i, 
B l a x t e r  & W a in m a n , 1966) i t  se e m s l ik e ly  t h a t  f ish  o ils  a l te r  ru m e n  V F A  p r o p o r t io n s  
b e c a u s e  o f  th e ir  h ig h  c o n te n t  o f  p o ly u n s a t u r a t e d  lo n g -c h a in  f a t t y  a c id s ,  a n d  t h a t  th e  
c h a n g e s  in d u c e d  d e p e n d  o n  th e  m a x im u m  c o n c e n tr a t io n  o f  o il in  th e  ru m e n  r a th e r  
th a n  o n  th e  a v e r a g e  c o n c e n tr a t io n  o v e r  th e  d a y . T h u s , a  s in g le  d o se  e a c h  d a y  h a s  
b e e n  fo u n d  t o  b e  m o re  e ffe c t iv e  t h a n  th e  s a m e  a m o u n t  o f  o il g iv e n  c o n t in u o u s ly  o v e r  
th e  d a y  (M oore , H o ffm a n  & B e r r y ,  1945).

I n  e x p t s  1 a n d  2 th e  e ffe c t  o f  th e  lo w e st  le v e l o f  o il su p p le m e n ta t io n  o n  V F A  p r o 
p o r t io n s  w a s  g r e a t e s t  w ith  th e  lo w -ro u g h a g e  r a t io n s . H o w e v e r , fu r th e r  c o m p a r iso n  
o f  th e  e ffe c ts  o f  th e  o ils  o n  V F A  p r o p o r t io n s  sh o w s c o n s id e ra b le  d is a g r e e m e n t  b e tw e e n  
th e  r e s u lt s  o f  th e  2 e x p e r im e n ts . T h is  d is a g r e e m e n t  p r o b a b ly  re f le c ts  m a in ly  th e  
d iffe re n c e s  b e tw e e n  th e  e x p e r im e n ts  in  th e  a m o u n t  a n d  t y p e  o f  o il g iv e n  a n d  in  th e  
a m o u n t  a n d  c o m p o s it io n  o f  th e  b a s a l  r a t io n s . I f  o n e  t a k e s  in to  a c c o u n t  th e  lo w e r 
io d in e  v a lu e  o f  th e  o il u s e d  in  e x p t  2, th e  a m o u n t  o f  u n s a t u r a r e d  o il g iv e n  p e r  u n i t  o f  
fo o d  c o n su m e d  a t  th e  h ig h e s t  le v e l  o f  o il su p p le m e n ta t io n  in  e x p t  2 w a s  o n ly  a  l i t t le  
g r e a te r  t h a n  t h a t  a c h ie v e d  w ith  th e  lo w e st  le v e l  o f  s u p p le m e n ta t io n  in  e x p t  1. W h e n  
th e  e x p e r im e n ts  a r e  c o m p a r e d  in  th e se  t e r m s  th e  c h a n g e s  in  V F A  p r o p o r t io n s  a r e  
s im ila r . F o r  in s ta n c e , th e  r e d u c t io n s  in  th e  p r o p o r t io n  o f  a c e t ic  a c id  c a u se d  b y  th e  
a d d it io n  o f  125  m l C L O  in  e x p t  1 o r  4 5 0  m l W B F O  in  e x p t  2 w ere  1-7 a n d  1 - 2 %  
u n it s ,  r e sp e c t iv e ly , fo r  th e  h ig h -ro u g h a g e  r a t io n s , 7 • 0  a n d  3 • 8 fo r  th e  m e d iu m -r o u g h a g e  
r a t io n s , a n d  7-6 a n d  8-7 fo r  th e  lo w -ro u g h a g e  r a t io n s .

A lth o u g h  w ith  lo w  le v e ls  o f  o il su p p le m e n ta t io n , o f  th e  o rd e r  o f  20  m l C L O /k g  
a ir -d r y  fo o d , th e  e ffe c ts  o n  V F A  p r o p o r t io n s  w ere  g r e a t e s t  w ith  th e  lo w -ro u g h a g e  
r a t io n s , w ith  th e  r e la t iv e ly  h ig h e r  le v e ls  o f  su p p le m e n ta t io n , u p  t o  a b o u t  60  m l 
C L O /k g  fo o d , a c h ie v e d  in  e x p t  1 th e  c h a n g e s  in  th e  p r o p o r t io n s  o f  b o t h  a c e ta t e  a n d  
p r o p io n a te  w ere  le s s  fo r  th e  lo w -ro u g h a g e  r a t io n  t h a n  fo r  th e  m e d iu m -  a n d  h igh - 
r o u g h a g e  r a t io n s . T h u s , th e  a r g u m e n ts  o f  D e m e y e r , V a n  N o v e l , H e n d e r ic k x  &  M a r t in  
(1 9 6 9 ) t h a t  th e  e ffe c ts  o n  ru m e n  fe r m e n ta t io n  o f  u n s a t u r a t e d  o ils  w o u ld  b e  le a s t  w ith  
r a t io n s  c o n ta in in g  la r g e  a m o u n ts  o f  r e a d i ly  fe r m e n ta b le  c a r b o h y d r a te  a p p e a r  t o  
a p p ly  o n ly  w h en  la r g e  a m o u n ts  o f  o il a re  g iv e n .

F a t  c o n te n t  o f  m ilk  a p p e a r s  t o  b e  m o re  s e n s it iv e  t o  c h a n g e  b y  su p p le m e n ta t io n  o f  
th e  d ie t  w ith  fish  o il t h a n  a re  th e  ru m e n  V F A  p r o p o r t io n s . I n  e x p t  2 in c re a s in g  le v e ls  
o f  o il h a d  o n ly  a  sm a ll  e f fe c t  o n  th e  p r o p o r t io n s  o f  a c e t ic  o r  p ro p io n ic  a c id s  w ith  t h e  
h ig h -ro u g h a g e  r a t io n , b u t  c a u se d  a  m a r k e d  d r o p  in  m ilk  f a t  se c re t io n . S im ila r  r e s u l t s  
w ere  o b ta in e d  b y  B e itz  & D a v i s  (1 9 6 4 ). A  d e p r e s s io n  o f  m ilk  f a t  se c re t io n  h a s  a lso



b e e n  in d u c e d  b y  in tr a v e n o u s  in fu s io n  o f  C L O  (S to r r y , H a l l ,  T u c k le y  & M illa rd , 1 9 6 9 ). 
A  fu ll  e x p la n a t io n  o f  th e se  v a r io u s  o b s e r v a t io n s  h a s  y e t  t o  b e  m a d e . T h e r e  i s  g o o d  
r e a s o n  t o  b e lie v e  t h a t  fish  o ils  c a n  c a u se  a  d e p r e s s io n  in  m ilk  f a t  se c re t io n  b y  so m e  
m e a n s  in  a d d it io n  t o  th e ir  efFect o n  ru m e n  V F A  p r o p o r t io n s  b u t  D a v i s  & B r o w n  
(1 9 7 0 ) h a v e  r e c e n t ly  d i s p u te d  t h e  c o n c lu sio n s  o f  H ild itc h  & T h o m p so n  (1 9 3 6 ) a n d  
S t o r r y  et a l . (1 9 6 9 ) t h a t  th e  a l t e r n a t iv e  s i t e  o f  a c t io n  is  w ith in  th e  u d d e r .

T h e  c h a n g e s  t h a t  o c c u r re d  in  th e  f a t t y - a c id  c o m p o sit io n  o f  t h e  m ilk  f a t  co n firm e d  
o th e r  o b s e r v a t io n s  (H ild itc h  &  T h o m p so n , 1 9 3 6 ; B r o w n , S t u l l  & S t o t t ,  1 9 6 2 ; B e i t z  & 
D a v i s ,  1964) t h a t ,  d e sp ite  th e  h y d ro g e n a t io n  t h a t  o c c u r s  in  th e  ru m e n , t h e  in c lu s io n  
o f  u n s a t u r a t e d  o ils  in  th e  r a t io n  r e s u lt s  in  a n  in c re a se  in  th e  p r o p o r t io n  o f  u n s a t u r a t e d  
f a t t y  a c id s  in  th e  m ilk  f a t .  T h e  r e s u lt s  sh o w  a lso  t h a t  d ie ta r y  a c id s  o f  c h a in - le n g th s  
g r e a t e r  t h a n  18-C  c a n  b e  in c o r p o r a te d  in to  m ilk  f a t ,  s u p p o r t in g  th e  e a r ly  r e s u lt s  o f  
H ild itc h  &  T h o m p so n  (1 9 3 6 ).

P e r io d s  o f  1 w e e k  fo r  s tu d y in g  th e  e f fe c t  o f  e a c h  o il le v e l  a re  u n u s u a lly  sh o r t  c o m 
p a r e d  w ith  th e  le n g th  o f  p e r io d s  n o r m a lly  u s e d  in  l a c t a t io n  e x p e r im e n ts ,  b u t  S h a w  & 
E n s o r  (1 9 5 9 ) sh o w e d  t h a t  th e  re sp o n se  o f  ru m e n  fe r m e n ta t io n  a n d  m ilk  f a t  se c re t io n  
t o  th e  in c lu s io n  o f  C L O  in  th e  r a t io n  i s  v e r y  r a p id .  T h e  r e s u lt s  o f  e x p t  3 co n firm  t h e  
sp e e d  o f  re sp o n se , b u t  a lso  sh o w  t h a t  a d a p t a t io n  m a y  o c c u r  a f t e r  th e  f ir s t  w eek . T h a t  
su c h  a d a p t a t io n  c a n  o c c u r  m a y  w ell p r o v id e  a  p a r t i a l  e x p la n a t io n  fo r  t h e  d if fe re n t  
r e sp o n s e s  t o  C L O  su p p le m e n ta t io n  re p o r te d  in  th e  l i t e r a tu r e  b u t  i t  c le a r ly  d o e s  n o t  
o c c u r  in  a l l  e x p e r im e n ts .  P e te r s e n  (1 9 3 2 ), fo r  e x a m p le , o b s e r v e d  a n  in c r e a s in g  
d e p r e s s io n  o f  m ilk  f a t  c o n te n t  u p  t o  2 0  d a y s  a f t e r  s t a r t in g  t o  fe e d  C L O . M o re  n e e d s  
t o  b e  k n o w n  a b o u t  th e  f a c t o r s  t h a t  a f fe c t  a d a p t a t io n  b e fo re  a  fu ll  e x p la n a t io n  c a n  b e  
o ffered .

W e  th a n k  D r  J .  E .  S t o r r y  fo r  h e lp fu l  s u g g e s t io n s  d u r in g  th e  p r e p a r a t io n  o f  th i s  
p a p e r . W e  a r e  g r a t e fu l  to  M r V . W . Jo h n s o n  a n d  M r W . H . M o o re  fo r  c a re  o f  th e  
e x p e r im e n ta l  a n im a ls  a n d  M r E .  S c h u lle r  a n d  M r J .  G . A lle n  fo r  c h e m ic a l a n a ly s e s .
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C o n c e n t r a t i o n  o f  m i l k  b y  u l t r a f i l t r a t i o n  a n d  r e v e r s e  o s m o s i s

B y  F .  A . G L O V E R

N a t io n a l  In st itu te  f o r  R e se a rch  in  D a ir y in g , S h in fie ld , R e a d in g , R G 2  9A  T

[R eceived  5 M a y  1971)

S u m m a r y-. W h o le  m ilk  fro m  co w s w a s  c o n c e n tr a te d  2 - fo ld  b y  r e v e r se  o sm o s is  in  a  
sm a ll  p i lo t  sc a le  a p p a r a t u s .  A ll  t h e  m a in  c o n s t i tu e n t s  o f  th e  m ilk  w ere  r e ta in e d  in  th e  
c o n c e n tr a te .

T h e  e x p e r im e n t  sh o w e d  t h a t  p ro te in  w a s  a  m a jo r  c a u se  o f  b lo c k in g  o f  th e  m e m 
b ra n e . L a b o r a t o r y  t r ia l s  w ere  th e re fo r e  m a d e  o n  th e  u lt r a f i l t r a t io n  o f  m ilk  t o  r e m o v e  
th e  p ro te in  w ith  th e  a im  o f  d e v e lo p in g  a  2 - s ta g e  p r o c e s s  fo r  th e  c o n c e n tr a t io n  o f  m ilk  
b y  u lt r a f i l t r a t io n  fo llo w e d  b y  r e v e r se  o sm o s is  w ith  su b se q u e n t  re c o m b in a tio n  o f  th e  
c o n c e n tr a te s  f r o m  th e  2 o p e ra t io n s . T h e  r a t e s  o f  b o th  p r o c e s s e s  a n d  th e  r e te n t io n s  o f  
th e  c o n s t i tu e n t s  o f  m ilk  b y  th e  m e m b ra n e s  w e re  m e a su re d .

T h e  p r o c e s s e s  o f  u lt r a f i l t r a t io n  a n d  re v e r se  o sm o s is  o ffe r  th e  a t t r a c t iv e  p r o sp e c t  o f  
c o n c e n tr a t in g  m ilk  a t  a m b ie n t  t e m p e r a tu r e s ,  a n d  so  o f  a v o id in g  c h e m ic a l d a m a g e  a n d  
f la v o u r  c h a n g e s  c a u se d  b y  th e  h e a t in g  e m p lo y e d  in  o th e r  m e th o d s  o f  c o n c e n tr a t io n . 
S o  f a r  th e  a p p l ic a t io n  o f  th e se  m e th o d s  t o  d a ir y  p r o d u c t s  h a s  b e e n  fo c u se d  m a in ly  
o n  w h e y  (M a rsh a ll , D u n k le y  & L o w e , 1 9 6 8 ; M c D o n o u g h  & M a tt in g ly , 1970) w ith  th e  
a im  o f  re c o v e r in g  p ro te in  a n d  la c to s e  a n d  a t  th e  s a m e  t im e  o f  re d u c in g  th e  b io lo g ic a l  
o x y g e n  d e m a n d  o f  th e  w h e y  b e fo re  d i s p o s a l  o f  th e  e fflu e n t (H o r to n , G o ld sm ith , 
H o s s a in  & Z a ll , 1970 ). M ilk  h a s  b e e n  c o n c e n tr a te d  b y  fa c to r s  o f  2-5  (N ie lse n , O lse n , 
N e ilse n  & M a d se n , 1970) a n d  3-6 (C o to n , C la rk  & F r a s e r ,  1970 ), b u t  n o  a n a ly s i s  o f  
th e  p r o d u c t s  w a s  g iv e n .

U lt r a f i l t r a t io n  is  d is t in g u ish e d  b y  th e  u se  o f  m e m b ra n e s  h a v in g  r e la t iv e ly  o p e n  
s t r u c tu r e s ,  w h ich  a llo w  th e  p a s s a g e  o f  m o le c u le s  o f  a l l  s iz e s  u p  t o  th e  p o re  s iz e  o f  th e  
m e m b ra n e s . H e n c e , i t  is  a  p r o c e s s  fo r  s e p a r a t in g  so lu te s  o f  d if fe re n t  m o le c u la r  w e ig h ts  
a c c o rd in g  t o  th e  m e m b ra n e  e m p lo y e d . T h e  d r iv in g  fo rc e s  a re  u s u a l ly  lo w  p r e s su r e s  
in  th e  re g io n  o f  0 -2 -0 -5  M N  n r  2 (3 0 - 7 0  lb /in 2). T h e  m e m b r a n e s  e m p lo y e d  in  re v e r se  
o sm o s is  h a v e  a  m u c h  m o re  c lo se ly  k n i t  s t r u c t u r e  w h ic h  b lo c k s  th e  p a s s a g e  o f  m o st  
so lu te  m o le c u le s , w h ils t  so lv e n t  i s  fre e  t o  p a s s  th r o u g h  u n d e r  a  p r e s su r e  in  e x c e s s  o f  
th e  o sm o t ic  p r e s su r e  o f  th e  so lu t io n  b e in g  t r e a t e d .  W o rk in g  p r e s su r e s  a r e  u s u a l ly  in  
th e  re g io n  o f  4  M N  m ~ 2 (6 0 0  lb / in .2).

I n  th e  p r e s e n t  s t u d y  s e p a r a t e  e x p e r im e n ts  w ere  c a r r ie d  o u t  o n  w h o le  m ilk , a n d  
a lso  o n  sk im -m ilk  a n d  w h e y , u s in g  th e se  2 m e th o d s  in  o rd e r  t o  m a k e  a  p r e l im in a r y  
a s s e s s m e n t  o f  th e ir  p o te n t ia l it ie s .
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MATERIALS AND METHODS 
M a te r ia ls

T h e  m a te r ia l s  w e re  p r e p a r e d  fro m  b u lk  r a w  m ilk  fro m  th e  I n s t i t u t e ’s  B r i t i s h  
F r ie s ia n  h e rd  o n  th e  d a y  b e fo re  th e  u lt r a f i l t r a t io n  e x p e r im e n ts  w ere  d o n e  a n d  s to r e d  
fro z e n  in  a  r e f r ig e r a to r  o v e rn ig h t . T h e  m ilk  w a s  n o t  p a s te u r iz e d . S k im -m ilk , c o n 
ta in in g  le s s  t h a n  0-05  %  f a t ,  w a s  p r e p a r e d  fro m  th e  r a w  m ilk  b y  w a rm in g  to  32 °C  
a n d  c e n tr ifu g in g  a t  a b o u t  50 0 0  g .  R e n n e t  w h e y  w a s  o b ta in e d  fro m  th e  I n s t i t u t e  
D a ir y . I t  w a s  a  b y  p r o d u c t  o f  th e  C h e d d a r  ch e e se -m a k in g  p r o c e s s  a n d  w a s  d ra w n  o ff  
a f t e r  sc a ld in g  th e  c u rd  a t  3 9 °C .

U ltra filtra tio n

U ltr a f i l t r a t io n  w a s  d o n e  o n  th e  sm a ll  la b o r a to r y - sc a le  a p p a r a t u s  (D o r r  O liv e r  C o . 
L t d ,  C ro y d o n , S u r r e y )  i l lu s t r a t e d  in  F ig .  1, u s in g  180-m l s a m p le s .  T h e  m e m b ra n e  w a s  
in  th e  fo rm  o f  a  f la t  sh e e t, d e s ig n a te d  a s  t y p e  X P A ,  h a v in g  a  n o m in a l  c u t-o ff  a t  m o l.

I Filtrate

Fig. 1. Ultrafiltration apparatus—laboratory scale. <7, concentrate; F ,  filtrate; M ,  membrane, 
mounted on porous plastic supporting disc; S ,  magnetic stirrer; V , filling tube and relief valve. 
Height 15 cm, diam. 7 cm; membrane area, 28 cm2; volume of sample, 180 ml; pressure, 
0-2 IVIN m~2, from gas cylinder.

w t. 4 5 0 0 0 . T h is  v a lu e  m a y  h a v e  b e e n  o n ly  a p p r o x im a t e  s in c e  i t  w a s  fo u n d  t h a t  
a n o th e r  m e m b ra n e  h a v in g  a  n o m in a l  c u t-o ff  a t  m o l. w t. 1 2 0 0 0  h a d  m u c h  th e  sa m e  
p e rm e a t io n  r a t e  fo r  m ilk . P r e s s u r e  w a s  a p p l ie d  fro m  a  n itro g e n  c y lin d e r  a t  0-2  
M N  m -2 (30  lb / in .2) a n d  th e  e x p e r im e n ts  w e re  c a r r ie d  o u t  a t  t e m p e r a tu r e s  b e tw e e n  
2 5  a n d  3 7 °C .

R everse  o sm o sis

T h e  re v e r se  o sm o s is  e x p e r im e n ts  w ere  c o n d u c te d  o n  a  m u c h  la r g e r  s c a le , u s in g  a  
m e m b ra n e  a s s e m b ly  m a n u fa c tu r e d  b y  P a t t e r s o n  C a n d y  In t e r n a t io n a l  L t d ,  W h it 
c h u rc h , H a n t s  (F ig .  2 ). T h e  m e m b ra n e  o f  ce llu lo se  a c e ta t e  o n  a  f ib re  s u p p o r t  l in e d  th e  
in s id e  o f  7 p e r fo r a te d  s ta in le s s - s te e l  tu b e s ,  e a c h  1-3 c m  in  in t .  d ia m . a n d  2 5 0  c m



lo n g , m o u n te d  in  se r ie s  in s id e  a  p la s t i c  tu b e . A s  th e  m ilk  flo w ed  th r o u g h  th e  tu b e s  
u n d e r  a  p r e s su r e  o f  a b o u t  4-1 M X  m -2 (6 0 0  lb /in .2), w a te r  p a s s e d  th r o u g h  th e  m e m 
b ra n e  r a d ia l ly  o u t  o f  th e  t u b e s  in to  th e  o u te r  p la s t i c  c a se . F o r  e x p e r im e n ta l  p u r p o s e s  
th e  c o n c e n tr a te  w a s  re c ir c u la te d  so  t h a t  th e  s a m p le  p a s s e d  in  c lo se d  c ir c u it  m a n y  
t im e s  o v e r  t h e  m e m b ra n e . V o lu m e s  o f  45  1 w ere  u se d  in  e a c h  e x p e r im e n t.
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Fig. 2. Reverse osmosis module PCI type B l ;  pilot plant scale schematic diagram. Seven 
tubes, 250 cm long and 1-3 cm in int. diam; area of membrane, 0-5 m2; S , perforated steel tube; 
M , membrane on fibre liner. Module connected in circuit with pump and control valves. Volume 
of sample in apparatus, 111; flow rate, 9 1/min; pressure, 4-1 MN m-2.

I n  th e  e x p e r im e n ts  o n  th e  c o n c e n tr a t io n  o f  m ilk , sk im -m ilk  a n d  w h e y , P .C .I .  
t y p e  ‘ B  ’ 2 0 /1 5  m e m b ra n e  w a s  u se d  w ith  a  q u o te d  p e r fo r m a n c e  o f  95 %  s a l t  r e je c t io n  
a n d  a  flow  r a t e  o f  0 -75  m 3 o f  p e r m e a te  p e r  m 2 o f  m e m b ra n e  p e r  d a y  fro m  a  0-5  %  
so d iu m  c h lo r id e  so lu t io n  a t  2 5 °C  u n d e r  a  p r e s su re  o f  4-1 M N  m ~ 2 (6 0 0  lb / in .2). I n  
th e  e x p e r im e n t  t o  t e s t  fo r  th e  re te n t io n  o f  v i t a m in s , th e  m e m b ra n e  u se d  w a s  t y p e  
‘ B  ’ (1 0 /1 5 ), h a v in g  a  9 0 %  s a l t  r e je c t io n  a n d  a  p e r m e a te  flo w -ra te  o f  0 -75  m 3 p e r  m 2 
p e r  d a y  u n d e r  th e  s a m e  c o n d it io n s . W ith  t a p  w a te r  c o n ta in in g  a b o u t  35 0  p p m  o f  
t o t a l  d is so lv e d  so lid s , a t  2 5 °C  a n d  3-8 M N  m ~ 2 (5 5 0  lb / in .2) p r e s su re , th e se  m e m b ra n e s  
g a v e  p e r m e a te  flow  r a t e s  o f  0-9  m 3 p e r  m 2 p e r  d a y  a n d  0-7 m 3 p e r  m 2 p e r  d a y  r e s 
p e c t iv e ly . P e r m e a te  flow  r a t e s  w ere  m e a su r e d  a t  in te r v a ls  th r o u g h o u t  th e  p e r io d  o f  
e a c h  e x p e r im e n t  s in c e  i t  w a s  e x p e c te d  t h a t  th e  r a t e  o f  f i l t r a t io n  w o u ld  d e c re a se  w ith  

t im e .
A n a ly s i s  o f  p ro d u c ts

F o r  th e  c h e m ic a l a n a ly s e s  o n e  sa m p le  o f  th e  w h ole  v o lu m e  o f  th e  m ilk  w a s  t a k e n  
b e fo re  th e  e x p e r im e n t, a n d  o n e  s a m p le  fro m  th e  f in a l c o n c e n tr a te  a n d  o n e  s a m p le  
fro m  th e  p e r m e a te  a t  th e  e n d  o f  th e  e x p e r im e n t. T o t a l  so lid s  w ere  d e te rm in e d  
b y  th e  m e th o d  o f  R o w la n d  (1 9 5 7 ), f a t  b y  th e  G e rb e r  m e th o d  (B r i t i s h  S t a n d a r d s  
I n s t i t u t io n ,  1969 ), n itro g e n  b y  th e  c o n v e n t io n a l  m a c ro  K je ld a h l  m e th o d  e m p lo y in g  
se le n iu m  c a t a ly s t ,  a n d  la c to s e  b y  th e  in fra - re d  a b so r p t io n  m e th o d  o f  G o u ld e n  (1 9 6 4 ). 
T h e  m e th o d s  o f  v i t a m in  a s s a y  w ere  a l l  a s  d e sc r ib e d  b y  F o r d ,  P o r te r ,  T h o m p so n , 
T o o th il l  &  E d w a r d s - W e b b  (1969 ).

RESULTS

R a te s

U ltra filtra tio n . F i l t r a t io n  o f  m ilk  w a s  s t a r t e d  a t  ro o m  te m p e r a tu r e , 1 6 °C , b u t  
p ro c e e d e d  v e r y  s lo w ly  a t  a  p e r m e a te  f lu x  o f  o n ly  0-13  m 3 p e r  m 2 p e r  d a y .  T h e  t e m 
p e r a tu r e  w a s  th e re fo re  r a i s e d  t o  3 8 °C , w h ich  w a s  c o n s id e re d  to  b e  th e  h ig h e s t  t e m 
p e r a tu r e  a t  w h ich  th e  p r o c e s s  c o u ld  b e  s a fe ly  o p e r a te d  w ith o u t  c a u s in g  p h y s ic a l  
d a m a g e  to  th e  f a t  g lo b u le s . A t  th is  t e m p e r a tu r e  th e  in it ia l  p e r m e a te  f lu x  in c r e a se d  t o
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0 - 21 m 3 p e r  m 2 p e r  d a y .  ( J .  H . P r e n tic e , p e r s o n a l  c o m m u n ic a t io n ) . A t  2 5 °C , th e  
p e r m e a te  f lu x e s , a n d  th e re fo r e  r a t e s  o f  c o n c e n tr a t io n , fo r  sk im -m ilk  a n d  w h e y  w e re
1- 4 a n d  3-1 t im e s  f a s t e r  t h a n  th o s e  fo r  w h o le  m ilk . H e n c e , th e  f i l t r a t io n  o f  m ilk  w a s  
h in d e r e d  t o  so m e  e x t e n t  b y  th e  f a t ,  h u t  m u c h  m o re  b y  th e  p ro te in .

F o r  a l l  th e  m a t e r ia l s  th e  p e r m e a te  f lu x  d e c r e a se d  a s  th e  p r o c e s s  c o n tin u e d . T h e  
f lu x  fo r  m ilk  a n d  fo r  sk im -m ilk  in c r e a se d  o v e r  th e  f ir s t  40  m in  a n d  th e n  d e c r e a se d  
c o n t in u o u s ly , w h e re a s  fo r  w h e y  th e  f lu x  d e c r e a se d  fro m  th e  s t a r t  o f  th e  p r o c e s s ,  a t  
f ir s t  r a p id ly , a n d  th e n  m o re  s lo w ly  u n t i l ,  a f t e r  a b o u t  90  m in , f i l t r a t io n  p ro c e e d e d  a t  a  
c o n s ta n t  r a t e .  I t  i s  u n lik e ly  t h a t  in it ia l  r ise s  in  f lu x  w ere  d u e  to  te m p e r a tu r e  c h a n g e s  
s in c e  th e  f i l t r a t io n  a p p a r a t u s  w a s  p la c e d  in  a  w a te r - b a th  h e ld  a t  a  te m p e r a tu r e  o f  
38  +  0 -5 °C . B e c a u s e  o f  th e se  d if fe re n t  p a t t e r n s  in  c h a n g e  o f  flu x , th e  r a t e s  o f  d e c re a se  
g iv e n  in  T a b le  1 a re  a v e r a g e  v a lu e s  fo r  th e  w h o le  p e r io d  o f  th e  e x p e r im e n t.

Original

T a b le  1.

Final

R a te s  o f  the u ltra filtra tio n  p ro c e ss

Permeate
flux-

Concen- average, Rate of decrease of
volume, volume, Time, tration Temp., m3 per m2 permeate flux,

ml ml h factor °C per day m3 per m 2 per d per h

Whole milk 180 90 3-7 x 2-0 38 0-21 0-005 at a  level of 
0-21, fall continuing 
at 90 min

Skim-milk 180 115 2-4 x 1-6 25 0-23 0-002 at a  level of 
0-23, fall con
tinuing at 90 min

Whey 180 62 2-0 x 2-9 26 0-51 0-023 at a level of 0-51, 
no further fall after
90 min

T a b le  2. R a te s  o f  the reverse o sm o sis  p ro ce ss

Permeate R ate of 
flux decrease of

average, permeate
Original Final Concen m3 per m2 flux,
volume, volume, Time, tration per d m3 per m2

1 1 h factor at 25°C per d per h

Whole milk 45-5 22-8 6-5 x  2-0 0-14 0-019
Skim-milk 50-0 22-8 5-3 x 2 2 0-17 0-016
Whey 50-0 18-2 3-1 x 2-7 0-34 0-048

R everse  o sm o sis . F o r  a l l  th e  m a t e r ia l s  th e  p e r m e a te  f lu x  d e c r e a se d  v e r y  r a p id ly  
d u r in g  th e  f ir s t  fe w  m in u te s  a n d  t h e r e a f te r  m o re  s lo w ly  b u t  c o n t in u o u s ly  o v e r  a  
p e r io d  o f  h o u r s  a s  lo n g  a s  th e  e x p e r im e n t  p ro c e e d e d . E x p e r im e n t s  w ere  c o n d u c te d  a t  
te m p e r a tu r e s  b e tw e e n  15 a n d  25 °C , a n d  a ll  p e r m e a te  f lu x e s  w ere  c o r re c te d  t o  25  °C  
u s in g  t a b le s  su p p lie d  b y  th e  m a n u fa c tu r e r s  o f  th e  m e m b ra n e . T a b le  4 g iv e s  t h e  r a t e s  
o f  th e  p r o c e s s  a n d  th e  r a t e s  o f  d e c re a se  in  p e r m e a te  f lu x  fo r  th e  3 m a te r ia l s  o v e r  th e  
m a in  p a r t  o f  th e  e x p e r im e n t ; t h a t  is , e x c lu d in g  th e  la r g e  d e c re a se  w h ic h  o c c u r re d  in  
t h e  f ir s t  fe w  m in u te s .

T h e  p e r m e a te  f lu x e s  w e re  a p p r o x im a t e ly  tw o - th ird s  o f  th o se  o b ta in e d  in  th e  
u lt r a f i l t r a t io n  e x p e r im e n ts  a t  38 °C . F r o m  e x p e r ie n c e  o f  th e  o p e ra t io n  o f  la r g e r - s c a le  
u lt r a f i l t r a t io n  a p p a r a t u s  o th e r  t h a n  t h a t  u s e d  in  th e se  e x p e r im e n ts ,  th e  m a n u f a c 
t u r e r s  s u g g e s t  t h a t  th e  r e la t iv e  f lu x e s  in  th e se  2 p r o c e s s e s  o n  th e  s a m e  p ilo t  p la n t  s c a le



w o u ld  m o re  p r o b a b ly  b e  1 :4 .  T h e  p a t t e r n s  in  r a t e s  o f  f a l l  in  f lu x  in  b o t h  p ro c e s se s  
w ere  s im ila r  : th e  f a l l  w a s  le a s t  fo r  sk im -m ilk  a n d  h ig h e s t  fo r  w h ey . T h e  r a t e  o f  c o n 
c e n tra t io n  o f  w h e y  w a s  2-5  t im e s  t h a t  o f  m ilk , in d ic a t in g  t h a t  w ith  re v e r se  o sm o s is , 
a s  w ith  u lt r a f i l t r a t io n , th e  m ilk  p ro te in  w a s  a  m a jo r  c a u se  o f  h in d ra n c e .

C o m p o sitio n  o f  P ro d u c ts

U ltra filtra tio n . T h e  p e r fo r m a n c e  o f  th e  m e m b ra n e  w a s  a s s e s s e d  fro m  th e  a n a ly s e s  
o f  th e  s t a r t in g  m a te r ia l s  a n d  th e  p e r m e a te s .  T h e  f ig u re  fo r  n itro g e n  r e p r e se n ts  m a in ly  
n itro g e n  fro m  th e  p ro te in  b u t  in c lu d e s  a lso  a  sm a ll  a m o u n t  fro m  th e  n o n -p ro te in

T a b le  3. C h em ical a n a ly se s  o f  f r a c t io n s  a n d  levels o f  retention  o f  the m em bran e in
u ltra filtra tio n

(Concentrations as percentage by weight of fluid. Membrane retention stated as amount retained in the 
concentrate expressed as percentage of the component in the original samole.)
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Total
solids F at Nitrogen Lactose Ash

Whole milk 11-8 2-9 0-55 4-9 0-7
Concentrate 17-0 5-4 0-95 5-1 0-9
Permeate 5-4 nil 0-05 4-6 0-5
Membrane retention 78-4 100 94-6 57-0 68-4
Skim-milk 9-4 .— 0-58 4-7 0-8
Permeate 3-3 — 003 3-1 0-3
Membrane retention 87-3 — 96-4 76-1 85-7
Whey 6-6 — 0-16 4-5 0-6
Permeate 5-3 — 0-08 4-2 0-5
Membrane retention 31-1 — 67-1 38-1 69-1

n it r o g e n o u s  c o m p o u n d s  w h ich  in  w h o le  m ilk  a c c o u n t  fo r  a b o u t  5 %  o f  th e  t o t a l  N  b y  
w e ig h t . T a b le  2 sh o w s t h a t  th e  m ilk  c o n c e n tr a te  r e ta in e d  a l l  th e  f a t  a n d  n e a r ly  a l l  
t h e  n itro g e n o u s  m a te r ia l ,  a n d  t h a t  th e  la c to se  a n d  o th e r  sm a ll  m o le c u la r  w e ig h t  c o m 
p o n e n ts  o f  th e  a q u e o u s  p h a s e  w ere  f ilte re d  o ff. W ith  w h ey , th e  r e te n t io n  o f  n itro g e n  
a p p e a r e d  to  b e  lo w  b e c a u s e  m o s t  o f  th e  n it ro g e n o u s  m a te r ia l  in  w h e y  is  p ro te in  sm a ll  
e n o u g h  in  m o le c u la r  s iz e  t o  p a s s  th r o u g h  th e  m e m b ra n e . T h e  p e r m e a te s  f ro m  a ll  3 
m a t e r ia l s  w e re  c le a r  w a te r y  l iq u id s .

R e te n t io n  r a t e  w a s  c a lc u la te d  a s  th e  w e ig h t  o f  c o m p o n e n t  r e ta in e d  in  th e  c o n 
c e n tr a te  e x p r e s s e d  a s  a  p e r c e n ta g e  o f  th e  w e ig h t  in  th e  o r ig in a l  m a te r ia l .  T h e  r a t e s  
in  th e  e x p e r im e n ts  d e p e n d e d  o n  a  n u m b e r  o f  f a c t o r s :  th e  d u r a t io n  o f  th e  p r o c e s s ,  th e  
d if fe re n t  c o m p o s it io n s  o f  th e  m a te r ia l s  b e in g  f ilte re d , a n d  th e  d if fe re n t  c o m p o n e n ts  
w h ic h  c o u ld  c o lle c t  a t  th e  m e m b ra n e  a n d  o b s t r u c t  f i l t r a t io n . T h u s , th e  re te n t io n  
le v e ls  o f  t h e  so lid s  a n d  n itro g e n o u s  m a te r ia l s  in  w h e y  w ere  m u c h  lo w e r t h a n  th o s e  fo r  
m ilk , p a r t ly  b e c a u s e  th e  f i l t r a b le  c o m p o n e n ts  fo rm e d  a  h ig h e r  p r o p o r t io n  o f  th e  t o t a l  
so lid s  in  w h e y  t h a n  in  th e  m ilk , a n d  p a r t l y  b e c a u s e  w h e y  c o n ta in e d  le s s  p ro te in  to  
b lo c k  th e  m e m b ra n e . T h is  l a t t e r  p o in t  w a s  i l lu s t r a t e d  b y  th e  b e h a v io u r  o f  th e  la c to s e  
w h ich  w a s  f ilte re d  o u t  o f  w h e y  a t  a  g r e a te r  r a t e  th a n  fro m  e ith e r  w h ole  o r  sk im -m ilk .

T h e  o n ly  v i t a m in s  c o m p le te ly  r e ta in e d  in  th e  c o n c e n tr a te  w ere  fo lic  a c id  a n d  v i t a m in  
B 12, w h ic h  a r e  p a r t ly  o r  w h o lly  p ro te in - b o u n d  (F o r d , S a l t e r  & S c o t t ,  1 9 6 9 ; G re g o ry , 
1 9 5 4 ;. V i ta m in  C i s  v e r y  s e n s it iv e  to  l ig h t  a n d  w a s  la r g e ly  lo s t  f ro m  th e  sk im -m ilk  
a n d  w h e y  d u r in g  th e ir  p r e p a r a t io n ;  h e n c e  th e  v i t a m in  w a s  a s s a y e d  o n ly  in  m ilk . N o
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a s s a y s  w ere  m a d e  o f  th e  fa t - s o lu b le  v i t a m in s  A  a n d  E  a n d  c a ro te n e , w h ic h  w e re  
w h o lly  r e ta in e d  in  th e  c o n c e n tr a te . A s  w ith  la c to se , i t  w a s  o b s e r v e d  t h a t  m o re  o f  th e  
f i l t r a b le  v i t a m in s  w e re  lo s t  in to  th e  f i l t r a te  fro m  th e  w h e y  t h a n  fro m  th e  m ilk .

R everse  o sm o sis . T a b le  5 sh o w s t h a t  th e  m e m b ra n e  r e ta in e d  a lm o s t  c o m p le te ly  a l l  
o f  th e  c o m p o n e n ts  a n a ly s e d  w ith  th e  e x c e p t io n  o f  th e  a sh  w h ich  r e p r e se n te d  th e  
sm a ll  in o r g a n ic  m o le c u le s , m a in ly  c h lo r id e s . M o st  o f  th e  v i t a m in  c o n te n t  in  m ilk  w a s  
a l s o  c o m p le te ly  r e ta in e d  in  th e  c o n c e n tr a te . T h e  o n ly  lo s se s  w e re  o f  a  sm a ll  p a r t  o f  th e  
n ic o t in ic  a c id  a n d  v i t a m in  B 6 (T a b le  4).
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T a b le  4. L e v e ls  o f  rétention  ( % ) o f  v ita m in s  by the m em bran e in  u ltra filtra tio n  a n d
reverse o sm o sis

Panto Nico
Vitamin thenic tinic Ribo- Vitamin Vitamin Folic

C acid acid flavin Biotin B 12 Thiamin Be acid

Mol. wt. 17« 219 122 376 244 1357 301 170 441

Ultrafiltration
Whole milk 13 68 59 61 63 98 62 64 95
Skim-milk — 74 69 79 84 100 77 80 100
Whey- — 38 31 50 40 100 33 38 99

Reverse osmosis
Whole milk — 100 92-1 100 100 100 100 96-6 100

T a b le  5. C h em ical a n a ly se s  o f  f r a c t io n s  a n d  levels o f  retention  o f  the m em bran e in
reverse o sm o sis

(Concentrations as percentage by weight of fluid. Membrane retention stated as amount retained in the 
concentrate expressed as percentage of the component in the original sample.)

Total
solids F at Nitrogen Lactose Ash

Wliole milk 11-7 3-2 0-48 4-3 0-70
Permeate 0-08 nil nil nil 0-03
Membrane retention 96-6 100 100 100 97-8
Skim-milk 8-8 — 0-49 4-7 0-70
Permeate 0-33 — nil nil 0-20
Membrane retention 98-0 — 100 100 84-6
"Whey 6-8 — 013 4-4 0-60
Permeate O il — nil nil 0 0 9
Membrane retention 990 — 100 100 90-3

DISCUSSION

T h e  r e s u lt s  r e p o r te d  h e re  a re  f ro m  p re lim in a ry  t r ia l s  w ith o u t  se le c t io n  o f  th e  
m e m b ra n e  sp e c if ic a lly  fo r  u se  w ith  m ilk  a n d  w ith o u t  se e k in g  th e  o p t im u m  c o n d it io n s  
fo r  th e  p ro c e ss , w ith  r e sp e c t  to  w o rk in g  p r e s su re , f lo w -ra te , a n d  th e  g e o m e tr y  o f  th e  
m e m b ra n e  a s se m b ly . T h e  d e g re e s  o f  c o n c e n tr a t io n  re la te  o n ly  t o  th e se  a r b i t r a r i ly  
ch o se n  c o n d it io n s  a n d  a re  u n d o u b te d ly  n o t  th e  h ig h e s t  a t ta in a b le .

T h e  g r e a t e s t  p ro b le m  in  th e  p r o c e s s  is  th e  b lo c k in g  o f  th e  m e m b ra n e . I t  is  r e c o g n iz e d  
(T o h  H o y  L im , D u n k le y  & M e rso n , 1971) t h a t  p ro te in  i s  a  m a jo r  c a u se  o f  th e  b lo c k 
in g , a s  is  i l lu s t r a t e d  in  th e se  p r e s e n t  e x p e r im e n ts  b y  th e  la r g e  d iffe re n c e  in  p e r m e a te



f lu x e s  fo r  m ilk  a n d  w h ey . T h e  p ro te in  fo r m s  a  g e l w h ich  a d h e re s  t o  th e  m e m b ra n e  a n d  
in  e ffe c t  a d d s  a n o th e r  f ilte r in g  la y e r . I t  h a s  b e e n  sh o w n  ( B la t t ,  D r a v id ,  M ich a e ls  & 
N e lso n , 1970) t h a t  th e  p e r m e a te  f lu x  i s  d e p e n d e n t  o n  th e  t r a n s p o r t  o f  c o n c e n tr a te d  
so lu te  a w a y  fro m  th e  m e m b ra n e  in to  th e  so lu t io n , a  p r o c e s s  w h ich  c a n  b e  a s s is t e d  b y  
o p e r a t in g  a t  h ig h  r a t e s  o f  sh e a r  o r h ig h  R e y n o ld s  n u m b e rs .

T h e  r e s u lt s  sh o w  t h a t  m ilk  c a n  b e  e ffe c t iv e ly  c o n c e n tr a te d  b y  r e v e r se  o sm o s is  
a lo n e , b u t  fu r th e r  w o rk  is  n e e d e d  to  a c c e le r a te  th e  r a t e .  I t  i s  p r o b a b le  t h a t  so m e  
in c re a se  c o u ld  b e  o b ta in e d  b y  f ir s t  c o n c e n tr a t in g  th e  p ro te in  b y  u lt r a f i l t r a t io n  (a s  
i l lu s t r a t e d  b y  th e  la b o r a to r y - sc a le  e x p e r im e n t)  a n d  su c h  a  c o m b in a t io n  o f  th e  2 
p ro c e s se s  o f  u lt r a f i l t r a t io n  a n d  re v e r se  o sm o s is  i s  n o w  u n d e r  in v e s t ig a t io n .

I  a m  h a p p y  to  a c k n o w le d g e  th e  c o n tr ib u t io n s  to  th i s  w o rk  m a d e  b y  th e  D o rr -O liv e r  
C o. L t d ,  a n d  b y  P a t t e r s o n  C a n d y  In te r n a t io n a l  L t d ,  w h o  p r o v id e d  th e  fa c i l i t ie s  fo r  
th e  u lt r a f i l t r a t io n  a n d  r e v e r se  o sm o s is  e x p e r im e n ts .  I  th a n k  m y  c o lle a g u e s  in  th e  
A n a ly t ic a l  C h e m is tr y  U n i t  a n d  in  th e  N u tr it io n  D e p a r tm e n t  fo r  th e  a n a ly se s .
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y i e l d  a n d  c o m p o s i t i o n

B y  F .  J .  G O R D O N  a n d  T . J .  F O R B E S

A g r ic u ltu ra l  R e se a rch  In st itu te  o f  N o rth ern  Ir e la n d , H illsb o ro u g h  a n d  
the Q u een ’s  U n iv e rsity  o f  B e lfa s t

(.R eceived  7 M a y  1971)

S um m a ry . T h ir t y - s ix  l a c t a t in g  co w s w ere  u se d  in  a  3 x 2 f a c t o r ia l  d e s ig n  e x p e r im e n t  
t o  s t u d y  th e  e ffe c ts  o f  le v e l  o f  e n e r g y  a n d  fib re  in ta k e  o n  m ilk  y ie ld  a n d  c o m p o s it io n  
o v e r  a n  8-w eek  e x p e r im e n ta l  p e r io d . T h re e  le v e ls  o f  f ib re  in ta k e  -  1 g  o f  c ru d e  fib re  
p e r  25, 17-5 a n d  10 k c a l  o f  e s t im a t e d  m e ta b o liz a b le  e n e r g y  (M E ) r e q u ir e m e n t s -  
w ere  g iv e n  in  d ie ts  su p p ly in g  b o th  80  a n d  100 %  o f  e n e r g y  r e q u ir e m e n ts . T h e  le v e l  o f  
e n e r g y  in ta k e  s ig n if ic a n t ly  a f fe c te d  m ilk  y ie ld , m ilk  e n e rg y  o u t p u t  a n d  th e  p e r c e n ta g e  
so lid s - n o t- fa t  ( S N F )  a n d  p ro te in  in  th e  m ilk . T h e  e ffe c ts  o f  fib re  in ta k e  o n  b o th  m ilk  
y ie ld  a n d  m ilk  e n e r g y  o u t p u t  w ere  m a r k e d  b u t  n o t  s ig n if ic a n t. F ib r e  in ta k e  h a d  a  
s ig n if ic a n t  c u rv il in e a r  e ffe c t  on  b o th  th e  S N F  a n d  p ro te in  in  th e  m ilk  w ith  th e  h ig h e st  
f ib re  in ta k e  re su lt in g  in  a  s ig n if ic a n t  d e c re a se  in  b o th  fr a c t io n s . A  s ig n if ic a n t  l in e a r  
d e c re a se  w a s  o b ta in e d  in  th e  la c to s e  f r a c t io n  a s  th e  f ib re  in ta k e  in c re a se d .

T h e  t o t a l  v o la t i le  f a t t y  a c id  (V F A ) le v e l  in  th e  ru m e n  w a s  s ig n if ic a n tly  a f fe c te d  b y  
b o th  e n e r g y  a n d  fib re  in ta k e . T h e  le v e l  o f  e n e r g y  in ta k e  o n ly  s ig n if ic a n tly  a f fe c te d  th e  
p r o p o r t io n  o f  p ro p io n ic  a c id . F ib r e  in ta k e  s ig n if ic a n t ly  a f fe c te d  th e  p r o p o r t io n  o f  b o th  
a c e t ic  a n d  b u ty r ic  a c id s  r e su lt in g  in m e a n  p r o p o r t io n s  o f  a c e t ic  a c id  o f  66 , 70  a n d  72 
a t  th e  lo w , m e d iu m  a n d  h ig h  fib re  in ta k e s . T h e  c o r re la t io n s  b e tw e e n  th e  ru m e n  a c id s  
a n d  la c t a t io n  e ffic ien c ie s  a r e  a lso  p re se n te d .

M u lt ip le  r e g re s s io n  a n a ly s i s  w ith in  e a c h  fib re  le v e l h a s  b ee n  u se d  t o  p a r t i t io n  th e  
M E  a v a i la b le  fo r  p r o d u c t io n  b e tw e e n  t h a t  u s e d  fo r  m ilk  e n e rg y  o u t p u t  a n d  liv e w e ig h t  
ch a n g e . T h e  r e s u lt s  sh o w e d  e ffic ien c ies o f  u t i l iz a t io n  o f  M E  fo r  m ilk  o u t p u t  o f  66 , 65 
a n d  56  o n  th e  low , m e d iu m  a n d  h ig h  fib re  d ie t s  r e sp e c t iv e ly .

N it r o g e n  b a la n c e  d a t a  a r e  p re se n te d .

I n  1962  C a s t le , D r y s d a le  & W a ts o n  g a v e  co w s e q u a l  le v e ls  o f  d r y - m a t te r  in ta k e  
fro m  fo r a g e s  a t  d iffe r in g  s t a g e s  o f  m a t u r it y  a n d  o b ta in e d  a  d e c lin e  in  b o th  m ilk  y ie ld  
a n d  so lid s - n o t- fa t  ( S N F )  c o n te n t  w ith  in c r e a se d  fo r a g e  m a t u r it y .  T h e  e ffe c ts  o f  fo r a g e  
q u a l i t y  p e r  se  h a v e  b e e n  e x a m in e d  b y  G o rd o n  & F o r b e s  (1 971 ) u s in g  2 h a y s  o f  d iffe r in g  
fib re  c o n te n t  g iv e n  a t  e q u a l  n e t  e n e r g y  in ta k e s .  T h e y  o b ta in e d  a  lo w e r m ilk  p r o d u c 
t io n  fro m  th e  h ig h e r  f ib re  ro u g h a g e  b u t  th e re  w ere  n o  s ig n if ic a n t  e ffe c ts  o n  th e  S N F  
c o n te n t  o f  th e  m ilk . H o w e v e r , th e re  w ere  in d ic a t io n s  fro m  a n  e a r lie r  t r i a l  (G o rd o n  & 
F o r b e s ,  1 9 7 0 a )  t h a t  h ig h  fib re  in ta k e s  m a y  c o n s id e ra b ly  lo w er th e  S N F  c o n te n t  o f  
m ilk  w h en  g iv e n  o v e r  a  lo n g e r  p e r io d  e v e n  th o u g h  a d e q u a te  e n e r g y  i s  p ro v id e d . I t  is , 
th e re fo re , im p o r t a n t  t h a t  th e  lo n g e r- te rm  e ffe c ts  o f  d ie ta r y  f ib re  le v e l  a r e  c la r if ie d  a t
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b o t h  a d e q u a te  a n d  low  le v e ls  o f  e n e rg y  in ta k e . T h is  m a in  o b je c t iv e  w a s  e x a m in e d  in  
t h e  p r e s e n t  in v e s t ig a t io n  w ith  th e  e ffe c t  o f  3 le v e ls  o f  f ib re  in ta k e  b e in g  s t u d ie d  a t  a  
n o r m a l  a n d  lo w  le v e l  o f  e n e r g y  in ta k e . A s  r e d u c t io n s  in  e n e r g y  in ta k e  a r e  u s u a l ly  
a s s o c ia t e d  in  p r a c t ic e  w ith  a  re d u c t io n  in  c o n c e n tr a te  fe e d in g  re su lt in g  in  l i t t le  c h a n g e  
in  t o t a l  f ib re  in ta k e , th e  f ib re  in t a k e s  w ere  e q u a liz e d  b e tw e e n  e n e r g y  le v e ls . A s  a  
r e s u lt  th e  c ru d e  f ib re  c o n te n t  o f  th e  d r y  m a t t e r  a t  e a c h  fib re  le v e l  d if fe re d  c o n s id e r 
a b ly  b e tw e e n  e n e r g y  le v e ls .

E X P E R IM E N T A L

T h ir ty - s ix  m ix e d  F r ie s ia n  a n d  S h o r th o rn  co w s in  th e ir  s ix t h - t e n t h  w e e k s  o f  l a c t a 
t io n  w e re  u se d  in  a  r a n d o m iz e d  b lo c k  e x p e r im e n t. T h e  co w s w ere  h o u se d  in  in d iv id u a l  
s t a l l s  a n d  m ilk e d  tw ic e  d a ily . D u r in g  th e  s t a n d a r d iz a t io n  p e r io d  o f  3 w e e k s  th e y  
w e re  g iv e n  su ffic ie n t  m e d iu m - q u a l i ty  h a y  fo r  m a in te n a n c e  (B la x t e r ,  1959) a n d  
c o n c e n tr a te s  a t  th e  r a t e  o f  0-4  k g / k g  m ilk  p r o d u c e d . A t  th e  e n d  o f  th e  s t a n d a r d iz a t io n  
p e r io d  th e  a n im a ls  w e re  b lo c k e d  a c c o rd in g  t o  b re e d  a n d  m ilk  y ie ld  a n d  a l lo c a te d  
a t  r a n d o m  t o  th e  fo llo w in g  t r e a t m e n t s  :

Treatments Total fibre intake

L F :L E  1 g crude fibre/25 kcal metabolizable energy
(ME) requirement (LF)

L F :H E  1 g crude fibre/25 kcal ME requirement (LF)
M F :L E  1 g crude fibre/17-5 kcal ME requirement (MF)
M F:H E 1 g crude fibre/17-5 kcal ME requirement (MF)
H F :L E  1 g crude fibre/10 kcal ME requirement (HF)
H F :H E  1 g crude fibre/10 kcal ME requirement (HF)

Energy intake

80%  of requirement* (LE) 
100% of requirement (HE) 
80%  of requirement (LE) 

100% of requirement (HE) 
80%  of requirement (LE) 

100% of requirement (HE)

*  Energy requirements were those given by Blaxter (1959) which were converted to ME values using 
the factor of 1 kg SE  =  4-28 Meal ME given by the Agricultural Research Council (1965).

T h e  a n im a ls  w ere  m a in ta in e d  on  th e se  t r e a t m e n t s  fo r  8 w e e k s a n d  in t a k e s  a d ju s te d  
e v e r y  se c o n d  w e ek  b y  th e  m e th o d  o f  e q u a l iz e d  fe e d in g  (L u c a s ,  1943 ). M ilk  y ie ld s  w ere  
r e c o r d e d  d a i ly  a n d  s a m p le s  t a k e n  a t  th e  e n d  o f  th e  s t a n d a r d iz a t io n  p e r io d  a n d  d u r in g  
e a c h  o f  w e e k s  4 - 8  o f  th e  e x p e r im e n ta l  p e r io d . I n  e a c h  c a se  s a m p lin g  w a s  c a r r ie d  o u t  
fo r  3 c o n se c u t iv e  d a y s .  T h e  co w s w e re  w e ig h e d  o n  th e  l a s t  3 c o n se c u t iv e  d a y s  o f  th e  
s t a n d a r d iz a t io n  p e r io d  a n d  on  th e  se c o n d , fo u r th  a n d  s ix t h  d a y s  o f  e a c h  w e e k  d u r in g  
th e  e x p e r im e n ta l  p e r io d . T h e  m e a n  o f  th e  w e ig h in g s  t a k e n  d u r in g  th e  s t a n d a r d iz a t io n  
p e r io d  w a s  u se d  t o  c a lc u la te  th e  m e ta b o lic  b o d y -w e ig h ts  (W 0'73) fo r  u se  th r o u g h o u t  
th e  r e m a in d e r  o f  th e  t r ia l .

T o  o b ta in  th e  r e q u ir e d  d iffe re n c e s  in  fib re  in ta k e  i t  w a s  n e c e s s a r y  t o  u se  a  low er- 
fib re  h a y  o n  th e  2 lo w -fib re  t r e a t m e n t s  t h a n  o n  th e  o th e r  t r e a t m e n t s .  T h e  c h e m ic a l 
a n a ly s i s  o f  b o th  h a y s  a r e  g iv e n  in  T a b le  1. A  p e r c e n ta g e  o f  o a t fe e d  (19-5  %  fib re ) w a s  
a lso  a d d e d  t o  th e  h ig h e s t  fib re  d ie t s  to  in c re a se  f ib re  in ta k e . A s  th is  m a te r ia l  i s  u n 
m ille d  a n d  c o n s is t s  o f  a  la r g e  p ro p o r t io n  o f  o a t  h u sk s  w ith  th e  f ib re  in  th e  lo n g  fo rm  it  
w a s  fe l t  t h a t  i t  w o u ld  h a v e  s im ila r  e f fe c ts  t o  th o se  a s s o c ia t e d  w ith  th e  f ib re  f r a c t io n  
o f  h a y . W ith in  e a c h  fib re  le v e l th e  p ro p o r t io n  o f  th e  a n im a ls ’ th e o r e t ic a l  r e q u ir e m e n ts  
su p p lie d  fro m  h a y  w a s  h e ld  c o n s ta n t ,  th e  lo w e r-e n e rg y  t r e a t m e n t  b e in g  o b ta in e d  b y  
re d u c in g  th e  le v e l o f  c o n c e n tr a te  fe e d in g . T h e  fib re  c o n te n t  o f  th e  c o n c e n tr a te s  o n  th e  
lo w  e n e r g y  t r e a t m e n t s  w a s  a lso  in c r e a se d  s l ig h t ly  b y  th e  in c lu s io n  o f  o a t fe e d  t o  
m a in ta in  th e  le v e l o f  t o t a l  f ib re  in ta k e . T h e  c o m p o s it io n  o f  th e  c o n c e n tr a te  m ix t u r e s  
u s e d  is  g iv e n  in  T a b le  2.



T h e  r e su lt s  w ere  a n a ly s e d  a s  a  3 x  2 f a c t o r ia l  d e s ig n . T h e  m ilk  y ie ld  a n d  c o m p o si
t io n  d a t a  w a s  a d ju s t e d  b y  c o v a r ia n c e  a n a ly s i s .  W e ig h t  c h a n g e s  w ere  c a lc u la te d  b y  
lin e a r  r e g re s s io n  u s in g  a l l  th e  d a t a  o b ta in e d  th r o u g h o u t  th e  e x p e r im e n ta l  p e r io d . A  
m u lt ip le  r e g re ss io n  te c h n iq u e  w a s  u se d  t o  r e la te  th e  m ilk  y ie ld  a n d  w e ig h t  c h a n g e  
w ith in  e a c h  fib re  le v e l t o  th e  le v e l o f  e n e r g y  in ta k e .
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T a b le  1. C h em ical a n a ly s i s  o f  h ay s , %

Treatments

L F M FandH F

Dry matter
Composition of dry matter

85-6 84-0

Crude protein 10-4 10-9
Crude fibre 23-8 31-6
Ether extract 1-6 1-8
Ash 7-4 7-1

L F , low fibre; MF, medium fibre; H F, high fibre.

T a b le  2. C o m p o sitio n  o f  the concentrate m ix tu re s, %

Treatments

L F :L E L F :H E M F :L E M F:H E H F :L E H F :H E

Rolled barley 33 40 32 52 __ 39
Ground maize 30 44 30 32 m mm
Oatfeed 7 — 8 — 72 47
Soybean 26 12 26 12 24 10
Minerals* 4 4 4 4 4 4

L F , low fibre; LE , low energy; H E, high energy; MF, medium fibre; H F, high fibre.
*  Declared composition: P, 5-7% ; Ca, 21-4%, NaCI, 33-3%; Fe, 0*3% ; Mn, 800 ppm; Cu, 300 ppm; 

Co, 100 ppm; I, 200 ppm.

D ig e s t ib i l i ty  a n d  n itro g e n  (N ) b a la n c e  t r ia l s  w ere  c a r r ie d  o u t  d u r in g  th e  1 8 th  t o  
2 5 th  a n d  4 6 th  t o  5 3 rd  d a y s  o f  th e  e x p e r im e n ta l  p e r io d  u s in g  3 a n im a ls / t r e a tm e n t . T h e  
b a la n c e  p ro c e d u re s  wrere  s im ila r  to  th o se  d e sc r ib e d  p r e v io u s ly  (G o rd o n  & F o r b e s ,  
1 9 7 0 6 ). G r o ss  e n e r g y  d e te r m in a t io n s  on  fe e d  a n d  fa e c e s  w ere  c a r r ie d  o u t  b y  b o m b  
c a lo r im e try . M e ta b o liz a b le  e n e r g y  w a s  c a lc u la te d  b y  th e  fo r m u la  o f  d ig e s t ib le  e n e r g y  
x  0-82  (A g r ic u ltu ra l  R e s e a r c h  C o u n cil, 1965).

S a m p le s  o f  n im e n  liq u o r  w ere  o b ta in e d  b y  a  su c t io n  s t r a in e r  a n d  s to m a c h - tu b e  
te c h n iq u e  s im ila r  to  t h a t  d e sc r ib e d  b y  R a u n  & B u r r o u g h s  (1 9 6 2 ). S a m p le s  w ere  t a k e n  
fro m  e a c h  a n im a l  a t  3 a n d  6 h  a f te r  i t  re c e iv e d  th e  e v e n in g  fe e d  on  th e  2 8 th  a n d  5 6 th  
d a y s  o f  th e  c o m p a r iso n  p e r io d . S a t u r a t e d  m e rc u r ic  ch lo r id e  w a s  a d d e d  a t  th e  le v e l o f
2 - 5 %  (v /v )  t o  th e  s a m p le s  im m e d ia te ly  a f t e r  th e y  w ere  t a k e n  a n d  th e y  w ere  th e n  
s to r e d  a t  — 1 5 °C  u n t i l  a n a ly se d . T o t a l  v o la t i le  f a t t y  a c id s  (V F A ) w ere  d e te rm in e d  b y  
th e  s te a m  d is t i l la t io n  m e th o d  r e p o r te d  b y  B a lc h  & R o w la n d  (1 9 5 7 ). T h e  m o le c u la r  
p e r c e n ta g e s  o f  th e  in d iv id u a l  f a t t y  a c id s  w e re  d e te rm in e d  o n  a  c o m p o site  sa m p le  fo r  
e a c h  a n im a l  b y  g a s  c h ro m a to g ra p h y . B e fo r e  s e p a r a t io n , th e  a c id s  w ere  c o n v e r te d  to  
o c ty l  e s te r s  b y  h e a t in g  th e  d r ie d  so d iu m  s a l t s  fro m  ru m e n  c o n te n ts  w ith  a  m ix tu r e  o f  
o c ta n - l- o l  a n d  c o n c e n tr a te d  su lp h u r ic  a c id .

T h e  m ilk  s a m p le s  w ith in  e a c h  3 -c o n se c u tiv e -d a y -p e r io d  w ere  b u lk e d  a c c o rd in g  to
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y ie ld . T h e  c o m p o site  sa m p le  w a s  a n a ly s e d  fo r  b u t t e r f a t  b y  th e  G e rb e r  m e th o d , fo r  
t o t a l  so lid s  b y  th e  g r a v im e tr ic  m e th o d , fo r  p ro te in  b y  th e  m a c r o - K je ld a h l  m e th o d  
(N  x  6-38 ), fo r  la c to s e  b y  R o w la n d ’s  m o d if ic a t io n  o f  th e  m e th o d  o f  H in to n  & M a c a r a  
a s  g iv e n  b y  L in g  (1 9 5 6 ) a n d  fo r  a s h  b y  th e  m e th o d  o f  L in g  (1 9 5 6 ). M ilk  e n e r g y  w a s  
c a lc u la te d  fro m  th e  t o t a l  o u t p u t  o f  m ilk  c o n s t i tu e n ts  a n d  th e  e n e rg y  c o n te n t  o f  th e se  
c o n s t i tu e n t s  a s  g iv e n  b y  K le ib e r  (1 9 6 1 ).

RESULTS

T h e  in ta k e s  o f  d ig e s t ib le  e n e r g y  a n d  d ig e s t ib le  c ru d e  p ro te in  (D C P ) w ere  m e a su r e d  
d ir e c t ly  fo r  3 r e p l ic a te s / t r e a tm e n t ,  a n d  w ere  c a lc u la te d  fo r  th e  re m a in in g  3 r e p l ic a te s  
u s in g  th e  m e a n  d ig e s t ib il i ty  v a lu e s  fo r  e a c h  t r e a tm e n t . T h e se  in t a k e s  e x p r e s s e d  a s  a

T a b le  3. F e e d in g  sc a le s  u sed  a n d  m e an  in ta k e s  o f  m etabo lizab le  energy  (M E ), d igestib le
crude p ro te in  a n d  crude fib re

Treatments

H ay intake, g/kcal ME
L F :L E L F :H E M F:LE M F:H E H F :L E H F :H E

requirement 
Cone, intake, g/keal ME

0-164 0-164 0-184 0-184 0-284 0-284

requirement 
ME intake, per cent of

0-185 0-291 0-191 0-272 0-162 0-268

requirements 
DCP intake, per cent of

81 107 83 100 85 105

requirements 
Ratio of fibre intake, g:

94 104 108 95 94 105

ME requirement, keal 
Crude fibre, per cent of

24-7 24-7 18-0 17-6 10-1 10-5

dry matter 13-8 10-8 18-0 14-9 25-6 21-8

L F , low fibre; L E , low energy; H E , high energy; MF, medium fibre; H F, high fibre.

p e r c e n ta g e  o f  t h e o r e t ic a l  r e q u ir e m e n ts  (B la x t e r ,  1 959 ) a r e  g iv e n  in  T a b le  3. T h e  le v e ls  
o f  M E  in ta k e  w ere  c lo se  t o  th o se  p la n n e d  b u t  d u e  t o  th e  la r g e r  t h a n  e x p e c te d  d e g r e e  
o f  v a r ia t io n  b e tw e e n  t r e a t m e n t s  in  n itro g e n  d ig e s t ib il i ty  th e  m e a n  le v e ls  o f  D C P  
in t a k e  r a n g e d  fro m  9 4  t o  108 %  o f  re q u ir e m e n ts . H o w e v e r , th e  m a x im u m  m e a n  
d iffe re n c e  in  D C P  in ta k e  b e tw e e n  e ith e r  o f  th e  m a in  f a c to r s ,  i .e . f ib re  o r  e n e r g y  le v e ls ,  
w a s  o n ly  2-7 p e r c e n ta g e  u n it s .  T h e  le v e ls  o f  f ib re  in ta k e , e x p r e s s e d  a s  a  r a t io  o f  fib re  
in ta k e  to  th e o r e t ic a l  M E  re q u ir e m e n ts  a re  a lso  g iv e n  in  T a b le  3. T h e se  re m a in e d  
r e la t iv e ly  c o n s ta n t  w ith in  e a c h  fib re  le v e l. T h e  p e r c e n ta g e  c ru d e  f ib re  in  th e  o v e r a l l  
d ie ts  a re  a lso  g iv e n  in  T a b le  3.

T h e  m e a n  m ilk  y ie ld  a n d  m ilk  e n e rg y  o u tp u t , a d ju s te d  b y  c o v a r ia n c e  a r e  g iv e n  t o 
g e th e r  w ith  th e  b o d y w e ig h t  c h a n g e s  in  T a b le  4. M ilk  y ie ld  a n d  m ilk  e n e rg y  w ere  s ig n if i
c a n t ly  a f fe c te d  b y  th e  le v e l o f  e n e r g y  (P  <  0-001) b u t  n o t  b y  f ib re  in ta k e . T h e  e f fe c t  o f  
f ib re  le v e l o n  m ilk  e n e r g y  o u t p u t  a lm o s t  r e a c h e d  s ig n ific a n c e , w ith  a  s ig n if ic a n t  l in e a r  
e ffe c t  ( P  <  0-05) o f  fib re  b e in g  o b ta in e d  in  p o ly n o m ia l  a n a ly s i s .  T h e re  w a s  a  m e a n  
b o d y w e ig h t  lo s s  o n  a l l  t r e a t m e n t s  b u t  th i s  lo s s  w a s  s ig n if ic a n tly  ( P  <  0 -001 ) lo w e r  
a t  th e  h ig h  ( — 0-28 k g /d a y )  t h a n  a t  th e  low  ( — 0-51 k g /d a y )  le v e l o f  e n e r g y  in t a k e .  
T h e  w e ig h t  lo s s  w a s  a lso  s ig n if ic a n tly  ( P  <  0-05) g r e a te r  a t  th e  h ig h  t h a n  t h e  lo w  
le v e ls  o f  f ib re  in ta k e  ( — 0-49 a n d  —0-33 k g / d a y  r e sp e c t iv e ly ) .



T h e  t r e a t m e n t  m e a n s  fo r  th e  c o m p o sit io n  o f  th e  m a in  m ilk  c o n s t i tu e n ts  on  th e  
e ig h th  w e e k  o f  th e  e x p e r im e n ta l  p e r io d  a re  g iv e n  in  T a b le  5. T h e  b u t t e r f a t  c o n te n t  w a s  
n o t  s ig n if ic a n t ly  a f fe c te d  b y  a n y  o f  th e  t r e a t m e n t s  u se d . T h e  S N F  w a s  s ig n if ic a n tly  
a f fe c te d  b y  th e  le v e l  o f  b o th  e n e r g y  (P  <  0 -001) a n d  fib re  in ta k e  (P  <  0 -01 ). T h e  
e ffe c t  o f  f ib re  o n  S N F  w a s  c u rv il in e a r  (P  <  0-05) w ith  th e  c o n te n t  a t  th e  h ig h e st  
f ib re  le v e l  b e in g  s ig n if ic a n t ly  lo w er t h a n  a t  b o th  o th e r  le v e ls  ( P  <  0-01 ). T h e  e ffe c ts  
o n  m ilk  p ro te in  c o n te n t  sh o w e d  s im ila r  t r e n d s  t o  th o s e  o n  S N F  w ith  s ig n if ic a n t  e ffe c ts  
b e in g  p r o d u c e d  b y  th e  le v e l  o f  b o th  e n e r g y  ( P  <  0 -001 ) a n d  fib re  in t a k e  ( P  <  0-01 ). 
A g a in , th e  e ffe c t  o f  f ib re  w a s  c u rv il in e a r  ( P  <  0-05) w ith  th e  p ro te in  c o n te n t  a t  th e
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T a b le  4. M ilk  y ie ld , m ilk  en ergy  o u tp u t a n d  body-w eight ch an ges a t  the en d o f  the
ex p erim en ta l p e r io d

Comparison of
Treatments main effects

r-------------------------------------------------------- *-------------------------------------------------------- S . E .  of ,--------------- *-----------------------

Milk yield,
L F :L E L F :H E M F:LE M F:H E H F :L E H F :H E mean Energy Fibre

kg/ciay 
Milk energy,

15-2 17-0 14-0 17-6 13-4 16-6 ±0-82 L E  <  H E * * * NS

kcals/day 
Weight change,

10035 11826 9250 12000 8890 10684 ±554 L E  <  H E * * * NS

kg/day -0-48 -0-18 -0-43 -0-28 -0-63 -0-36 ±0-07 L E  <  H E * * * H F  <  
L F *

LE , low energy; H E, high energy; L F , low fibre; MF, medium fibre; H F, high fibre. 
*  P  <  0-05, * *  P  <  0-01, * * *  P  <  0-001.

h ig h e s t  f ib re  in ta k e  b e in g  s ig n if ic a n t ly  lo w e r t h a n  a t  th e  m e d iu m  ( P  <  0 -01 ) a n d  
lo w e st  ( P  <  0-05) f ib re  le v e ls . L a c t o s e  p e r c e n ta g e  w a s  u n a ffe c te d  b y  th e  le v e l o f  
e n e r g y  in ta k e  b u t  sh o w e d  a  s ig n if ic a n t  l in e a r  d e c re a se  ( P  <  0-05) a s  th e  le v e l  o f  
f ib re  in ta k e  w a s  in c re a se d . T h e  a s h  c o n te n t  o f  th e  m ilk  w a s  n o t  a f fe c te d  b y  e ith e r  
e n e r g y  o r f ib re  in ta k e , a l th o u g h  th e  in d iv id u a l  t r e a t m e n t  c o m p a r iso n s  sh o w e d  a  
s ig n if ic a n t ly  lo w e r a s h  c o n te n t  o n  t r e a t m e n t  5 t h a n  o n  t r e a t m e n t  2. T h e  t o t a l  so lid s  
c o n te n t  g iv e s  a  m e a su re  o f  th e  c u m u la t iv e  e ffe c ts  o f  th e  t r e a t m e n t s  o n  th e  in d iv id u a l  
m ilk  c o n s t i tu e n ts .  A lth o u g h  th e  e ffe c t  o f  e n e r g y  in ta k e  fa i le d  t o  re a c h  s ig n if ic a n c e  
le v e l th e  t o t a l  so lid s  c o n te n t  a t  th e  h ig h e s t  f ib re  le v e l  w a s  s ig n if ic a n tly  lo w er ( P  <  
0-05) th a n  t h a t  a t  th e  lo w e s t  f ib re  lev e l.

T h e  t o t a l  V F A  c o n c e n tr a t io n s  in  th e  ru m e n  l iq u o r  a t  3 a n d  6 h  a f t e r  fe e d in g  a re  
g iv e n  in  T a b le  6. T h e  le v e l  o f  e n e rg y  in ta k e  h a d  a  s ig n if ic a n t  e ffe c t  o n  ru m e n  V F A  
c o n c e n tr a t io n  a t  b o th  3 ( P  <  0-001) a n d  6 h  ( P  <  0-05) a f te r  fe e d in g  a l th o u g h  th e  
e ffe c t  d e c lin e d  w ith  t im e  a f t e r  fe e d in g . A t  3 h  a f t e r  fe e d in g  th e re  w a s  a  s ig n if ic a n t  
l in e a r  ( P  <  0-05) in c re a se  in  t o t a l  V F A  c o n c e n tr a t io n  a s  th e  le v e l o f  fib re  d e c re a se d , 
b u t  t h i s  t r e n d  w a s  n o t  fo u n d  a t  th e  6-h  s t a g e . T h e  m o la r  p e r c e n ta g e s  o f  a c e t ic , 
p ro p io n ic  a n d  b u ty r ic  a c id s  in  th e  c o m p o site  s a m p le s  (m ix tu re  o f  3- a n d  6-h s a m p le s )  
a r e  a lso  g iv e n  in  T a b le  6. T h e  p r o p o r t io n  o f  a c e t ic  a c id  w a s  u n a ffe c te d  b y  le v e l  o f  
e n e r g y  in ta k e , b u t  sh o w e d  a  s ig n if ic a n t  l in e a r  in c re a se  ( P  <  0 -001) a s  f ib re  in ta k e  w a s  
in c re a se d . T h e  p r o p o r t io n  o f  p ro p io n ic  a c id  w a s  in c re a se d  s ig n if ic a n tly  ( P  <  0-01) 
b y  r e d u c in g  th e  le v e l o f  e n e r g y  in ta k e  b u t  w a s  u n a ffe c te d  b y  c h a n g e s  in  f ib re  in ta k e . 
I n  c o n t r a s t ,  th e  p r o p o r t io n  o f  b u ty r ic  a c id  w a s  n o t  a f fe c te d  b y  e n e rg y  in ta k e , b u t  
sh o w e d  a  s ig n if ic a n t  l in e a r  d e c re a se  ( P  <  0 -001) a s  fib re  in ta k e  w a s  in c re a se d . T h e
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g r o s s  a n d  n e t  l a c t a t io n  e ffic ien c ie s (k c a l o f  m ilk /k c a l  o f  M E  in ta k e  a n d  k c a l  o f  m ilk / 
k c a l  o f  M E  a v a i la b le  fo r  p r o d u c t io n , r e sp e c t iv e ly )  a r e  a lso  g iv e n  in  T a b le  6. T h e  M E  
a v a i la b le  fo r  p r o d u c t io n  w a s  c a lc u la te d  u s in g  th e  m a in te n a n c e  v a lu e  o f  123-8  k c a l / 
k g  W ° 73 (V a n  E s  & N i jk a m p ,  1966 ). A lth o u g h  th e  g r o s s  e ffic ien cy  w a s  n o t  a f fe c te d  b y  
e ith e r  th e  le v e l  o f  e n e r g y  o r  f ib re  in ta k e  th e  n e t  e ffic ien cy  w a s  a f fe c te d  ( P  < 0 - 0 1 )  
b y  b o th  th e se  fa c to r s .

T h e  g r o s s  e n e r g y  d ig e s t ib il i t ie s  o f  th e  t o t a l  d ie ts  -  78-7, 78-7, 75-5 , 74-7, 64-8  a n d  
64-6 %  o n  t r e a t m e n t s  1 - 6  r e sp e c t iv e ly  -  w ere  s ig n if ic a n t ly  a f fe c te d  b y  th e  le v e l o f  
f ib re  ( P  <  0 -001) b u t  n o t  b y  e n e rg y  in ta k e . T h e  t r e a t m e n t  m e a n s  fo r  th e  N  b a la n c e  
d a t a  a re  g iv e n  in  T a b le  7. T h e  le v e l o f  f ib re  in ta k e  h a d  n o  s ig n if ic a n t  e ffe c t  on  e ith e r  
th e  a p p a r e n t  d ig e s t ib il i ty  o f  N , th e  a m o u n t  o f  N  r e ta in e d , o r N  r e ta in e d  +  m ilk  N . 
H o w e v e r , th e  d ig e s t ib il i ty  o f  N  w a s  s ig n if ic a n t ly  lo w e r ( P  <  0 -001) o n  th e  h igh - 
e n e rg y  in ta k e  c o m p a r e d  w ith  th e  lo w  e n e r g y  in ta k e . T h e  N  re ra in e d  a n d  N  r e ta in e d  +  
m ilk  N  w ere  b o th  s ig n if ic a n t ly  g r e a t e r  ( P  <  0-01 a n d  P  <  0-001 r e sp e c t iv e ly )  o il 
th e  h ig h  e n e r g y  in ta k e .

D ietary fibre and m ilk composition

DISCUSSION

E ffe c t  o f  energy in tak e  on  m ilk  y ie ld  a n d  co m po sition  

T h e  le v e l o f  e n e r g y  in ta k e  s ig n if ic a n t ly  a f fe c te d  b o t h  m ilk  y ie ld  a n d  m ilk  e n e r g y  
o u tp u t .  T h e se  e ffe c ts  in c r e a se d  a s  th e  e x p e r im e n ta l  p e r io d  p ro g re s se d . T h e  2 0 %  
lo w er e n e r g y  in ta k e  r e su lte d  in  a  m e a n  d e c re a se  in  m ilk  y ie ld  o f  1-7, 2-3 , 2-7 a n d  
2 - 9 k g / d a y  d u r in g  th e  f i f th - e ig h th  w e e k s  r e sp e c t iv e ly  a l th o u g h  th e  m e th o d  o f  
e q u a liz e d  fe e d in g  w a s  u se d  t o  d e te rm in e  e n e r g y  in ta k e . T h e  e ffe c t  o f  e n e r g y  in ta k e  on  
m ilk  y ie ld  w a s  g r e a t e r  t h a n  t h a t  r e p o r te d  e a r lie r  (G o rd o n  & F o r b e s ,  1 9 7 0 6 ; G o rd o n  
&  F o r b e s ,  1971 ). T h is  c o u ld  b e  a t t r ib u t e d  t o  th e  h ig h e r  m e a n  m ilk  y ie ld  in  th e  p r e s e n t  
in v e s t ig a t io n  (a s  su g g e s te d  b y  B la x t e r ,  1966 ). A lte r n a t iv e ly  th e  c h a n g e o v e r  d e s ig n  
u se d  in  th e  2 p r e v io u s  t r ia ls ,  o r  th e  m a in ta in in g  o f  a  c o n s ta n t  f ib re  in ta k e  r a th e r  t h a n  
a  c o n s ta n t  p e r c e n ta g e  f ib re  b e tw e e n  e n e r g y  le v e ls  m a y  a c c o u n t  fo r  th e  v a r ia t io n  in  
th e  re sp o n se  t o  e n e rg y . H o w e v e r , th e  e ffe c ts  r e p o r te d  h ere  a r e  in  a g re e m e n t  w ith  th o se  
g iv e n  b y  B u r t  (1 9 5 7 ). T h e  lo w e r e n e r g y  in ta k e  a lso  re d u c e d  th e  S N F  a n d  p ro te in  
c o n te n t  o f  th e  m ilk  b y  0 -25  a n d  0 -1 0  p e r c e n ta g e  u n i t s  r e sp e c t iv e ly . T h e s e  e ffe c ts  
a g re e  w ith  th o s e  r e p o r te d  b y  B u r t  (1 9 5 7 ), b u t  a g a in  a r e  g r e a te r  th a n  th o se  re p o r te d  
e a r lie r  (G o rd o n  & F o r b e s ,  1 9 7 0 6 ; G o rd o n  & F o r b e s ,  1971 ). T h e  le v e l o f  en e rg y  in ta k e  
h a d  n o  s ig n if ic a n t  e ffe c t  o n  th e  c o n te n t  o f  a n y  o f  th e  o th e r  m a jo r  m ilk  c o n s t i tu e n ts .

E ffe c t o f  fib re  in ta k e  on  m ilk  y ie ld  a n d  co m po sition  

T h e  m e a n  m ilk  y ie ld  a t  e a c h  le v e l o f  fib re  in t a k e  (16-1 , 15-8 a n d  15-0 k g  o f  m ilk  
o n  th e  low , m e d iu m  a n d  h ig h  fib re  d ie ts  r e sp e c t iv e ly )  sh o w e d  a  m a rk e d , b u t  n o n 
s ig n if ic a n t , t r e n d  to w a r d s  a  d e c lin e  in  y ie ld  a s  th e  fib re  in ta k e  in c re a se d . T h is  t r e n d  
w a s  m o re  m a r k e d  in  th e  c a s e  o f  m ilk  e n e r g y  o u tp u t , w ith  a  s ig n if ic a n t  l in e a r  d e c re a se  
b e in g  o b ta in e d  a s  th e  f ib re  in ta k e  w a s  in c re a se d .

T h e  e ffe c t  o f  le v e l o f  fib re  in ta k e  o n  th e  m ilk  e n e r g y  o u tp u t  fro m  d ie t s  o f  e q u a l  M E  
c o n te n t  w a s  fu r th e r  e x a m in e d  w ith in  e a c h  d ie ta r y  fib re  le v e l u s in g  a  m u lt ip le  r e g r e s 
s io n  te c h n iq u e . W ith in  th e se  re la t io n sh ip s  b o th  M E  a n d  M E 2 w ere  s ig n if ic a n t  a t  th e  

5 %  le v e l.
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T h e  b e s t - f i t  r e la t io n sh ip s  w e re :

L o w  f ib re : Y e =  l - 0 0 6 M E - 0 - 0 0 0 ,0 1 0 9 8 ( M E ) 2 - 7 6 8 1 ,

r e s id u a l  s t a n d a r d  d e v ia t io n  ( R S D )  2 2 6 5 ;

M e d iu m  f ib re : Y e  =  0 -5 6 0 M E  — 0 -0 0 0 ,0 0 1 8 6 (M E )2 — 2 864 ,

R S D  1 229 ;

H ig h  f ib re : Y e =  0 - 5 5 6 M E - 0 - 0 0 0 ,0 0 3 2 3 M E )2 -  2999 ,

R S D  1 264 ;

w h ere  Y e  i s  th e  m ilk  e n e r g y  in  k c a l /d a y  a n d  M E  is  th e  M E  in ta k e  in  k c a l /d a y .

Fig. 1. The relationship between the output of milk energy and the metabolizable energy (ME) 
intake at each of the 3 levels of fib re :............. , low fib re ;------, medium fib re ;----- , high fibre.

T h e se  e q u a t io n s  a re  p re s e n te d  g r a p h ic a l ly  in  F ig .  1 a n d  in d ic a te  th e  lo w e r p r o 
d u c t iv e  v a lu e  o f  th e  h ig h e st  f ib re  d ie t  a t  a ll  le v e ls  o f  e n e rg y  in ta k e . A t  th e  lo w e st  le v e l 
o f  fib re  in ta k e  th e re  w a s  a  fa l l- o f f  in  p r o d u c t iv e  v a lu e  w h en  h ig h  le v e ls  o f  e n e r g y  in ta k e  
w ere  g iv e n . T h e se  e ffe c ts  a r e  in  a g r e e m e n t  w ith  th o se  o b ta in e d  b y  N o r d fe ld t ,  
I w a n a g a ,  M o r ita . H e n k e  & T o m  (1 9 5 0 ), w h o  o b ta in e d  y ie ld s  o f  2 0 -67 , 21-75 , 23 -45  
a n d  23-75  lb /d a y  fro m  r a t io n s  o f  e q u a l  t o t a l  T D N  c o n te n t  b u t  c o n ta in in g  23 , 20 , 16 
a n d  12 %  fib re . T h is  c u rv il in e a r  re sp o n se  in  y ie ld  to  a  d e c re a se  in  fib re  in ta k e  fro m  
d ie ts  o f  e q u a l  d ig e s te d  n u tr ie n t  c o n te n t  w a s  fu r th e r  d e m o n s t r a te d  b y  M a r tin , 
S t o d d a r d  & A lle n  (1 954 ) a n d  L o g a n  & M iles (1 9 6 3 ).

A t  th e  e n d  o f  th e  8-w eek  e x p e r im e n ta l  p e r io d , th e  S N F  c o n te n t  o f  th e  m ilk  p r o 
d u c e d  a t  th e  h ig h e s t  f ib re  in ta k e  w a s  c o n s id e ra b ly  lo w er t h a n  a t  e a c h  o f  th e  o th e r  2 
le v e ls . T h e  w e e k ly  r e s u lt s  sh o w e d  a  d iffe re n c e  in  S N E  b e tw e e n  th e  h ig h  a n d  m e d iu m
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f ib re  d ie t s  o f  0 -08 , 0 -12 , 0 -14 , 0 -20  a n d  0-27 p e r c e n ta g e  u n it s  d u r in g  th e  fo u r th  to  
e ig h th  w e e k s  r e sp e c t iv e ly , in d ic a t in g  a  m a r k e d  in c re a se  in  th e  re sp o n se  t o  h ig h  fib re  
in ta k e s  a s  th e  p e r io d  o n  th e  t r e a t m e n t s  p ro g re s se d . T h is  in c re a s in g  e ffe c t  o f  fib re  
in ta k e  on  S N F  w ith  t im e  is  in  lin e  w ith  th e  r e s u lt s  o b ta in e d  in  a n  e a r lie r  fe e d in g  t r ia l  
(G o rd o n  & F o r b e s ,  1 9 7 0 a )  w h en  a  m a rk e d  d e c lin e  in  S N F  w a s  o b ta in e d  a f t e r  11 
w e e k s o n  a  h ig h -fib re  d ie t  e v e n  th o u g h  a d e q u a te  e n e r g y  w a s  su p p lie d . T h is  m a y  a lso  
e x p la in  w h y  th e re  w a s  n o  d e p r e s s in g  e ffe c t  o f  h ig h  fib re  le v e ls  o n  S N F  in  a n  e a r lie r  
t r i a l  u s in g  4 -w eek  e x p e r im e n ta l  p e r io d s  (G o rd o n  &  F o r b e s ,  1971).

T h e  d e c re a se  in  S N F  a t  th e  h ig h e s t  f ib re  in t a k e  w a s  a s s o c ia t e d  w ith  r e d u c t io n s  in  
b o th  th e  p ro te in  a n d  la c to se  f r a c t io n s  o f  th e  m ilk . S im ila r  t r e n d s  in  th e  S N F  a n d  
p ro te in  f r a c t io n s  w h en  h ig h  fib re  d ie t s  w ere  u se d , e v e n  th o u g h  e q u a l  n e t  e n e r g y  
in ta k e s  w ere  g iv e n , h a v e  b e e n  o b ta in e d  b y  H in d e r s  & O w en  (1 9 6 3 ) a n d  N o r d fe ld t  & 
R u u d v e r e  (1 9 6 3 ). T h e r e  i s  l i t t le  su p p o r t in g  e v id e n c e  a v a i la b le  o n  th e  e ffe c t  on  
la c to se  d u e  t o  v a r ia t io n s  in  f ib re  in ta k e . H o w e v e r , a  s ig n if ic a n t  r e d u c t io n  w a s  n o te d  
b y  T s a i ,  C a s t il lo , H a r d is o n  & P a y n e  (1 9 6 7 ) u n d e r  h u m id  t r o p ic a l  c o n d it io n s  a s  fib re  
in ta k e  w a s  in c re a se d . T h is  is  c o n t r a r y  t o  th e  r e s u lt s  o b ta in e d  b y  N o r d fe ld t  & R u u d v e r e
(1 9 6 3 ) w h o  fo u n d  a  s ig n if ic a n t  in c re a se  in  th e  la c to se  f r a c t io n  a s  th e  f ib re  c o n te n t  w a s  
in c re a se d  fro m  15 t o  25  %  w h ile  m a in ta in in g  a n  e q u a l  n e t  e n e rg y  in ta k e .

D ietary  fibre and m ilk composition

E ffe c t o f  fib re  in ta k e  on  ru m e n  V F A

T h e  m e a n  t o t a l  V F A  c o n c e n tr a t io n s  o b ta in e d  sh o w e d  a  s ig n if ic a n t  l in e a r  in c re a se  
a s  f ib re  in ta k e  d e c re a se d . T h is  m a y  n o t  n e c e s s a r i ly  m e a n  a n  in c re a se d  p r o d u c t io n  o f  
V F A  a t  th e  lo w e r f ib re  le v e l o v e r  th e  24-h  c y c le , a s  a  m o re  u n ifo rm  p r o d u c t io n  o f  
V F A  th r o u g h o u t  th e  d a y  i s  o b ta in e d  o n  h ig h  fib re  d ie ts  (B a lc h  & R o w la n d , 1957) 
c o u p le d  w ith  th e  lo w e rin g  o f  ru m e n  v o lu m e  o n  low  fib re  d ie ts  (E m e r y , S m ith  &  L e w is ,
19 5 8 ). H in d e r s  &  O w en  (1 9 6 3 ) to o k  ru m e n  s a m p le s  0 , 4  a n d  8 h  a f t e r  fe e d in g  a n d  
o b ta in e d  a  d e c re a se  in  t h e  e x t e n t  o f  d iu r n a l  v a r ia t io n  a n d  a n  in c re a se  in  m e a n  V F A  
c o n c e n tr a t io n  a s  f ib re  in ta k e  in c re a se d . T h e  in c re a se  in  a c e ta t e  a n d  d e c re a se  in  
b u t y r a t e  c o n c e n tr a t io n  o b ta in e d  a s  f ib re  in ta k e  w a s  in c re a se d  a g re e s  w ith  th e  g e n e ra l  
t r e n d s  r e p o r te d  in  th e  l i t e r a tu r e  (E l l io t  & L o o s l i ,  1 9 5 9 ; H in d e r s  & O w en , 1 9 6 3 ; 
C o p p o c k , F l a t t ,  M o o re  &  S te w a r t ,  1964 ). H o w e v e r , n o  s ig n if ic a n t  o v e ra ll  t r e n d  in  
p ro p io n a te  c o n c e n tr a t io n  w a s  o b ta in e d , w h ich  a lth o u g h  a g re e in g  w ith  th e  r e s u lt s  o f  
H in d e r s  & O w en  (1 9 6 3 ) c o n flic ts  w ith  th o s e  o f  E l l io t  & L o o s l i  (1 9 5 9 ), w h o  fo u n d  a n  
in c re a se  in  p r o p io n a te  a s  f ib re  in ta k e  d e c re a se d . A  s im ila r  t r e n d  in  p r o p io n a te  t o  t h a t  
r e p o r te d  b y  E l l io t  & L o o s l i  (1 9 5 9 ) w a s  o b ta in e d  w ith in  th e  lo w er le v e l o f  e n e r g y  
fe e d in g .

S im p le  c o rre la t io n  a n a ly s e s  w ere  c a r r ie d  o u t  to  s t u d y  th e  re la t io n sh ip s  b e tw e e n  th e  
p r o d u c t iv e  e ffic ien cy  a n d  th e  r e la t iv e  p r o p o r t io n s  o f  th e  ru m e n  V F A , w ith in  e a c h  
le v e l o f  e n e r g y  fe e d in g . U s in g  th e  d a t a  o b ta in e d  a t  th e  lo w er e n e rg y  lev e l, th e  c o r 
r e la t io n s  b e tw e e n  g r o s s  e ffic ien cy  a n d  p e r  c e n t  a c e t ic , p ro p io n ic  a n d  b u ty r ic  a c id s  
w ere  — 0-62 , 0-52  a n d  0-53  re sp e c t iv e ly . T h e  c o r re la t io n s  w ith  n e t  e ffic ien cy  w ere  
— 0-47 , 0 -42  a n d  0-37  re sp e c t iv e ly . I n  th e  c o r re la t io n s  w ith  th e  r a t io s  o f  th e  a c id s  o n ly  
th e  a c e t ic - p r o p io n ic  a n d  a c e t ic - b u ty r ic  r a t io s  w ere  s ig n if ic a n t ly  c o r re la te d  w ith  
e ffic ien cy . T h e  co e ffic ie n ts  w ith  th e  g r o s s  e ffic ien cy  w ere  — 0-56  a n d  —0-53  r e sp e c 
t iv e ly  a n d  fo r  th e  n e t  e ffic ien cy  w e re  — 0-46  a n d  — 0-39  re sp e c t iv e ly . T h e se  re la t io n -



sh ip s  o b ta in e d  a re  s im ila r  to  th o se  r e p o r te d  b y  E l l io t  & L o o s l i  (1 9 5 9 ), H in d e r s  & 
O w en  (1 9 6 3 ) a n d  C o p p o c k  et a l .  (1 9 6 4 ).

X o  s ig n if ic a n t  s im p le  c o r re la t io n s  w ere  o b ta in e d  u s in g  th e  d a t a  fro m  th e  h ig h e r  
le v e l  o f  e n e rg y  in ta k e . I t  w o u ld  se e m  t h a t  th i s  w a s  d u e  t o  th e  d e c lin e  in  e ffic ien cy  o n  
th e  h ig h  e n e r g y  le v e l a t  th e  lo w e st  f ib re  in ta k e  (T a b le  6) w h ich  w a s  n o t  re f le c te d  in  

t h e  ru m e n  V F A  p a t t e r n .

E ffe c t  o f  fib re  in tak e  on  en ergy  u tiliz a tio n

A s  sh o w n  b y  th e  m ilk  e n e rg y  o u t p u t  d a t a  a n d  b o th  th e  g r o s s  a n d  n e t  e ffic ien cy  
f ig u re s  g iv e n  in  T a b le  6, th e  le v e l o f  f ib re  in ta k e  h a d  a  c o n s id e ra b le  e ffe c t  o n  th e  
o v e ra ll  u t i l iz a t io n  o f  M E . A s  f ib re  le v e l h a s  l i t t le  e ffe c t  o n  th e  M E  r e q u ir e d  fo r  
m a in te n a n c e  (B la x t e r ,  1 9 6 2 ; V a n  E s ,  1966), th e  M E  a v a i la b le  fo r  p r o d u c t iv e  p u r 
p o se s  w a s  o b ta in e d  b y  d e d u c t in g  th e  m a in te n a n c e  r e q u ir e m e n t  123-8  k c a l /k g  
W 073 a s  g iv e n  b y  V a n  E s  & X i jk a m p  (1 9 6 6 ). T h e  p ro d u c t io n  M E , w ith in  e a c h  
f ib re  le v e l, w a s  r e la te d  b y  m u lt ip le  r e g re ss io n  a n a ly s i s  to  th e  m ilk  e n e rg y  o u t p u t  a n d  
b o d y -w e ig h t  c h a n g e  a s s u m in g  a ll  th e  p r o d u c t io n  M E  a v a i la b le  w a s  u s e d  fo r  th e se  
p u r p o s e s .  T h e  e q u a t io n s  o b ta in e d  w e re :

low  f ib r e : p ro d u c t io n  M E  =  1-51 V e + 5 2 7 8  w e ig h t  c h a n g e  (W C ), R S D  =  4 1 2 7 ;
m e d iu m  fib re : p r o d u c t io n  M E  =  1-55 Y e +  3 6 3 4  W C , R S D  =  2 2 5 3 ;
h ig h  f ib re : p r o d u c t io n  M E  =  l - 7 9 F e  +  2 5 4 4  W C , R S D  =  4 1 2 7 ;

w h ere  th e  p r o d u c t io n  M E  is  in  k c a l ,  Y e  is  th e  y ie ld  o f  m ilk  e n e r g y  in  k c a l /d a y  a n d  
W C  is  th e  w e ig h t  c h a n g e  in  k g /d a y .

U s in g  th e  p a r t i a l  r e g re ss io n  co e ffic ie n ts  o n  m ilk  e n e r g y  o u t p u t  a n d  a s s u m in g  z e ro  
t i s s u e  b a la n c e , a n  in c re a se  o f  1-51, 1-55 a n d  1-79 k c a l  M E  w o u ld  b e  r e q u ir e d  t o  
p ro d u c e  1 k c a l  in c re a se  in  m ilk  e n e r g y  o u t p u t  o n  th e  low , m e d iu m  a n d  h ig h  fib re  
d ie ts  r e sp e c t iv e ly . T h e  s t a n d a r d  e r ro r s  o f  th e se  co e ffic ie n ts  w ere  0-08 , 0-11 a n d  0-11 
re sp e c t iv e ly . T h e se  c o rre sp o n d  to  e ffic ien c ie s o f  c o n v e rs io n  o f  M E  t o  m ilk  e n e r g y  o f  
66 , 65 a n d  56  %  o n  th e  low , m e d iu m  a n d  h ig h  fib re  d ie ts  r e sp e c t iv e ly . T h e se  e ffic ien c ies 
a re  in  lin e  w ith  th o se  o f  69 a n d  54  o b ta in e d  in  a n  e a r lie r  t r i a l  (G o rd o n  & F o r b e s ,
1971) w h en  d ie t s  c o n ta in in g  15 a n d  2 3 %  fib re  w ere  u se d . T h e y  a lso  a g re e  w ith  
t h o s e  o b ta in e d  b y  C o p p o c k  et a l .  (1 9 6 4 ), w h o , fro m  c a lo r im e tr ic  t r i a ls ,  o b ta in e d  
e ffic ien c ie s o f  65 , 61 a n d  5 4 %  fro m  d ie ts  c o n ta in in g  16, 22  a n d  2 8 %  fib re . T h e se  
e ffic ien c ie s w ere  r e la te d  t o  ru m e n  a c e ta t e  le v e ls  o f  65 , 68  a n d  71 w h ich  a re  in  lin e  
w ith  th e  e ffic ien c ies o f  66, 65 a n d  5 6  fro m  d ie ts  g iv in g  ru m e n  a c e ta t e  le v e ls  o f  66 , 70 
a n d  72 o b ta in e d  in  th e  p r e se n t  in v e s t ig a t io n .

T h e  a u th o r s  th a n k  t h e  D ir e c to r  a n d  T r u s t e e s  o f  T h e  A g r ic u ltu r a l  R e s e a r c h  
I n s t i t u t e  o f  N o r th e r n  I r e la n d  fo r  p r o v id in g  fa c i li t ie s  to  c a r r y  o u t  th is  w o rk , P r o fe s s o r  
J .  R .  T o d d , fo rm e r ly  o f  th e  V e te r in a r y  R e se a r c h  D iv is io n , S to r m o n t , fo r  th e  V F A  
a n a ly s i s ,  a n d  M r R .  W a t t  fo r  te c h n ic a l  a s s is t a n c e .
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T h e  i n f l u e n c e  o f  p H  a n d  h e a t  t r e a t m e n t  o n  t h e  c o l o u r  a n d  

s t a b i l i t y  o f  u l t r a - h i g h - t e m p e r a t u r e  s t e r i l i z e d  m i l k

B y  J .  G . Z A D O W

D a ir y  R e se a rch  L a b o ra to ry , D iv is io n  o f  F o o d  R esearch , C .S . I .R .O . ,  

M e lb o u rn e , A u s t r a l i a

(R eceived  10 M a y  1971)

S u m m a r y . W h e n  th e  p H  o f  m ilk  w a s  v a r ie d  w ith in  th e  r a n g e  7-1 t o  6-3 b y  a d d it io n  
o f  a c id  o r  a lk a l i  o r  th r o u g h  b a c t e r ia l  a c t io n , th e  re f le c ta n c e  o f  th e  m ilk  a f t e r  s u b 
se q u e n t  u lt r a - h e a t- t r e a tm e n t  (U H T )  w a s  a t  a  m a x im u m  o f  a b o u t  p H  6-70 . B e lo w  
th i s  v a lu e  th e  re f le c ta n c e  d r o p p e d  r a p id ly  w ith  d e c re a se  in  p H . T h e  c a u se  o f  th i s  
d e c re a se  w a s  th e  d e v e lo p m e n t  o f  in c re a s in g  a m o u n ts  o f  se d im e n t  in  th e  p r o d u c t .  
A t  p H  6 -4 ~ 6 -5 , a t  le a s t  9 0 %  o f  th e  c a se in  a n d  4 0 %  o f  th e  w h e y  p r o te in s  h a d  b e e n  
p r e c ip it a te d .  T h e  a d d it io n  o f  0-1 %  so d iu m  d i-h y d ro g e n  p h o s p h a te  o r  0-1 %  so d iu m  
c i t r a te  t o  th e  r a w  m ilk  p r e v e n te d  th e  fo r m a tio n  o f  th e  se d im e n t . T h e  ro le  o f  c a lc iu m  
a p p e a r e d  im p o r t a n t  a s  sm a ll  a d d it io n s  o f  c a lc iu m  c h lo r id e  o r  E D T A  a l te r e d  th e  
p a t t e r n s  o f  se d im e n t  fo r m a t io n  a n d  re f le c ta n c e  w ith  c h a n g in g  p H . A d d it io n  o f  
0 - 3 %  E D T A  p r e v e n te d  se d im e n t  fo r m a tio n  a s  th e  p H  d ro p p e d .

S t u d ie s  o n  f a c t o r s  t h a t  in flu e n c e  th e  c h a n g e  o f  c o lo u r  w h ich  o c c u r s  o n  h e a t in g  m ilk  
h a v e  sh o w n  t h a t  a t  l e a s t  2 s e p a r a t e  a n d  a p p a r e n t ly  u n r e la te d  re a c t io n s  a r e  in v o lv e d . 
I t  h a s  b e e n  s u g g e s t e d  t h a t  th e  f ir s t , a  w h ite n in g  e ffe c t  t h a t  o c c u r s  o n  r e la t iv e ly  m ild  
h e a t  t r e a t m e n t ,  i s  d u e  t o  d e n a tu r a t io n  a n d  s u b s e q u e n t  c o a g u la t io n  o f  so m e  o f  th e  
se ru m  m ilk  p r o te in s , r e su lt in g  in  a n  in c re a se  in  th e  n u m b e r  o f  o p t ic a l ly  o p a q u e  
p a r t ic le s  (B u r to n , 1955  a ) .  T h e  se c o n d , a  b ro w n in g  e ffe c t  o f  m o re  im p o r ta n c e  a t  
h ig h e r  te m p e r a tu r e s ,  i s  a  r e s u lt  o f  c a s e in - la c t o s e  in te r a c t io n s  (B u r to n , 1 9 54 , 1 9 5 5 a , b; 
B u r t o n  &  R o w la n d , 19 5 5 ). I n  th e  c a s e  o f  u lt r a - h e a t- t r e a tm e n t  (U H T )  o f  w h o le  
m ilk  u s in g  d ir e c t  s t e a m  in je c t io n , th e  e ffe c t  o f  h e a t  o n  m ilk  c o lo u r  i s  fu r th e r  c o m 
p lic a t e d  b y  h o m o g e n iz a t io n  e ith e r  a p p l ie d  a s  a  s e p a r a t e  p r o c e s s  o r  o c c u r r in g  a s  a  
r e s u lt  o f  s t e a m  in je c t io n  a s  r e p o r te d  b y  Z a d o w  (1 9 6 9 ).

H e a t- in d u c e d  d e n a tu r a t io n  a n d  c o a g u la t io n  o f  t h e  w h e y  p r o te in s  m a y  le a d  to  th e  
fo r m a t io n  o f  se d im e n t  in  s te r i le  m ilk . T h e  im p o r ta n c e  o f  u s in g  h ig h - q u a l ity  r a w  m ilk  
t o  a v o id  th i s  p o s s ib i l i t y  in  t h e  m a n u fa c tu r e  o f  U H T  p r o d u c t s  i s  w ell re c o g n iz e d .

T h e  p r e s e n t  s t u d y  a im e d  t o  e x a m in e  th e  in flu e n c e s  o f  p H , t r e a t m e n t  t e m p e r a tu r e , 
h o m o g e n iz a t io n  a n d  o f  c a lc iu m  o n  t h e  c o lo u r  a n d  d e g re e  o l  se d im e n t  fo r m a tio n  in  

U H T  m ilk .
EXPERIMENTAL 

S a m p le  p re p a ra t io n

E r e s h  r a w  sk im - m ilk  o r  w h o le  m ilk  w a s  u s e d  fo r  a l l  t r i a l s  e x c e p t  w h ere  sp e c ifie d . 
W h e n  n e c e s s a r y  th e  p H  o f  s a m p le s  w a s  a d ju s t e d  b y  d ro p w ise  a d d it io n  o f  e ith e r  
2 N -h y d ro ch lo ric  a c id  o r  2 N -so d iu m  h y d r o x id e  in to  th e  v o r t e x  fo rm e d  in  th e  m ilk  b y
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a n  U l t r a - T u r r a x  ( J a n k e  & K u n k e l)  m ix e r . T h e  p H  w a s  c o n t in u o u s ly  m o n ito re d  a n d  
m ix in g  w a s  c o n t in u e d  fo r  10 m in  a f t e r  th e  c o m p le tio n  o f  e a c h  a d d it io n . D is t i l le d  
w a te r  w a s  a d d e d  to  a d ju s t  th e  so lid s  c o n te n ts  o f  a l l  s a m p le s  t o  th e  s a m e  le v e l. W h e re  
o th e r  a d d it iv e s  w ere  u se d  t o  a d ju s t  p H  o r  s e q u e s te r  c a lc iu m , a  s im ila r  te c h n iq u e  w a s  

u se d .
H eat-treatm en t a n d  coolin g

T h e  A lf a - L a v a l  V T I S / V T S  p la n t  u se d  fo r  p ro c e s s in g  h a s  b e e n  d e sc r ib e d  in  p r e v io u s  
p a p e r s  b y  Z a d o w  (1 9 6 9 , 1970 ). I n  th e  w o rk  n o w  d e sc r ib e d  s te a m  in je c t io n  o n ly  w a s  
u se d , w ith  th e  h o m o g e n iz e r  b y - p a s s e d  w h en  r e q u ir e d . T h e  r a n g e  o f  t e m p e r a tu r e s  
e m p lo y e d  fo r  p ro c e s s in g  w a s  f ro m  97 t o  150  °C  w ith  a  f ix e d  h o ld in g  t im e  o f  3-0  s . 
S a m p le s  w ere  t a k e n  a f t e r  5 m in  s t e a d y  ru n n in g  a t  e a c h  te m p e r a tu r e .

3 9 4  J .  G . Z a d o w

A n a ly tic a l

T h e  re f le c ta n c e  o f  s a m p le s  w a s  d e te rm in e d  a t  a m b ie n t  te m p e r a tu r e  w ith  a n  
A g tr o n  re f le c to m e te r  (M a g n u so n  E n g .  In c .,  C a lifo rn ia ) . T h is  in s tr u m e n t  d e te rm in e s  
th e  re f le c ta n c e  o f  s a m p le s  o v e r  th e  v is ib le  sp e c tru m .

S e d im e n t  d e p th s  w ere  d e te rm in e d  in  m m  in  a  5 0 -m l c o n ic a l c e n tr ifu g e  t u b e  a f t e r  
c e n tr i fu g a t io n  o f  a  4 0 -m l s a m p le  a t  30 0  g  fo r  5 m in . I t  sh o u ld  b e  n o te d  t h a t  se d im e n t  
v o lu m e  is  r e la te d  t o  th e  c u b e  o f  se d im e n t  d e p th .

N o n -c a se in  N  d e te r m in a t io n s  w ere  m a d e  b y  th e  m e th o d  o f  A sc h a ffe n b u rg  & D re w ry  

(1 9 5 9 ).
p H  w a s  m e a su r e d  o n  a  R a d io m e t e r  p H  m e te r  M o d e l p H  22 w ith  sc a le  e x p a n d e r . 

R e s u l t s  w ere  e x p r e s s e d  to  th e  n e a r e s t  0 -005  p H  u n it .

RESULTS

F ig .  1 sh o w s th e  re f le c ta n c e  o f  u n h o m o g e n iz e d  sk im -m ilk , s te r i liz e d  a t  1 5 0 °C  fo r  
3 s  a s  a  fu n c t io n  o f  p H , to g e th e r  w ith  th e  se d im e n t  d e p th  fo u n d  fo r  e a c h  sa m p le . I n  
th is  e x p e r im e n t  p H  m o d if ic a t io n s  w ere  m a d e  b y  a d d it io n  o f  h y d ro c h lo r ic  a c id  o r 
so d iu m  h y d ro x id e . T h e  sh a p e  o f  th e  p H - re f le c ta n c e  c u rv e  in  F ig .  1 o n  th e  a c id  s id e  o f  
th e  c o n tro l v a lu e  d if fe r s  fro m  t h a t  r e p o r te d  b y  B u r t o n  (1 9 5 5  a )  in  s t u d ie s  in  w h ic h  
m ilk  w a s  h e a te d  a t  90  °C  fo r  4  m in  a n d  15 m in . H e  r e p o r te d  a  c o n t in u o u s  r i s e  in  
re f le c ta n c e  w ith  d e c r e a s in g  p H . F ig .  1 sh o w s a  r a p id  r ise  in  re f le c ta n c e  t o  a  m a x im u m  
0-15  p H  u n it  b e lo w  th e  c o n tro l v a lu e  a n d  th e n  a  sh a r p  d e c re a se  in  re f le c ta n c e , c o r 
re sp o n d in g  w ith  in c re a s in g  d e p th  o f  se d im e n t . T h e  fo r m a tio n  o f  th i s  se d im e n t  a n d  
th e  c o rre sp o n d in g  re d u c t io n  in  th e  n u m b e r  o f  l ig h t  s c a t t e r in g  p a r t ic le s  w a s  o b v io u s ly  
re sp o n s ib le  fo r  th e  d o w n tu rn  o f  th e  p H - re f le c ta n c e  c u rv e .

T h e  e ffe c t  o f  h o m o g e n iz a tio n  o f  U H T  (1 5 0  °C , 3 s) sk im -m ilk  o n  t h e  p H - r e f le c ta n c e -  
se d im e n t  c u r v e s  i s  sh o w n  in  F ig .  2. S a m p le s  w ere  h o m o g e n iz e d  d o w n str e a m  in  2 
s t a g e s  a t  1500  a n d  5 0 0 1 b /in 2 re sp e c t iv e ly  u s in g  a n  a se p t ic  M a n to n  G a u lin  s in g le 
p is to n  h o m o g e n iz e r , M o d e l 1 5 M - 8 7 A , fo llo w in g  p H  a d ju s tm e n t  w ith  e ith e r  h y d r o 
ch lo ric  a c id  o r so d iu m  h y d ro x id e . T h e  sh a p e s  o f  th e  c u rv e s  in  F ig .  2  a re  s im ila r  t o  
th o se  in  F ig .  1, a lth o u g h  th e  p e a k  o f  th e  p H - re f le c ta n c e  c u rv e  is  low er.

A c id ific a t io n  o f  r a w  sk im -m ilk  b y  th e  a d d it io n  a n d  h y d r o ly s is  o f  g lu co n o -A - 
la c to n e  o r b y  th e  n a t u r a l  a c t io n  o f  ch a n c e  c o n ta m in a n t s  y ie ld e d , a f t e r  U H T
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. The reflectance and sediment depth in samples of unhomogenized UHT skim-mil 
function of pH. O . Agtron reading; + ,  sediment depth.

Fig. 2. The reflectance and sediment depth in samples of homogenized (1500 +  500 lb/in2) 
UHT skim-milk as a  function of pH. O . Agtron reading; + ,  sediment depth.
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t r e a t m e n t  (w ith o u t  h o m o g e n iz a t io n ) ,p H -r e f le c ta n c e - se d im e n t  c u rv e s  s im ila r  t o  th o s e  
in  F ig .  1. I t  m a y  t h u s  b e  c o n c lu d e d  t h a t  th e  m e th o d  u se d  fo r  a d d in g  h y d ro c h lo r ic  
a c id  d id  n o t  c a u se  lo c a liz e d  p r e c ip ita t io n .

W h o le  m ilk  p r o c e s s e d  b y  U H T  w ith  d o w n stre a m  h o m o g e n iz a tio n  a t  1500  lb /in 2, 
fo llo w e d  b y  5 0 0  lb /in 2 y ie ld e d  th e  p H - r e f le c ta n c e - se d im e n t  c u r v e s  sh o w n  in  F ig .  3. 
T h e  c h a n g e  in  re f le c ta n c e  w a s  m o d e r a te , w ith  o n ly  a  sm a ll  p e a k  a t  a  s l ig h t ly  low er 
p H  t h a n  t h a t  o c c u r r in g  w ith  h o m o g e n iz e d  sk im -m ilk . T h e  p e a k  o f  th e  m a x im u m  
re f le c ta n c e  o f  th e  U H T  h o m o g e n iz e d  w h o le  m ilk  w a s  m u c h  h ig h e r  t h a n  t h a t  o f  th e  
sk im  (91 A g tr o n  u n it s  c o m p a r e d  w ith  77 A g tr o n  u n it s )  d u e  to  th e  p re se n c e  o f  th e  
fin e ly  d iv id e d  f a t  g lo b u le s . T h e  p H - s e d im e n t  c u rv e  in  F ig .  3 in d ic a te s  a  v e r y  la r g e  
a m o u n t  o f  se d im e n t  a t  low  p H  v a lu e s .

Fig. 3. The reflectance and sediment depth in samples of unhomogenized UHT whole milk as a 
function of pH. O , Agtron reading; + ,  sediment depth.

T h e  r a p id  in c re a se  in  th e  a m o u n t  o f  se d im e n t  p r e s e n t  in  U H T  u n h o m o g e n iz e d  
sk im -m ilk  a s  a  fu n c t io n  b o th  o f  p H  a n d  o f  s te r i liz in g  te m p e r a tu r e  i s  sh o w n  in  F ig .  4, 
w h ic h  c o v e r s  th e  p H  r a n g e  6 -3 -6  *9 a n d  te m p e r a tu r e s  fro m  100  t o  142 °C . A  v e r y  
r a p id  c h a n g e  in  th e  sh a p e  o f  th e  c u rv e s  w a s  o b s e r v e d  o v e r  th e  p H  ra n g e , 6 -7 0 -6 -5 0 , 
w ith  th e  v o lu m e  o f  se d im e n t  p r e s e n t  in c re a s in g  a b o u t  6 4 -fo ld  a t  a  s te r i liz a t io n  te m -  
p e r a t u r e o f  142  °C  o v e r  th is  p H  ra n g e . F o r  m ilk  p r o c e s s e d  a b o v e  135 °C , se d im e n t  d e p th  
in c r e a se d  r a p id ly  w ith  th e  d r o p  in  p H , u n t i l  a t  a p p r o x im a t e ly  p H  6-4, a  m a x im u m  
v a lu e  w a s  re a c h e d . T h e  se d im e n t  a t  o r  b e lo w  th is  p H  r e p r e se n te d  a t  l e a s t  90  %  o f  th e  
c a se in  a n d  40  %  o f  th e  w h e y  p r o te in s  o f  th e  m ilk  a s  e s t im a t e d  b y  n itro g e n  b a la n c e .

I t  i s  w e ll k n o w n  t h a t  t h e  d e n a tu r a t io n  o f  w h e y  p ro te in  d u r in g  h e a tin g  o f  m ilk  is  
p H - d e p e n d e n t . W ith  th e  U H T  m ilk  in  th is  s t u d y  o n ly  r e la t iv e ly  m in o r  c h a n g e s  
o c c u r re d  in  th e  p H  r a n g e  6 -3 8 -7 -1 1  (T a b le  1).



W a sh e d  a n d  d r ie d  s a m p le s  o f  th e  se d im e n t  e x h ib ite d  p ro p e r t ie s  s im ila r  to  th o se  
re p o r te d  b y  M u lle r , H a y e s  &  S n o w  (1 9 6 7 ) a s  c h a r a c te r is t ic  o f  a  r a th e r  in so lu b le  
m e d iu m  c a lc iu m  c o -p re c ip ita te . W h en  w h o le  m ilk  w a s  p r o c e s s e d  th e  se d im e n t  co n 
ta in e d  a p p r o x im a t e ly  8 %  f a t  on  a  d r y  b a s i s .
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Fig. 4. The sediment depth present in samples of unhomogenized UHT skim-milk as a  function 
of pH and sterilizing temperatures. Tests carried out after sterilization at 100, 110, 120, 129,
140 and 150°C.

T a b le  1. T h e  n o n -case in  N  contents o f  d irectly  p ro cessed  
U H T  m ilk  {1 4 5  °G  f o r  3  s)

pH
t A ' ^
7-11 6-98 6-85 6-77 6-68 6-57 6-49 6-38

Non-casein N, mg/ml 1-04 1-03 1-02 1-02 0-98 0-99 0-96 0-92

S e p a r a t io n  o f  th e  v e r y  fin e  s e d im e n t  fro m  th e  m ilk  b y  g r a v i t y  w a s  r e la t iv e ly  slo w . 
I t  w a s  o b se rv e d  in  g r o s s  a m o u n ts  in  th e  b o t t o m  o f  c o n ta in e r s  a p p r o x im a t e ly  1 h  
a f t e r  fillin g . C o a g u la t io n  o f  th i s  fin e se d im e n t  in to  a  p r o d u c t  t h a t  c o u ld  b e  m o re  
r e a d i ly  h a n d le d  w a s  a c h ie v e d  b y  h e a t in g  th e  m ilk  a t  90  °C  fo r  10 m in , o r  b y  d e c re a s in g  
th e  p H  t o  5-5  o r  lo w er. T h e  p r e c ip it a t io n  o f  p r o te in s  b y  U H T  t r e a t m e n t  m a y  p r o v id e  
a n  a l te r n a t iv e  m e th o d  fo r  th e  m a n u fa c tu r e  o f  c o -p re c ip ita te .

T h e  re f le c ta n c e s  o f  th e  s a m p le s  sh o w n  in  F ig .  4  a r e  se e n  in  F ig .  5  a s  a  fu n c t io n  o f  
s te r i liz a t io n  te m p e r a tu r e  a n d  p H . A g a in , v e r y  s ig n if ic a n t  c h a n g e s  in  th e  sh a p e  o f  th e  
c u rv e  o c c u rre d  in  th e  p H  r a n g e  6 -7 0 -6 -5 0 . I t  sh o u ld  b e  n o te d  t h a t  th e  te m p e r a tu r e  
r e q u ir e d  fo r  m a x im u m  re f le c ta n c e  d e c r e a se d  w ith  f a l l  in  p H .

T h e  in flu e n ce  o f  a d d it iv e s  o n  t h e  re f le c ta n c e  a n d  se d im e n t  fo r m a tio n  o f  u n 
h o m o g e n iz e d  U H T  sk im -m ilk  w a s  a lso  e x a m in e d . T h e  u se  o f  so d iu m  d i-h y d ro g e n
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Fig. 5. The reflectance of unhomogenized TJHT skim-milk as a  function of pH and sterilizing 
temperatures. Tests carried out after sterilization at 100, 110, 120, 129, 140 and 150°C.

Fig. 6. The effect of pH adjustment by the addition of sodium di-hydrogen phosphate and di
sodium hydrogen phosphate on the reflectance and sediment of unhomogenized UH T skim-milk. 
O , Agtron reading; + ,  sediment depth.
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p h o s p h a te  a n d  d i- so d iu m  h y d ro g e n  p h o s p h a te  t o  a d ju s t  th e  p H  o f  sk im -m ilk  y ie ld e d  
th e  p H - re f le c ta n c e  a n d  p H  se d im e n t  c u r v e s  sh o w n  in  F ig .  6. T h e  re f le c ta n c e  c u rv e  
w a s  s im ila r  to  t h a t  r e p o r te d  b y  B u r t o n  (1 9 5 5 a )  a n d , a s  w o u ld  b e  e x p e c te d , th e  d e g re e  
o f  se d im e n t  fo r m a t io n  w a s  v e r y  sm a ll .  S im ila r  c u rv e s  w ere  o b se rv e d  u p o n  a d d it io n  o f

Effect of p H  and heat on U H T  m ilk

Fig. 7. The effect of the addition of calcium chloride or EDTA on the reflectance of unhomogen
ized UHT skim-milk. V> 0*05%  CaCl2 series; + ,  0-10% EDTA series; O» control series.

Fig. 8. The effect of the addition of calcium chloride or EDTA on the sediment depth in un
homogenized UHT skim-milk. V> 0-05% CaCl2 series; -f-, 0-10% EDTA series; O» control 
series.
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0-2 %  so d iu m  c it r a te  t o  th e  sk im -m ilk  fo llo w e d  b y  p H  a d ju s tm e n t  w ith  h y d ro c h lo r ic  
a c id . W h en  e ith e r  a c e t ic  a c id  o r  o r th o p h o sp h o r ic  a c id  w a s  u se d  fo r  p H  a d ju s t m e n t  
o f  r a w  sk im -m ilk , th e  p H - r e f le c ta n c e - se d im e n t  c u rv e s  w ere  s im ila r  to  th o s e  sh o w n  
in  F ig .  1.

T h e  a c t io n  o f  p h o s p h a te  a n d /o r  c i t r a te  s a l t s  p o in t s  t o  a  sp e c if ic  ro le  o f  c a lc iu m  in  
th e  se d im e n t  fo r m a t io n . T o  c la r i fy  th is  ro le , fu r th e r  t e s t s  w ere  c a r r ie d  o u t  w ith  th e  
a d d it io n  o f  e ith e r  0 - 0 5 %  c a lc iu m  ch lo rid e  o r  0-1 %  e th y le n e d ia m in e te tr a a c e t ic  a c id  
d i- so d iu m  s a l t  (E D T A )  fo llo w e d  b y  p H  a d ju s tm e n t  w ith  h y d ro c h lo r ic  a c id  o r  so d iu m  
h y d ro x id e . T h e  r e f le c ta n c e - p H  c u rv e s  f ro m  th e se  se r ie s  ( to g e th e r  w ith  a  c o n tro l)  a r e  
sh o w n  in  F ig .  7 a n d  th e  s e d im e n t - p H  c u r v e s  in  F ig .  8. T h e  u se  o f  c a lc iu m  c h lo r id e  
sh if t e d  th e  p e a k  o f  th e  p H - re f le c ta n c e  c u rv e  to  a  h ig h e r  p H  v a lu e , w h e re a s  th e  u se  o f  
0-1 %  E D T A  r e s u lte d  in  a  m o re  a c id - s ta b le  m ilk  w ith  a  m a x im u m  a t  a  lo w e r p H  
v a lu e . T h e  c u rv e s  o b ta in e d  a t  h ig h e r  le v e ls  o f  E D T A  a d d it io n  (0-3  % ) w ere  s im ila r  
to  th o se  in  F ig .  6 . T h e  a d d it io n  o f  e n o u g h  E D T A  (0-3  % )  t o  b in d  a b o u t  o n e - th ird  o f  
th e  c a lc iu m  p r e s e n t  p r e v e n te d  th e  se d im e n t  fo r m a tio n  a s  th e  p H  d e c re a se d .

DISCUSSION

I t  h a s  b e e n  sh o w n  b y  Z a d o w  ( 1969) t h a t  th e  e ffe c t  o f  U H T  t r e a t m e n t  o n  th e  r e f le c t 
a n c e  o f  m ilk  a t  n o r m a l p H  is  c o n tro lle d  m a in ly  b y  th e  s te r i liz a t io n  te m p e r a tu r e  a n d  
h o ld in g  t im e  e m p lo y e d  in  th e  p ro c e ss . A s  th e  s te r i l iz a t io n  te m p e r a tu r e  i s  in c r e a se d  
w ith  c o n s ta n t  h o ld in g  t im e , th e  re f le c ta n c e  in it ia l ly  in c re a se s , r e a c h e s  a  m a x im u m  
a n d  th e n  d e c re a se s . R o w la n d  (1 9 3 3 ) su g g e s te d  t h a t  h e a t- c o a g u la t io n  o f  th e  so lu b le  
p r o te in s  o f  m ilk  o c c u r re d  in  2 s t a g e s ,  a n  in it ia l  d é n a tu r a t io n  b e in g  fo llo w e d , u n d e r  
su i ta b le  c o n d it io n s , b y  p r e c ip ita t io n  o f  th e  p ro te in . O n ly  p ro te in  p r e c ip it a t e d  in  
p a r t ic le s  la r g e  e n o u g h  t o  s c a t t e r  l ig h t  w ill in flu e n c e  th e  re f le c ta n c e  o f  th e  m ilk . 
T h e  p H  o f  th e  sy s t e m  w ill b e  a  m a jo r  f a c t o r  in flu e n c in g  th e  d e g re e  o f  c o a g u la t io n  
o f  th e  d e n a tu r e d  p ro te in . T h e  le v e l o f  n o n -c a se in  N  re m a in in g  in  U H T  m ilk  is  
p H - d e p e n d e n t , b u t  in  th e se  s tu d ie s  o n ly  r e la t iv e ly  sm a ll  c h a n g e s  o c c u r re d  in  th is  
v a lu e . T h is  s u g g e s t s  t h a t  a  c h a n g e  in  th e  d e g re e  o f  w h e y  p ro te in  d é n a tu r a t io n  w ith  
p H  is  n o t  a  m a jo r  fa c t o r  in flu e n c in g  th e  p H - r e f le c ta n c e  cu rv e s .

I n  s tu d ie s  o n  th e  v a r ia t io n  o f  w h ite n in g  in  m ilk  o c c u rr in g  o n  h e a t in g  t o  90  °C  
B u r t o n  (1 9 5 5  a )  r e p o r te d  a n  a lm o s t  l in e a r  r ise  in  re f le c ta n c e  w ith  d e c r e a s in g  p H  d o w n  
t o  p H  6 T 5 ,  th e  lo w e st  le v e l  e x a m in e d . T h e  e ffe c t  o f  U H T  t r e a t m e n t  o n  re f le c ta n c e  
d id  n o t  fo llo w  th is  p a t t e r n ;  a  m a x im u m  re f le c ta n c e  w a s  fo u n d  a t  a p p r o x im a t e ly  p H  
6-7. B e lo w  th is  v a lu e  a  r a p id  d r o p  in  re f le c ta n c e  w ith  d e c re a s in g  p H  w a s  o b se rv e d .

T h e  se d im e n t- re f le c ta n c e -p H  c u rv e s  in  F ig s  4  a n d  5 sh o w  t h a t  th e  u n e x p e c te d  
d e c re a se  in  w h ite n e ss  w ith  d e c re a s in g  p H  r e s u lt s  fro m  fo r m a tio n  o f  g r o s s  a m o u n ts  o f  
p ro te in a c e o u s  p r e c ip it a te . T h e  c a u se  o f  th e  fo r m a tio n  o f  th i s  c a se in - w h e y  p r o te in  
c o m p le x  is  d iff ic u lt  t o  d e te rm in e , p a r t ic u la r ly  a s  a  r e la t iv e ly  sm a ll  c h a n g e  in  p H  
(0-3 u n it s )  sh if t s  th e  q u a n t i t y  o f  th e  p r e c ip it a te  fro m  a lm o s t  z e ro  t o  a b o u t  i t s  
m a x im u m  v a lu e  o n  U H T  t r e a tm e n t .  Y o s h ir o , W ilso n  & H e r re id  (1 9 6 1 ), in  s tu d ie s  o n  
t h e  s iz e  o f  p ro te in  p a r t ic le s  in  U H T  m ilk , d e te rm in e d  se d im e n ta t io n  v a lu e s  on  sk im -  
m ilk  a c id if ie d  w ith  e ith e r  a c e t ic  o r p h o sp h o r ic  a c id . T h e  r a t e  o f  c h a n g e  in  s e d im e n t a 
t io n  v a lu e s  w ith  p H  in c re a se d  r a p id ly  a s  th e  p H  w a s  d e c r e a se d  fro m  6-58 , r e a c h in g  a  
m a x im u m  a t  a p p r o x im a te ly  p H  6-35 . W ith  fu r th e r  d e c re a se  in  p H , th e  r a t e  o f  c h a n g e



o f  se d im e n ta t io n  d e c r e a se d  r a p id ly .  H o w e v e r , g r o s s  fo r m a t io n  o f  p r e c ip it a t e  w a s  n o t  
r e p o r te d  t o  o c c u r  in  th e se  s tu d ie s .

F o r  th e ir  w o rk , Y o s h ir o  el a l .  (1 9 6 1 ) e m p lo y e d  a  M a llo ry  in d ir e c t  t u b u la r  h e a te r  
w ith  a  s te r i liz a t io n  te m p e r a tu r e  o f  145  °C  a n d  n o  in te n t io n a l  h o ld in g  t im e . T h is  
c o n t r a s t s  w ith  th e  d ire c t  s t e a m  in je c t io n  sy s t e m  o p e r a t in g  a t  149 °C  w ith  a  h o ld in g  
t im e  o f  3-0  s  u se d  in  th is  w o rk .

H o m o g e n iz a t io n  o f  sk im -m ilk  e x e r t s  o n ly  a  m in o r  e ffe c t  o n  th e  p H - r e f le c ta n c e -  
se d im e n t  c u rv e s . I n  c o m p a r iso n , h o m o g e n iz a t io n  o f  w h o le  m ilk  r e s u lt s  in  a  p H -  
re f le c ta n c e  c u rv e  w ith  o n ly  m in o r  v a r ia t io n s ,  a l th o u g h  h e a v y  se d im e n t  fo r m a tio n  is 
o b s e r v e d  a t  low  p H  v a lu e s .  T h e  a b se n c e  o f  m a jo r  c h a n g e s  in  re f le c ta n c e  m a y  b e  d u e  
to  th e  m a s k in g  e ffe c t  o f  th e  h o m o g e n iz e d  f a t  g lo b u le s  o r  t o  a n  in flu e n c e  o f  f a t -  
p ro te in  c o m p le x  fo rm e d  d u r in g  h o m o g e n iz a tio n .

O f  m a jo r  im p o r ta n c e  is  th e  s t a b i l iz in g  e ffe c t  o f  so d iu m  p h o s p h a te s  a n d  so d iu m  
c it r a te . B o t h  o f  th e se  c o m p o u n d s  se q u e s te r  c a lc iu m  a n d  i t  is  th e re fo re  p o s s ib le  t h a t  a  
c h a n g e  in  c a lc iu m  e q u i l ib r ia  i s  r e sp o n s ib le  fo r  th e  fo r m a tio n  o f  th e  p r e c ip it a te .  T h e  
e ffe c t  o f  t h e  a d d it io n  o f  c a lc iu m  c h lo r id e  t o  th e  m ilk  s u p p o r t s  th i s  v iew . S ta b i l iz a t io n  
m a y  b e  s im p ly  a  m a t t e r  o f  ca lc iu m  d is tr ib u t io n , a s  i t  w a s  p o s s ib le  to  p ro d u c e  se d im e n t-  
fre e  s a m p le s  b y  a d d it io n  o f  E D T A . O f  fu r th e r  in te r e s t  i s  th e  f a c t  t h a t  b a c te r ia l  a c t io n  
in  r a w  m ilk  b e fo re  U H T  t r e a t m e n t ,  r e su lt in g  in  a  p H  d e c re a se  o f  0 -2 -0 -3  u n it s ,  
y ie ld e d  a  p r o d u c t  c o n ta in in g  g r o s s  a m o u n ts  o f  se d im e n t . T h is  e m p h a s iz e s  y e t  a g a in  
th e  n e e d  t o  u se  o n ly  h ig h  q u a l i t y  r a w  m ilk  fo r  th e  m a n u fa c tu r e  o f  U H T  p r o d u c ts .

T h e  a u th o r  t h a n k s  M r L .  L .  M u lle r , M r F .  G . K ie s e k e r  a n d  M r J .  F .  H a y e s  fo r  
h e lp fu l  d is c u s s io n  a n d  a d v ic e . T h e  w o rk  w a s  in  p a r t  su p p o r te d  b y  g r a n t s  f r o m  th e  
A u s tr a l ia n  H a ir y  I n d u s t r y  R e s e a r c h  F u n d  a d m in is te r e d  b y  th e  A u s tr a l ia n  D a ir y  
P r o d u c e  B o a r d .
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C o m p a r i s o n  o f  m i l k s  p r o c e s s e d  b y  t h e  d i r e c t  a n d  i n d i r e c t  

m e t h o d s  o f  u l t r a - h i g h - t e m p e r a t u r e  s t e r i l i z a t i o n

V . D é n a tu r a t io n  o f  th e  w h ey  p r o te in s

B y  R .  L .  J .  L Y S T E R ,  T . C . W Y E T H , A . G . P E R K I N  a n d  H . B U R T O N

R a t io n a l  In st itu te  f o r  R e se arch  in  D a ir y in g , S h in fie ld , R e a d in g  R G 2  9A T

(R eceived  14 M a y  1971)

S u m m a r y . T h e  d is tr ib u t io n  o f  p ro te in  n itro g e n  w a s  d e te rm in e d  in  m i l t  t r e a t e d  b y  a n  
e x p e r im e n ta l  u lt r a - h ig h - te m p e ra tu re  (U H T )  p la n t ,  o p e r a t in g  a l te r n a t iv e ly  a s  a n  
in d ir e c t  o r  a s  a  d ire c t  h e a t in g  p la n t .

T h e  e x t e n t  o f  d e n a tu r a t io n  o f  /?- la c to g lo b u lin  c a n  b e  u se d  to  a s s e s s  th e  r e la t iv e  
s e v e r ity  o f  U H T  h e a t  t r e a t m e n t s ;  th i s  c r ite r io n  w a s  u se d  to  c o m p a r e  th e  in d ir e c t  
a n d  d ire c t  a r r a n g e m e n ts  o f  th e  p la n t  w ith  e a c h  o th e r  a n d  w ith  o th e r  p u b lish e d  r e su lt s .

T h e  t im e - te m p e r a tu r e  p ro f ile s  o f  th e  p la n t  w ere  u se d  t o  c a lc u la te  th e  e x p e c te d  
e x te n t  o f  d e n a tu r a t io n  o f  /M a c to g lo b u lin  d u r in g  t r e a t m e n t  o f  th e  m ilk . T h e  r e s u lt s  
o f  th e  c a lc u la t io n s  a re  in  f a ir  a g r e e m e n t  w ith  th e  a n a ly t ic a l  r e su lt s .

A n  e x p e r im e n ta l  u ltr a - h ig h - te m p e r a tu r e  (U H T )  p la n t  h a s  b e e n  d e sc r ib e d  b y  B u r t o n  
& P e rk in  (1 970 ) w h ic h  is  c a p a b le  o f  h e a t in g  m ilk  b y  e ith e r  d ire c t  s t e a m  in je c t io n  o r 
b y  in d ir e c t  h e a t in g ; fo r  b o th  a r r a n g e m e n ts ,  th e  t im e - te m p e r a tu r e  p ro file s  a re  k n o w n . 
A lth o u g h  th e  2 a r r a n g e m e n ts  h a v e  a lm o s t  id e n t ic a l  sp o r ic id a l  e f fe c ts  (F r a n k lin , 
U n d e rw o o d , P e r k in  & B u r to n , 1970 ), th e  e x t e n t  o f  d e n a tu r a t io n  o f  th e  w h ey  p r o te in s  
is  n o t  e x p e c te d  t o  b e  th e  s a m e  (B u r to n  & P e rk in , 1970). A c c o rd in g ly , th e  d is tr ib u t io n  
o f  p ro te in  n itro g e n  in  m ilk  t r e a t e d  b y  th e  p la n t  w a s  m e a su re d , a n d  th e  r e s u lt s  c o m 
p a r e d  w ith  v a lu e s  fo u n d  b y  o th e r  w o rk e rs .

EXPERIMENTAL METHODS

T h e  U H T  p la n t  a n d  i t s  o p e ra t io n  h a v e  b e e n  d e sc r ib e d  b y  B u r t o n  & P e rk in  (1 9 7 0 ). 
A fte r  t a k in g  a  sa m p le  o f  u n h e a te d  m ilk  fo r  a n a ly s i s ,  h a l f  o f  e a c h  b u lk  m ilk  w a s  t r e a t e d  
b y  th e  p la n t  o p e r a t in g  a s  a n  in d ir e c t  h e a t in g  p la n t ,  a n d  th e  o th e r  h a l f  b y  th e  p la n t  
o p e ra t in g  a s  a  d ir e c t  h e a t in g  p la n t .  T h e  t im e - t e m p e r a t u r e  p ro file s  w ere  s l ig h t ly  
d iffe re n t  fro m  th o se  g iv e n  b y  B u r t o n  & P e rk in  (1 9 7 0 ) a n d  a re  sh o w n  in  F ig s  1 a n d  2 : 
m a x im u m  t e m p e r a tu r e s  w ere  1 4 1 -1 °C  fo r  in d ir e c t  h e a tin g  a n d  1 4 3 -9 °C  fo r  d ire c t .

M ilk  s a m p le s  w ere  f r a c t io n a t e d  a n d  a n a ly s e d  a s  d e sc r ib e d  b y  A sc h a ffe n b u r g  & 
D re w ry  (1 9 5 9 ).
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RESULTS AND DISCUSSION

T h e  d istr ib u tio n  o f  p ro te in  n itrogen

A n y  U H T  t r e a t m e n t  o f  m ilk  c a u se s  a t  l e a s t  p a r t i a l  d e n a tu r a t io n  o f  so m e  o f  th e  
w h e y  p r o te in s ; o n  f r a c t io n a t io n , th i s  le a d s  t o  a n  a p p a r e n t  d e c re a se  in  th e  n o n -c a se in

T a b le  1. D istr ib u tio n  o f  n itrogen , in  m g  N j  1 0 0  g  m ilk , in  m ilk  
p ro ce ssed  by the direct a n d  in d irec t U H T  m ethod

Indirect Direct
Unheated process process

Total N (523-4)* 506-2 504-5
Casein N 384-0 448-7 436-6
Non-casein N 121-3 57-5 67-9
Non-protein N 26-2 26-1 25-7
Non-casein protein N 95-1 31-5 42-2
Proteose-peptone N 10-8 7-2 8-0
Globulin N 13-0 2-2 4-0
Total albumin N 71-3 22-1 30-2
/?-Lactoglobulin N 40-1 8-5 14-0
Residual albumin N 31-2 13-6 16-2

*  Value probably in error; 505-3 assumed for calculation of casein N.

T a b le  2. R e s id u a l  n ativ e  fi-lactoglobu lin  a s  a  p ercen tage  o f  the 
in i t ia l  concentration , in  m ilk  treated by v a r io u s  U H T  p la n ts

Type of plant

Direct heating plants: 
Alfa-Laval (pilot plant) 
APV (at N .I.R D .) 
Uperiser (in Switzerland) 
VTIS
Uperiser (in Germany)

Indirect heating plants: 
APV (at N .I.R.D.) 
Ahlborn 
Sterideal
Alfa-Laval (pilot plant) 
APV (in Germany l 
APV (in Italy)
APV (in Russia)

Native
/Mactoglobulin,

o//o Reference

65-5 (1)
34-9 (2)
27-1 (3)
26-4 (I)
19-0 (I)

21-2 (2)
11-1 (4)
9-7 (4)
8-9 (1)
6-9 (4)

0-15-4 (5)
0 (6)

(1) Zadow (1969), from the figures for milk heated to 135°C.
(2) This paper: see Table 1.
(3) Hostettler, Imhof & Stein (1965).
(4) Lembke, Prahm & Wegener (1968).
(5) Corradini & Bottazzi (1966).
(6) Zhdanova & Sergeeva (1968).

N ,  s in c e  d e n a tu r e d  w h e y  p r o te in s  p r e c ip it a te  w ith  th e  c a se in . O n  fu r th e r  f r a c t io n a 
t io n  o f  th e  n o n -c a se in  N , th i s  d e c re a se  w ill b e  p a r t i t io n e d  a m o n g  th e  v a r io u s  w h e y  
p r o te in s  a c c o rd in g  t o  th e ir  h e a t  s t a b i l i t ie s  a n d  th e  se v e r ity  o f  th e  h e a t  t r e a tm e n t .  T h is  
i s  i l lu s t r a t e d  b y  T a b le  1, w h ich  sh o w s th e  n itro g e n  d is tr ib u t io n s  fo u n d  fo r  o n e  o f  th e  
m ilk s  t r e a t e d  b y  th e  U H T  p la n t ;  2 o th e r  b u lk  m ilk s  w h ich  w ere  t r e a t e d  in  th e  s a m e
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w a y  g a v e  v e r y  s im ila r  r e su lt s .  F r o m  th e se  r e su lt s ,  i t  i s  c le a r  t h a t  th e  d ire c t  m e th o d  
g iv e s  m ilk  w ith  m o re  u n d e n a tu r e d  w h e y  p ro te in  th a n  th e  in d ir e c t  m e th o d , in  sp ite  o f  
th e  p ro c e s s in g  te m p e r a tu r e  b e in g  s l ig h t ly  h ig h e r  in  o rd e r  t o  a c h ie v e  th e  s a m e  sp o ri-  
c id a l  e ffe c t . T h is  i s  a s  e x p e c te d ; th e  r e a s o n s  a re  d i s c u s se d  b y  B u r t o n  (1 9 6 9 ) a n d  
B u r t o n  & P e rk in  (1 9 7 0 ).

T o  c o m p a r e  th e  e ffe c t  o f  d if fe re n t  X JH T  p la n t s ,  i t  i s  c o n v e n ie n t  t o  se le c t  o n e  o f  th e  
fr a c t io n s  sh o w n  in  T a b le  1, su c h  a s  /M a e to g lo b u lin , a n d  t o  c a lc u la te  th e  r e s id u a l  
n a t iv e  p r o te in  a s  a  p e r c e n ta g e  o f  th e  /M a e to g lo b u lin  p r e s e n t  in  th e  m ilk  b e fo re  h e a t 
in g ;  th i s  is  n e c e s s a r y  b e c a u s e  th e  a m o u n t  o f  /M a e to g lo b u lin  (a n d  th e  o th e r  w h e y  
p ro te in s )  in  r a w  m ilk  v a r ie s  c o n s id e ra b ly . T a b le  2 sh o w s th e  r e s u lt  o f  su c h  c a lc u la t io n s  
a p p l ie d  t o  th e  f ig u re s  in  T a b le  1 a n d  t o  so m e  o th e r  p u b lis h e d  f ig u re s . T h e  r e s u lt s  h a v e  
b e e n  g r o u p e d  a c c o rd in g  t o  th e  m e th o d  o f  h e a tin g , a n d  i t  is  c le a r  t h a t  in  g e n e ra l  le s s  
/M a e to g lo b u lin  i s  d e n a tu r e d  in  th e  d ir e c t  h e a tin g  p la n t s  t h a n  in  th e  in d ir e c t . U n f o r 
tu n a t e ly  n o th in g  i s  k n o w n  o f  th e  te m p e r a tu r e  p ro f ile s  o r  sp o r ic id a l  e ffic ien c ie s  o f  
th e se  p la n t s  (e x c e p t  fo r  th e  A P V  p la n t  a t  th e  N .I .R .D .) ,  a n d  e v e n  th e  m a x im u m  
te m p e r a tu r e  i s  n o t  k n o w n  in  m o s t  c a se s . H o w e v e r , th e  r e s u lt s  in  T a b le  2 s u g g e s t  t h a t  
th e  v a lu e s  o f  th e  p e r c e n ta g e  n a t iv e  /M a e to g lo b u lin  c a n  b e  t a k e n  a s  a n  in d e x  o f  th e  
se v e r ity  o f  h e a t- t r e a tm e n t  in  U H T  p la n t s .

C alc u la t io n s  o f  /3 -lado globu lin  d e n atu ra tio n

A n  e m p ir ic a l  e q u a t io n  fo r  th e  d e n a tu r a t io n  o f  /M a e to g lo b u lin  a s  a  fu n c t io n  o f  t im e  
o f  h e a t in g  w a s  fo u n d  b y  L y s t e r  (1 9 7 0 ). T h e  e q u a t io n  i s :

c _  1

c0 1 + c 0k t ’ ^

w h ere  c i s  th e  c o n c e n tr a t io n  o f  /M a e to g lo b u lin  in  g  l -1 a t  t im e  t in  se c o n d s , c0 is  th e  
in it ia l  c o n c e n tr a t io n  a n d  k  is  th e  r a t e  c o n s ta n t  in  g - 1 1 s - 1 . O th e r  e q u a t io n s  e x p r e s s in g  
f c a s a  fu n c t io n  o f  t e m p e r a tu r e  w ere  a lso  g iv e n , v a l id  fo r  d if fe re n t  te m p e r a tu r e  r a n g e s ;  
th e y  a re  :

lo g  k  =  3 7 - 9 5 -  14-51 (1 0 3/ T )  (2)

fo r  th e  r a n g e  b e tw e e n  68  a n d  90  °C , a n d

lo g  k =  5-98  -  2 -86  (103/ T )  (3)

fo r  th e  r a n g e  b e tw e e n  90  a n d  135 °C , w h ere  T  is  th e  t e m p e r a tu r e  in  K .  T h e se  e q u a 
t io n s  c a n  b e  u se d  w ith  th e  te m p e r a tu r e  p ro f ile s  t o  c a lc u la te  th e  v a lu e  o f  k a t  a n y  
p o in t  in  th e  U H T  p la n t ,  i f  i t  i s  a s s u m e d  t h a t  th e  se c o n d  e q u a t io n  c a n  b e  e x t r a p o la t e d  
w ith o u t  e r ro r  fro m  135  to  143-9 °C . T h e  r e su lt s  fo r  th e  2 a r r a n g e m e n ts  o f  th e  p la n t  
a re  sh o w n  in  F ig s  1 a n d  2 a s  p ro f ile s  o f  r a t e  c o n s ta n t  a g a in s t  t im e , w ith  th e  t e m p e r a 
tu r e  p ro file s  a lso  sh o w n  in  th e  s a m e  f ig u re s . T h e  m a x im u m  te m p e r a tu r e s  in  th e se  
f ig u re s  a re  th o s e  a c t u a l ly  m e a su r e d  o n  th e  p la n t  a n d  a re  1 4 1 T °C  fo r  th e  in d ir e c t  
h e a tin g  a r r a n g e m e n t  a n d  143-9 °C  fo r  th e  d ire c t . O th e r  d iffe re n c e s b e tw e e n  th e  p ro file s  
in  th e se  f ig u re s  a n d  th o s e  in  B u r t o n  & P e rk in  (1 9 7 0 ) a r ise  fro m  m in o r  a l te r a t io n s  in  
c o n n e c tin g  p ip e s .

T h e se  p ro f ile s  o f  r a t e  c o n s ta n t  v e r su s  t im e  c a n  b e  u s e d  to  c a lc u la te  th e  e x t e n t  o f  
d e n a tu r a t io n  o f  /M a e to g lo b u lin  d u r in g  p a s s a g e  th r o u g h  th e  p la n t .  T h e re  a re  2 p a r t s  t o

Whey protein denaturation in  U H T  m ilk
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Fig. 1. The indirect heating arrangement.----- , Profile of the rate constant for /J-lactoglobulin
dénaturation versus tim e ;----- , profile of the milk temperature versus time.

Fig. 2. The direct heating arrangem ent.----- , Profile of the rate constant for /?-lactoglobulin
dénaturation versus time ; ----- , profile of the milk temperature versus time.



th e  c a lc u la t io n . F i r s t ,  th e  a r e a  u n d e r  th e  r a t e - c o n s ta n t  p ro file  is  n u m e r ic a lly  in te g r a te d  
t o  fin d  a  v a lu e  o f  jk ( t ) d t  c h a r a c te r is t ic  o f  t h a t  p ro file . S e c o n d ly , th e  v a lu e  o f  th e  
in te g r a l  i s  u s e d  t o  r e p la c e  th e  p r o d u c t  kt in e q u a t io n  (1) fro m  w h ic h  th e  e x p e c te d  
c o n c e n tr a t io n  a f t e r  h e a t- t r e a tm e n t  c a n  th e n  b e  fo u n d . T h is  m e th o d  o f  c a lc u la t io n  is  
in  p r in c ip le  th e  sa m e  a s  t h a t  g iv e n  b y  B u r t o n  (1 9 5 8 ) fo r  th e  b a c te r ic id a l  e f fe c t iv e n e ss  
o f  a  U H T  p la n t ,  s im p lif ie d  b y  o m it t in g  c o n s id e ra t io n  o f  th e  d is tr ib u t io n  o f  re s id e n c e  
t im e s . T h e  v a l id i t y  o f  th e  m e th o d  d e p e n d s  on  th e  a s s u m p t io n  t h a t  c o n se c u t iv e  h e a t-  
t r e a t m e n t s  a t  d if fe re n t  t e m p e r a tu r e s  a re  a d d it iv e  in  th e ir  e f fe c t ; fo r  /M a c to g lo b u lin  
d e n a tu r a t io n , th i s  a s s u m p t io n  w a s  t e s te d  a n d  fo u n d  t o  h o ld , w ith in  e x p e r im e n ta l  
e r ro r , b y  L y s t e r  (1 9 7 0 ).
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T a b le  3. C o m p a r iso n  o f  fo u n d  a n d  ca lcu la ted  p ercen tage  re s id u a l  
fi- lactoglobu lin  in  3  m ilk s  a fte r  U H T  treatm ent

Indirect heating Direct heating
Date of ,-------------A-------------  ̂ ,------------- A-------

processing Found Calculated Found Calculated

4 March 21-2 24-0 34 9 47-6
18 March 16-7 23-7 310 47-3
6 May 16-5 25-1 28-9 49-2

T h e  f in a l r e su lt s  o f  th e se  c a lc u la t io n s  a re  sh o w n  in  T a b le  3 fo r  3 s a m p le s  o f  m ilk , a s  
p e r c e n ta g e  n a t iv e  /M a c to g lo b u lin , to g e th e r  w ith  th e  e x p e r im e n ta l  r e s u lt s  o f  th e  
a n a ly s i s  o f  th e se  m ilk s , e x p r e s s e d  in  th e  s a m e  w a y .

I t  is  se e n  t h a t  a g r e e m e n t  is  o n ly  fa ir ,  e s p e c ia lly  fo r  th e  d ire c t  h e a t in g  c a lc u la t io n s ; 
in  a l l  c a s e s  th e  e x p e c te d  a m o u n t  o f  /M a c to g lo b u lin  i s  g r e a te r  t h a n  t h a t  fo u n d  a n a ly t i 
c a lly . H o w e v e r , th e  c a lc u la t io n s  a r e  o f  v a lu e  in  in d ic a t in g  q u a l i t a t iv e ly  th e  r e la t iv e  
e f fe c ts  o f  th e  2 h e a t in g  m e th o d s , s in c e  t h e y  c o r re c t ly  p re d ic t  t h a t  m u c h  le s s  /?- 
la c to g lo b u lin  sh o u ld  b e  d e n a tu r e d  b y  th e  p la n t  in  th e  d ire c t  h e a tin g  a r r a n g e m e n t  t h a n  
in  th e  in d ir e c t  on e.

T h e r e  a r e  se v e r a l  p o s s ib le  c a u se s  o f  th e  d is c r e p a n c ie s  b e tw e e n  fo u n d  a n d  c a lc u la te d  
a m o u n ts  o f  /M a c to g lo b u lin . F o r  e x a m p le , th e  a s s u m p t io n  t h a t  c o n se c u t iv e  h e a t-  
t r e a t m e n t s  a r e  a d d it iv e  m a y  b e  o n ly  a p p r o x im a t e ly  t r u e ;  a lso  i t  is  p o s s ib le  t h a t  th e  
v e r y  h ig h  tu r b u le n c e  in  th e se  p la n t s  e n h a n c e s  th e  r a t e  o f  d e n a tu r a t io n . A n o th e r  
c o n s id e ra t io n  is  t h a t  th e  t im e - t e m p e r a t u r e  p ro f ile s  u s e d  a s  a  b a s i s  fo r  th e  c a lc u la t io n s  
a r e  m e a n  p ro fi le s ; in  r e a li ty , th e re  is  a  d is tr ib u t io n  o f  m ilk  re s id e n c e  t im e s . H o w  m u c h  
th is  a f fe c t s  th e  c a lc u la t io n  o f  th e  e x t e n t  o f  r e a c t io n  is  n o t  k n o w n . F in a l ly ,  so m e  p a r t s  
o f  th e  m ilk  m u s t  a t t a in  b r ie f ly  t e m p e r a tu r e s  t h a t  a r e  c o n s id e ra b ly  h ig h e r  t h a n  th o s e  
sh o w n  in  th e  te m p e r a tu r e  p ro f i le s ; fo r  e x a m p le , n e a r  th e  s te a m  in le t  in  th e  d ire c t  
h e a t in g  a r r a n g e m e n t , a n d  in  t h e  la y e r  o f  m ilk  a d ja c e n t  t o  th e  su r fa c e  o f  th e  h e a t-  
e x c h a n g e r  p la t e s  in  th e  in d ir e c t  h e a tin g  a r ra n g e m e n t . I n  th e se  c a lc u la t io n s  n o  a t te m p t  
h a s  b e e n  m a d e  t o  a llo w  fo r  th e se  e ffe c ts , b u t  a l l  o f  th e m  m ig h t  g iv e  r i se  t o  s ig n if ic a n t  
c h a n g e s  in  th e  e x t e n t  o f  d e n a tu r a t io n .
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S o m e  a s p e c t s  o f  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  m i l k  f a t  

g l o b u l e  m e m b r a n e  d u r i n g  l a c t a t i o n

B y  M . A N D E R S O N  a n d  G . C . C H E E S E M A N  

N a t io n a l  In st itu te  f o r  R e se a rc h  in  D a ir y in g , S h in fie ld , R e a d in g , R G 2  9A T

(R eceived  27  M a y  1971)

S u m m a r y . T h e  p ro te in , p h o sp h o lip id  a n d  n e u tr a l  l ip id  c o m p o s it io n  o f  a  d e o x y c h o la te -  
so lu b le  f r a c t io n  (D O O M ) fro m  b o v in e  m ilk  f a t  g lo b u le  m e m b ra n e  (E G M ) w a s  d e te r 
m in e d , a t  in te r v a ls  d u r in g  la c t a t io n ,  in  3 co w s m a in ta in e d  a t  a  c o n s ta n t  le v e l  o f  fo o d  
in ta k e . I t  w a s  su g g e s te d  t h a t  th e  a p p e a r a n c e  o f  fre e  f a t  in  w a sh e d  c r e a m  d u r in g  th e  
f ir s t  2  d a y s  p o s t  p a r tu m  w a s  r e la t e d  t o  m e m b ra n e  s t a b i l i t y  in  c o lo s t r a l  se c re t io n . 
D iffe re n c e s  b e tw e e n  th e  co w s in  D O O M  y ie ld  (m g /100  g  c r e a m  lip id )  a n d  c o m p o sit io n  
w ere  g r e a t e s t  d u r in g  th e  f ir s t  25  d a y s  p o s t  p a r tu m . D O C M  y ie ld  in c r e a se d  m a r k e d ly  
a s  la c t a t io n  p ro c e e d e d  in  o n e  a n im a l ,  a n d  th is  w a s  th o u g h t  t o  b e  d u e  t o  a  d e c re a se  in  
g lo b u le  size . V a r ia t io n  in  D O C M  c o m p o sit io n  w a s  p r in c ip a l ly  d u e  t o  a n  a l te r a t io n  in  
n e u tr a l  l ip id  c o n te n t . T h e r e  w e re  fe w  d iffe re n c e s , h o w e v e r , b e tw e e n  th e  q u a n t i t ie s  o f  
p h o sp h o lip id  a n d  p r o te in  in  D O C M  fo r  a l l  3 a n im a ls ,  a n d  s im ila r ly  th e  p e r c e n ta g e  
c o m p o s it io n  o f  th e  m a jo r  D O C M  p h o s p h o lip id s  v a r ie d  l it t le , p h o s p h a t id y l  ch o lin e  
b e in g  th e  p r e d o m in a n t  p h o sp h o lip id .

V a lu e s  so  f a r  r e p o r te d  fo r  th e  c o m p o sit io n  o f  th e  b o v in e  m ilk  f a t  g lo b u le  m e m b ra n e  
(E G M ) h a v e  b e e n  o b ta in e d  u s in g  b u lk  m ilk  s a m p le s  fro m  d if fe re n t  b re e d s , a n d  
e m p lo y in g  a  v a r ie t y  o f  te c h n iq u e s  fo r  m e m b ra n e  i so la t io n  (H a y a s h i  & S m ith , 1 9 6 5 ; 
H u a n g  & K u k s i s ,  1 9 6 7 ; C h ien  & R ic h a r d s o n , 1 9 6 7 ; S w o p e  &  B r u n n e r , 1970 ). T h e se  
v a r ia b le s  a r e  g e n e r a lly  a c c e p te d  a s  b e in g  re sp o n s ib le , a t  l e a s t  in  p a r t ,  fo r  th e  o b se rv e d  
d iffe re n c e s  in  m e m b ra n e  c o m p o sit io n  (P re n t ic e , 1 9 6 9 ; S to r r y , 1970 ).

C o m p a r a t iv e  a s p e c t s  o f  E G M  c o m p o sit io n , in  t e r m s  o f  a n im a l  v a r ia t io n ,  b re e d , 
n u tr i t io n  a n d  s t a g e  o f  la c ta t io n ,  h a v e  n o t  b e e n  fu l ly  in v e s t ig a te d . C h e e se m a n  & 
M a b b it t  (1 9 6 8 ), f ro m  s tu d ie s  on  th e  p r o p e r t ie s  o f  F G M  in  r e la t io n  t o  f a t  r e te n t io n  in  
c h e e se  c u rd , su g g e s te d  t h a t  b e tw e e n -a n im a l d iffe re n c e s  in  m e m b ra n e  c o m p o sit io n  
o c c u r . H u a n g  & K u k s i s  (1 9 6 7 ) d e m o n s t r a te d  q u a n t i t a t iv e  c h a n g e s  b o th  in  in d iv id u a l  
l ip id s  a n d  in  th e ir  c o m p o n e n t f a t t y  a c id s  w h en  c o m p a r in g  E G M  p r e p a r e d  fro m  su m m e r  
a n d  w in te r  m ilk s .

T h e r e  a r e  e le m e n ts  in  th e  s t r u c tu r e  o f  th e  E G M  w h ic h  a r e  v e r y  e a s i ly  r e m o v e d  b y  a  
v a r ie t y  o f  p h y s ic a l  fo rc e s  (B ru n n e r , 1 9 6 5 a ) . I t  is  l ik e ly  t h a t  th e  o u te r  la y e r  is  
in v o lv e d  (M a b b it t  & C h e e se m a n , 1967) a n d  t h a t  th i s  la y e r  i s  im p o r t a n t  fo r  th e  
s t a b i l i t y  o f  th e  f a t  e m u ls io n  in  m ilk  (P re n t ic e , 1969 ). H a y a s h i  & S m ith  (1 9 6 5 ) sh o w e d  
t h a t  w h e n  c r e a m  w a s  t r e a t e d  w ith  so d iu m  d e o x y c h o la te  (D O C ) a  f r a c t io n  r ic h  in  
p h o s p h o lip id  a n d  re p re se n t in g  a p p r o x im a t e ly  40  %  o f  th e  t o t a l  m e m b ra n e  w e ig h t
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w a s  r e le a se d  in  a  so lu b le  fo rm . T h e y  p o s t u la t e d  t h a t  th i s  m a te r ia l  o r ig in a te d  fro m  th e  
o u te r  p o r t io n  o f  th e  m e m b ra n e .

T h e  o b je c t  o f  th e  p r e s e n t  w o rk  w a s  to  d e te rm in e  w h e th e r  th e  l ip id  a n d  p ro te in  
c o m p o sit io n  o f  D O C -so lu b le  m e m b ra n e  (D O O M ) v a r ie d  w ith  s t a g e  o f  la c ta t io n .  M ilk  
fro m  in d iv id u a l  co w s, fe d  a t  a  c o n s ta n t  le v e l  o f  in ta k e , w a s  u s e d  a s  th e  so u rc e  o f  
m e m b ra n e  m a te r ia l .  A  p re l im in a r y  a c c o u n t  o f  th e  r e s u lt s  fo r  o n e  cow , in  e a r ly  l a c t a 
t io n , h a s  b ee n  p u b lis h e d  (A n d e r so n  & C h e e se m a n , 1970).

EXPERIMENTAL

A n im a ls

T h re e  F r ie s ia n  co w s w ere  u se d , e a c h  o f  w h ich  h a d  c o m p le te d  2 p r e v io u s  la c t a t io n s .  
F e e d  in ta k e  w a s  m a in ta in e d  c o n s ta n t  ir r e sp e c t iv e  o f  m ilk  y ie ld . T h e  a n im a ls  w e re  
h o u se d  a n d  s t a l l- fe d  th r o u g h o u t  th e  e x p e r im e n t  a n d  g iv e n  a  r a t io n  c o n s is t in g  o f  
6 - 8  k g  m e a d o w  h a y  p lu s  12 k g  c o m m e rc ia l  d a ir y  c o n c e n tr a te  tw ic e  d a i ly .  T h e  c a lv in g  
d a t e s  o f  th e  co w s w ere  a s  fo llo w s : co w  1, 25 O c to b e r  1 9 6 9 ; cow  2, 18 F e b r u a r y  1 9 7 0 ; 
cow  3, 21 M a rc h  1970 . T h e  d a y  n u m b e r s  u se d  in  su b se q u e n t  p a r a g r a p h s  re fe r  t o  th e  
n u m b e r  o f  d a y s  a f t e r  p a r tu r i t io n .

S a m p le s

A ll th e  s a m p le s  w ere  o b ta in e d  fro m  th e  m o rn in g  m ilk in g  e x c e p t  th o se  r e p r e se n t in g  
d a y s  1 a n d  2 fo r  cow  1. A  4-5-1 su b sa m p le  w a s  t a k e n  fro m  th e  t o t a l  m ilk  y ie ld  a n d  
p la c e d  in  a  v a c u u m  f la s k  im m e d ia te ly  a f te r  m ilk in g . T h e  t im e  in t e r v a l  b e tw e e n  
m ilk in g  a n d  p r e p a r a t io n  o f  th e  m e m b ra n e  w a s  6 0 - 9 0  m in , th e  te m p e r a tu r e  o f  th e  
m ilk  b e in g  m a in ta in e d  b e tw e e n  34 a n d  36 °C  d u r in g  t h a t  p e r io d .

S a m p lin g  fr e q u e n c ie s  w ere  n o t  id e n t ic a l  fo r  a l l  3 co w s. C ow  1 w a s  s a m p le d  d a i ly  
fo r  th e  f ir s t  14 d a y s ,  a n d  th e n  o n ce  e v e r y  3 d a y s  fo r  th e  n e x t  14 d a y s ,  o n ce  e v e r y  7 
d a y s  fo r  th e  fo llo w in g  14 d a y s  a n d  th e n  o n ce  e v e r y  4 0  d a y s .  S a m p lin g  fr e q u e n c ie s  
w ere  s im ila r  fo r  co w s 2 a n d  3 e x c e p t  t h a t ,  in  th e  l ig h t  o f  th e  r e su lt s  fo r  co w  1, s a m p lin g  
fr e q u e n c y  w a s  re d u c e d  d u r in g  th e  f ir s t  28  d a y s .

C rea m  p re p a ra t io n

C re a m  w a s  p r e p a r e d  fro m  4-5 1 o f  u n c o o le d , fre sh , ra w  m ilk  b y  s e p a r a t io n  in  a n  
A lfa  L a v a l  m o d e l A E  32 la b o r a t o r y  s e p a r a t o r  t h a t  h a d  b e e n  p re w a r m e d  w ith  
d e io n iz e d  w a te r  a t  4 0 °C . T h e  c re a m  w a s  w a sh e d  3 t im e s  in  5 v o lu m e s  o f  0 T 5 M - so d iu m  
p h o s p h a te  b u ffe r  o f  p H  7-0, c o n ta in in g  0-15  M -sod ium  ch lo rid e  a n d  0-25  M -su crose  
(H a y a s h i  & S m ith , 1965) a t  40  °C , th e  f a t  p e r c e n ta g e  o f  th e  c re a m  b e in g  a d ju s t e d  t o  
4 0  %  b e tw e e n  w a sh e s  b y  a d d it io n  o f  a n  a p p r o p r ia te  a m o u n t  o f  w a sh  b u ffe r . T h e  
e ffe c t iv e n e ss  o f  th e  w a sh in g  te c h n iq u e  in  re m o v in g  r e s id u a l  m ilk  p r o te in s  w a s  
m o n ito re d  b y  ch e c k in g  th e  w a sh in g s  fo r  th e ir  p re se n c e . A n t ib o d y - a n t ig e n  p r e c ip i t a 
t io n  t e s t s  w ere  c a r r ie d  o u t  o n  O u c h te r lo n y  a g a r  d iffu s io n  p la t e s  (b u ffe r  0-1 m  v e r o n a l  
o f  p H  8-6 c o n ta in in g  0-2  m  E D T A )  u s in g  r a b b i t  a n t i s e r a  t o  a sl-, /?-, /c-case in s, 
a - la c ta lb u m in  a n d  /L la c to g lo b u lin .

M em b ran e  iso la tio n

T h e  p r e p a r a t io n  o f  a  m e m b ra n e  f r a c t io n  (D O C M ) so lu b le  in  th e  p re se n c e  o f  so d iu m  
d e o x y c h o la te  (D O C ) w a s  b a s e d  on  th e  m e th o d  o f  H a y a s h i  & S m ith  (1 9 6 5 ). W a sh e d
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c r e a m  (4 0 - 7 0  m l) w a s  a d ju s t e d  t o  a  f a t  c o n te n t  o f  5 0 %  b y  a d d in g  b u ffe re d  su c ro se , 
a n d  sh a k e n  v e r y  g e n t ly  fo r  1 h  a t  40  °C , a f t e r  th e  a d d it io n  c f  a  so lu t io n  o f  D O C  t o  a  
c o n c e n tr a t io n  o f  0 - 5 %  (w /v ). A  s to c k  so lu t io n  c o n ta in in g  1 0 %  D O C  (w /v ) w a s  
m a d e  u p  in  0 -15  M -sodium  p h o s p h a te  b u ffe r  o f  p H  8-0, c o n ta in in g  0 -15  M -sod ium  
ch lo rid e  a n d  0-25  M -sucrose . T r e a t e d  c r e a m  w a s  c e n tr ifu g e d  in  100  m l t u b e s  a t  14 0 0 0  g  
fo r  30  m in  a t  35  °C  a n d  s e p a r a t e d  in to  a n  a q u e o u s  la y e r , a  p e lle t  ( P j ,  a n d  a  r e s id u a l  
f a t  la y e r  w ith  a  w h ite  f lu ffy  lo w -d e n s ity  m a t e r ia l  a t t a c h e d  t o  i t s  lo w e r su r fa c e . T o  
fa c i l i t a t e  r e m o v a l  o f  th e  la y e r s ,  th e  f a t  w a s  so lid if ie d  b y  p la c in g  th e  c e n tr ifu g e  tu b e  
in  c r u sh e d  ice . T h e  a q u e o u s  la y e r  w a s  c a r e fu lly  p o u r e d  o ff  th ro u g h  a  h o le  m a d e  in  
th e  f a t  la y e r  a n d  w a s  fu r th e r  c e n tr ifu g e d  in  50  m l t u b e s  a t  50 00 0  g  a t  4  °C  fo r  90 m in . 
A  c le a r  so lu t io n  o f  th e  D O C M  a n d  a  p e lle t  (P 2) w ere  o b ta in e d . T h e  so lu t io n  o f  D O C M  
w a s  d e c a n te d  fro m  th e  p e lle t  a n d  d ia ly s e d  fo r  48  h  a g a in s t  0 T  M -sod iu m  p h o s p h a te  
b u ffe r  so lu t io n  o f  p H  7-5 c o n ta in in g  0 T 5  M -sod iu m  ch lo rid e . T h e  t o t a l  D O C M  
v o lu m e  w a s  d e te rm in e d  a n d  a  p o r t io n  r e m o v e d  fo r  n itro g e n  a n a ly s i s .  T h e  r e m a in d e r  
w a s  c o n c e n tr a te d  u n d e r  n itro g e n  a t  30  °C  in  a  r o t a r y  e v a p o r a to r .

P e l le t s  P x a n d  P 2, b o th  re d -b ro w n  in  co lo u r , a n d  th e  r e s id u a l  f a t  la y e r  w ith  i t s  
a d h e re n t  la y e r  o f  lo w  d e n s ity  m a te r ia l  w ere  d is c a rd e d .

Com position o f f a t  globule membrane

A n a ly tic a l

D O C M  w a s  e x t r a c t e d  w ith  c h lo r o fo r m - m e th a n o l ( 2 :1 ,  v /v )  a n d  n o n - lip id  m a te r ia l  
w a s  r e m o v e d  b y  w a sh in g  w ith  0-88  %  (w /v ) a q u e o u s  K C 1 a c c o rd in g  t o  th e  m e th o d  o f  
P o lc h , L e e s  & S lo a n  S t a n le y  (1 9 5 7 ). T h e  l ip id  re s id u e  w a s  d r ie d  to  c o n s ta n t  w e ig h t  
u n d e r  n itro g e n , a n d  s to r e d  a t  — 10 °C  in  2 0 - 3 0  m l c h lo ro fo r m - m e th a n o l (2 :1 ,  v /v )  
c o n ta in in g  0-02  %  b u t y la t e d  h y d r o x y to lu e n e  a s  a n  a n t io x id a n t .

P h o sp h o lip id s  w ere  s e p a r a t e d  b y  th in - la y e r  c h r o m a to g r a p h y . S i l ic a  G e l G  la y e r s  
(0-4  m m ) w ere  p r e p a r e d  o n  20  x  20  cm  g la s s  p la t e s  a n d  a c t iv a t e d  fo r  2 h  a t  110  °C  
b e fo re  u se . A b o u t  10 m g  l ip id  w ere  s p o t t e d  o n  t o  th e  p la t e  w h ic h  w a s  th e n  d e v e lo p e d  
a t  ro o m  te m p e r a tu r e  in  150  m l o f  a  so lv e n t  c o n ta in in g  c h lo r o fo r m - m e th a n o l- 2 8  %  
a q u e o u s  a m m o n ia  ( 1 3 0 :5 0 :1 1 ,  v /v /v )  in  g la s s  c h a m b e r s  m e a su r in g  2 3 x  2 3 x  7 cm . 
T h e  ru n n in g  d is ta n c e  w a s  17 cm  in  a p p r o x im a t e ly  1-25 h . L ip id  b a n d s  w ere  m a d e  
v is ib le  b y  t r e a t m e n t  w ith  io d in e  v a p o u r ,  a n d  id e n t if ie d  b y  re fe re n c e  t o  s t a n d a r d  
p h o sp h o lip id s . I n d iv id u a l  p h o s p h o lip id s  w ere  i s o la t e d  b y  s c r a p in g  o f f  th e  a p p r o p r ia te  
b a n d  in to  Q u ic k fit  t u b e s  w ith  s iz e  1 9 /2 6  s to p p e r s ,  a n d  e x t r a c t e d  fro m  th e  s i l ic a  g e l  
b y  sh a k in g  w ith  15 m l o f  m e th a n o l- H C l ( 9 0 :1 0 ,  v /v )  fo r  2 m in . T h e  e x t r a c t  w a s  
c la r if ie d  b y  c e n tr i fu g a t io n  fo r  15 m in  a t  1000  g .

P h o sp h o r u s  w a s  d e te rm in e d  b y  th e  m e th o d  o f  C h en , T o r ib a r a  & W a rn e r  (1 9 5 6 ) 
a n d  n itro g e n  b y  t h a t  o f  L a n g  (1 9 5 8 ).

A  fa c t o r  o f  25  w a s  u se d  t o  c o n v e r t  m g  l ip id  p h o s p h o r u s  to  m g  p h o sp h o lip id , a n d  
o f  6-25 t o  c o n v e r t  m g  n itro g e n  t o  m g  p ro te in .

R E S U L T S

C ow s 2 a n d  3 d ie d  d u r in g  th e  e x p e r im e n ts  a n d  n o  s a m p le s  w ere  o b ta in e d  fro m  th e m  
a f te r  d a y s  82 a n d  45  re sp e c t iv e ly . S a m p lin g  fro m  co w  1 w a s  s to p p e d  a t  d a y  24 8  s in c e  
th is  a n im a l  h a d  p e r s is t e n t  m a s t i t i s .  W h e n  m a s t i t ic  m ilk  w a s  “u se d  th e re  w a s  a  te n d e n c y



fo r  so m e  o ilin g -o ff  t o  o c c u r  d u r in g  D O C  t r e a t m e n t .  W ith  n o n - in fe c te d  m ilk  a  1-h 
in c u b a t io n  o f  5 0 %  c r e a m  w ith  0 - 5 %  D O C  (w /v ) d id  n o t  r e su lt  in  a n y  fre e  f a t  

fo r m a t io n .
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Days

Fig. 1. Effect of stage of lactation on the quantity (mg/100 g cream lipid) of total DOOM ( A)> 
and DOOM protein (A)? phospholipid ( # )  and neutral lipid (O)*

T h e  r e su lt s  o f  th e  a n t ib o d y - a n t ig e n  d iffu s io n  p re c ip it a t io n  t e s t s  sh o w e d  t h a t  m ilk  
p r o te in s  w ere  n o t  d e te c te d , e ith e r  in  th e  w a sh in g s  o f  w a sh  3 o r  in  th e  D O C M  fr a c t io n , 
w h en  th e  c r e a m  w a s  d i lu te d  w ith  5 t im e s  i t s  v o lu m e  o f  b u ffe re d  su c r o se  fo r  e a c h  w a sh .

T h e re  w a s  fo r m a t io n  o f  so m e  fre e  f a t  in  th e  s e p a r a t o r  a n d  th e  a p p e a r a n c e  o f  a  v e r y  
sm a ll  n u m b e r  o f  o il d r o p le t s  in  w a sh e d  c r e a m  o n  d a y s  1 a n d  2. T h e  c o lo u r  o f  th e  
D O C M  fro m  th e se  c r e a m s  w a s  a lso  v e r y  p a le  b u t  th e  in te n s i ty  in c r e a se d  fro m  d a y  2 t o  
d a y  5 t o  a  y e llo w -b ro w n  c o lo u r  w h ic h  w a s  m a in ta in e d  th r o u g h o u t  th e  e x p e r im e n t.

T h e  m ilk  f a t  p e r c e n ta g e  w a s  m o re  v a r ia b le  in  co w s 1 a n d  3 fro m  d a y s  1 t o  10 
(3 -3 -S -9  a n d  2 -4 -0 -6  re sp e c t iv e ly )  t h a n  d u r in g  th e  r e s t  o f  th e  la c ta t io n ,  w h en  th e



c o rre sp o n d in g  r a n g e s  w ere  2 -5 -3 -8  a n d  2 -6 -3 -6 . T h e  r a n g e  fo r  co w  2 fo r  d a y s  1 t o  82 
w a s  2 -5 -4 -0 .

T h e  q u a n t i t y  o f  D O O M  i s o la t e d  fro m  e a c h  o f  th e  3 a n im a ls  a n d  th e  a m o u n ts  o f  
m e m b ra n e  n e u tr a l  l ip id , p h o sp h o lip id  a n d  p ro te in , e x p r e s s e d  a s  m g / 1 0 0 g  c re a m
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T a b le  1. G ro ss co m p o sitio n  o f  the D O O M  fra c t io n  f r o m  cow 1

Days Neutral
post lipid,

partum 0//o
1 15-4
2 15-8
3 17-6
4 12-4
6 22-6
7 16-5
8 18-3
9 21-5

10 20-5
11 17-3
12 17-0
13 22-7
16 20-0
19 21-5
23 17-4
26 23-0
37 23-2
44 20-6
93 13-5

121 17-2
157 26-7
205 11-5
248 17-6

Phospholipid,
0//o

Protein,
0//o

44-0 40-6
37-1 47-1
47-2 35-2
50-6 37-0
39-9 37-5
52-4 311
39-4 42-3
37-1 41-4
30-8 48-7
42-0 40-7
44-0 390
39-6 37-7
40-0 40-0
42-2 36-3
42-5 40-1
40-2 36-8
34-0 42-8
34-7 44-7
37-3 49-2
34-6 48-2
32-5 40-8
41-8 46-7
36-8 45-6

T a b le  2. G ro ss co m p o sitio n  o f  the D O O M  fra c t io n  f r o m  cow 2

Days
post

Neutral
lipid, Phospholipid, Protein,

partum 0//o 0//o 0//o
1 29-4 46-8 23-8
2 17-6 52-4 30-0
3 19-5 55-2 25-3
4 21-3 48-7 30-0
6 22-2 42-3 35-5
7 21-2 45-3 33-5

10 16-0 46-8 37-2
12 12-7 45-9 41-4
16 13-6 47-8 38-6
20 30-4 38-0 31-6
26 34-4 31-3 34-3
47 37-7 32-7 29-6
82 9 1 36-4 54-5

lip id , a r e  sh o w n  in  F ig .  1. T h e  p e r c e n ta g e  c o m p o s it io n  o f  th e  D O O M  is  sh o w n  in  

T a b le s  1 -3 .
P r e p a r a t io n  o f  D O O M  w a s  n o t  u s u a l ly  d o n e  in  d u p lic a te , b u t  d u p lic a te  p r e p a r a t io n s  

c a r r ie d  o u t  f ro m  t im e  t o  t im e  d u r in g  th e  e x p e r im e n t  sh o w e d  t h a t  r e p l ic a t io n  w a s  

s a t i s f a c t o r y .
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T a b le  3. G ro ss co m p o sitio n  o f  the D O O M  fra c t io n  fro m  coiv 3

Days
post

Neutral
lipid, Phospholipid, Protein,

partum o//o 0//o 0/Zo
2 50-2 31-7 18-1
3 48-5 33-5 18-0
4 44-7 34-9 20-4
5 34-6 33-8 31-6

10 37-4 38-6 24-0
11 34-0 39-5 26-5
16 32-1 36-5 31-4
17 28-4 35-6 360
23 29-7 39-8 30-5
24 20-4 46-2 33-4
44 14-3 42-7 43-0
45 120 36-6 51-4

Days

Kg- 2. Effect of stage of lactation on the quantity (mg/100 g cream lipid) of the major DOOM 
phospholipids, phosphatidyl choline (O ), sphingomyelin ( * ) ,  phosphatidyl ethanolamine (A ) 
and phosphatidyl serine ( A )•
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I t  i s  w ell k n o w n  t h a t  o v e ra ll  m ilk  c o m p o sit io n  v a r ie s  fro m  d a y  t o  d a y .  I n  cow  3 

s a m p le s  w ere  ta k e n  o n  su c c e s s iv e  d a y s  a n d  sh o w e d  t h a t  w h ile  d a y - t o - d a y  v a r ia t io n  
o c c u rre d  (see  F ig .  1 c) i t  w a s  sm a ll  c o m p a r e d  w ith  th e  c h a n g e s  t h a t  o c c u r re d  o v e r  a  
lo n g e r  p e r io d .

D u r in g  th e  f ir s t  45  d a y s  th e  a m o u n t  o f  D O C M /lO O g  c r e a m  l ip id  i s o la t e d  w a s  
d if fe re n t  fo r  th e  d if fe re n t  co w s. T h is  w a s  p r in c ip a l ly  d u e  t o  v a r ia t io n  in  th e  a m o u n ts  
o f  n e u tr a l  l ip id , e s p e c ia l ly  in  co w  3 fro m  d a y  1 t o  d a y  25  a n d  in  co w  2 fro m  d a y  2 0  t o  
d a y  47 . T h e  le v e l o f  n e u tr a l  l ip id  w a s  r e la t iv e ly  c o n s ta n t  in  cow  1, r e p re se n t in g  15 %  
o f  th e  t o t a l  D O O M  o n  d a y  1 a n d  18 %  o n  d a y  248 . S im ila r  q u a n t i t ie s  o f  p ro te in  a n d  
p h o sp h o lip id  w ere  fo u n d  in  th e  D O O M  fro m  a ll  3 a n im a ls  d u r in g  d a y s  1 - 4 5  a l th o u g h  
th e re  w a s  a  w id e r  r a n g e  in th e  v a lu e s  f ro m  cow  1.

T a b le  4. M e a n  p h o sp h o lip id  co m p o sitio n  o f  D O O M  f o r  in d iv id u a l  
a n im a ls  a s  a  perceyitage o f  the to tal p h o sp h o lip id

Com position o f f a t  globule membrane

Cow 1* Cow 2f Ccw 3:
Phosphatidyl choline 29-7 29-5 29-7
s.E. mean ( +  ) 0-74 0-72 1-74
Sphingomyelin 26-9 26-1 20-8
s.E. mean ( +  ) 0-78 0-53 0-93
Phosphatidyl ethanolamine 201 21-1 20-5
s.E. mean ( +  ) 0-56 0-73 M 2
Phosphatidyl serine 16-8 190 18-3
s.E. mean ( +  ) 0-69 0-51 0-84

*  Mean of 13 values, f  Mean of 9 values. J  Mean of 6 values.

W ith  t h e  e x c e p t io n  o f  a  h ig h  le v e l o f  n e u tr a l  l ip id  o n  d a y  1 in  co w  2, co w s 1 a n d  2 
p r o d u c e d  s im ila r  q u a n t i t ie s  o f  D O O M  o f  c o m p a r a b le  c o m p o sit io n  d u r in g  th e  f ir s t  
10 d a y s .  T h e r e  a p p e a r e d  t o  b e  l i t t le  c h a n g e  in  D O O M  c o m p o sit io n , w ith  a n y  o f  th e  
a n im a ls ,  a t  th e  e n d  o f  c o lo s t r a l  se c re t io n .

P r o te in  a c c o u n te d  fo r  a  g r e a t e r  p r o p o r t io n  o f  th e  D O O M  t h a n  d id  p h o s p h o lip id  in  
co w  1 b e tw e e n  d a y s  8 a n d  10 a n d  fro m  d a y  37 o n w a rd s . T h is  w a s  a lso  n o te d  w ith  cow  2 
a t  d a y  82.

T h e  t o t a l  y ie ld  o f  th e  m a jo r  D O O M  p h o s p h o lip id s  is  sh o w n  in  F ig .  2 , a n d  t h e  m e a n  
p e r c e n ta g e  c o m p o sit io n  fo r  th e  D O O M  fro m  e a c h  a n im a l  i s  sh o w n  in  T a b le  4. P h o s p h o 
lip id  c o m p o s it io n  w a s  d e te rm in e d  o n ly  fo r  e v e r y  o th e r  s a m p le  d u r in g  d a y s  1 - 2 5 . 
T h e  m is s in g  v a lu e s  a p p a r e n t  fro m  a  c o m p a r iso n  o f  F ig s  1 a n d  2 w ere  d u e  t o  th e  f a c t  
t h a t  fo r  so m e  sa m p le s  (3  fro m  co w  1 a n d  1 fro m  co w  2) th e re  w a s  in su ffic ie n t  m a t e r ia l  
fo r  p h o s p h o lip id  a n a ly s i s .  W ith  a l l  3 co w s p h o s p h a t id y l  ch o lin e  w a s  q u a n t i t a t iv e ly  
th e  m o s t  im p o r t a n t  p h o sp h o lip id  in  th e  m e m b ra n e , b u t  in  co w s 1 a n d  3 sp h in g o m y e lin  
p r e d o m in a te d  in  v e r y  e a r ly  la c ta t io n .

DISCUSSION

T h e  m o s t  p ro fo u n d  c h a n g e s  in  m ilk  c o m p o s it io n  o v e r  th e  la c t a t io n  p e r io d  o c c u r  
d u r in g  th e  t r a n s i t io n  fro m  c o lo s t r a l  t o  n o r m a l  m ilk  se c re t io n . T h is  a p p e a r s  t o  b e  
p a r t ic u la r ly  so  fo r  le v e ls  o f  f a t  se c re t io n  in  th e  F r ie s ia n  b r e e d  (P a r r ish , W ise , H u g h e s  
&  A tk e so n , 1 9 5 0 ; G a r r a t t  &  O v e rm a n , 1940 ). I t  m ig h t , th e re fo re , b e  e x p e c te d  t h a t
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c h a n g e s  in  F G M  c o m p o s it io n  w o u ld  b e  lik e ly  t o  o c c u r  a t  th i s  t im e . T h e  r e s u lt s  f ro m  
th e  p r e s e n t  e x p e r im e n t  s u g g e s t  t h a t  c h a n g e s  in  th e  a m o u n t  a n d  c o m p o s it io n  o f  
D O O M  w ere  n o t  a s s o c ia t e d  w ith  th e  c e s s a t io n  o f  c o lo s t r a l  se c re t io n . V a lu e s  fo r  D O O M  
y ie ld  a n d  c o m p o sit io n  a f te r  p a r tu r i t io n  sh o w  t h a t  th e  d iffe re n c e s  b e tw e e n  co w s w ere  
g r e a t e s t  d u r in g  th e  f ir s t  25  d a y s  o f  l a c t a t io n ,  a n d  th e r e a f te r  b e c a m e  sm a lle r .

A lth o u g h  th e  p e r c e n ta g e s  o f  p h o sp h o lip id  a n d  p ro te in  w ere  d if fe re n t  in  D O O M  
(see  F ig .  1 a n d  T a b le s  1 -3 )  th e  a b so lu te  q u a n t i t ie s  o f  th e se  c o m p o n e n ts  w e re  a lm o s t  
th e  s a m e  fo r  co w s 2 a n d  3 th r o u g h o u t  th e  e x p e r im e n ta l  p e r io d . O v e ra ll, th e  q u a n t i t ie s  
o f  p ro te in  a n d  p h o sp h o lip id  fo r  cow  1 w ere  s l ig h t ly  lo w e r t h a n  fo r  th e  o th e r  2 co w s 
d u r in g  th e  f ir s t  25 d a y s .  I t  se e m s fro m  th e  r e s u lt s  in  F ig .  1 a n d  T a b le s  1 - 3  t h a t  fo r  a l l  
3 c o w s p ro te in  m a y  w ell h a v e  b e c o m e  th e  p r e d o m in a n t  D O O M  c o m p o n e n t  a f t e r  th e  
f ir s t  6  w e e k s  o r  so  o f  la c ta t io n .

T h e  D O O M  p r e p a r e d  in  th e  p r e s e n t  e x p e r im e n t  w a s  a  f r a c t io n  e s se n t ia l ly  s im i la r  t o  
t h a t  d e sc r ib e d  b y  H a y a s h i  & S m ith  (1 9 6 5 ); a  c h a n g e  in  th e  c o m p o sit io n  o f  th e  s to c k  
D O C  b u ffe r  w a s  th e  p r in c ip a l  d iffe re n c e  in  th e  2 m e th o d s  o f  i so la t io n . T o t a l  y ie ld  
o f  D O O M  o b ta in e d  b y  H a y a s h i  &  S m ith  (1 9 6 5 ), f ro m  b u lk - m ix e d  F r i e s i a n - J e r s e y  
m ilk  (833  m g /1 0 0  g  c r e a m  lip id )  w a s  h ig h e r  t h a n  t h a t  fo r  m o s t  o f  th e  m ilk s  e x a m in e d  
f r o m  co w s 1, 2  a n d  3. I n  g e n e ra l, th e  c o m p o s it io n  o f  th e  H a y a s h i- S m it h  m e m b r a n e  
(4 4  %  p ro te in , 43  %  p h o sp h o lip id , 13 %  n e u tr a l  l ip id )  sh o w e d  a  h ig h e r  p r o p o r t io n  o f  
p ro te in  a n d  a  lo w e r p r o p o r t io n  o f  n e u tr a l  a n d  p h o sp h o lip id s  t h a n  th e  D O O M  c o m 
p o s it io n  g iv e n  in  T a b le s  1 -3 , p a r t ic u la r ly  fo r  th e  e a r ly  p a r t  o f  la c ta t io n .

I t  i s  u s u a l ly  a c c e p te d  t h a t  lo s se s  o f  m e m b ra n e  m a te r ia l  o c c u r  d u r in g  F G M  p r e 
p a r a t io n  (S w o p e  &  B r u n n e r , 1968 ). S u c h  lo s se s  a r e  l ik e ly  t o  b e  a c c e n tu a te d  b y  a n y  
d e c re a se  in  F G M  s t a b i l i t y .  F r e e  f a t  w a s  o b se rv e d  b o t h  in  th e  s e p a r a t o r  a n d  in  w a sh e d  
c r e a m  in  th e  p r e p a r a t io n s  fro m  a ll  3 co w s o n  d a y s  1 a n d  2. D O O M  p ro te in  in c r e a se d  
o n  d a y  3 a n d  d a y  4  in  co w s 2 a n d  3 re sp e c t iv e ly . I t  se e m s p r o b a b le  t h a t  so m e  o f  th e  
m e m b ra n e  co n c e rn e d  w ith  F G M  s t a b i l i t y  w a s  m o re  e a s i ly  re m o v e d , c e r ta in ly  o n  
d a y s  1 a n d  2, t h a n  w ith  n o r m a l m ilk . T h e  p re se n c e  o f  a lk a lin e  p h o s p h a t a s e  a n d  
x a n th in e  o x id a s e  in  D O O M  w a s  o b s e r v e d  b y  H a y a s h i ,  E r ic k s o n  &  S m ith  (1 9 6 5 ), a n d  
s in c e  in  o u r  e x p e r im e n ts  th e re  w a s  a n  in c re a se  in  th e  y e llo w  c o lo u r  o f  D O O M  fro m  
d a y  1 to  d a y  5, w e s u g g e s t  t h a t  a t  l e a s t  p a r t  o f  th e  r e m o v e d  m a te r ia l  w a s  e n z y m ic  
in  o r ig in  a s  x a n th in e  o x id a s e  h a s  a  y e llo w  c o lo u r  in  d ilu te  so lu t io n  (A v is , B e r g e l  & 
B r a y ,  1955).

K e r n o h a n  &  L e p h e r d  (1 9 6 9 ) in d ic a te d  t h a t  th e  a v e r a g e  g lo b u le  s iz e  a n d  th e  n u m b e r  
o f  g lo b u le s /g  f a t  in c re a se d  a s  m ilk  f a t  p e r c e n ta g e  in c re a se d . T h u s , th e  a m o u n t  o f  
F G M /u n it  f a t  w o u ld  b e  e x p e c te d  t o  d e c re a se . T h e re  w ere  o n ly  v e r y  sm a ll  c h a n g e s  in  
m ilk  f a t  p e r c e n ta g e  fro m  d a y  16 u n t i l  d a y  157  in  cow  1, d u r in g  w h ich  t im e  th e  
D O O M  y ie ld  in c re a se d  b y  a b o u t  2 5 0  %  w ith  l i t t le  c o m p o s it io n a l  ch a n g e . I t  a p p e a r s  
l ik e ly  t h a t  th i s  in c re a se  w a s  d u e  to  a  d e c re a se  in  f a t  g lo b u le  s iz e , a l th o u g h  th e  p u b 
lish e d  in fo r m a t io n  o n  c h a n g e s  in  g lo b u le  s iz e  w ith  s t a g e  o f  la c t a t io n  is  n o t  d e f in it iv e  
o n  th i s  p o in t  (B ru n n e r , 1 9 6 5 6 ). V a r ia t io n  b e tw e e n  a n im a ls  a n d  b e tw e e n  s t a g e s  o f  
la c t a t io n  in  D O O M  c o m p o sit io n  w a s  la r g e ly  in  th e  n e u tr a l  l ip id  fr a c t io n , a l th o u g h  
s h if t s  in  p h o sp h o lip id  a n d  p ro te in  d id  o c cu r . T h e  p o s s ib i l i ty  a r is e s  t h a t  c o n t a m in a 
t io n  o f  D O O M  b y  r e s id u a l  m e m b ra n e  o r  b y  m ilk  f a t  t r ig ly c e r id e  m ig h t  h a v e  o c c u rre d . 
T h e  m o s t  l ik e ly  so u rc e  o f  c o n ta m in a t io n  d u r in g  th e  p r e p a r a t io n  o f  D O O M  is  t h e  low - 
d e n s i t y  m a te r ia l  d is c a r d e d  w ith  th e  r e s id u a l  f a t  la y e r  d e sc r ib e d  a b o v e  (p . 4 1 1 ).
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C o m p o sit io n a l  s t u d ie s  o n  th is  m a te r ia l  (A n d e rso n , C h e e se m a n  &  S h ip e , u n p u b lish e d ) 
r e v e a le d  t h a t  u p  t o  5 0  %  o f  th e  d r y  m a t t e r  w a s  n e u tr a l  l ip id . H o w e v e r , la r g e  a n d  
v a r y in g  a m o u n ts  o f  c o n ta m in a t io n  w o u ld  b e  r e q u ir e d  t o  a c c o u n t  fo r  th e  la r g e  v a r i a 
t io n  in  th e  p e r c e n ta g e  o f  n e u tr a l  l ip id  in  th e  D O O M .

C o n ta m in a t io n  b y  m ilk - fa t  t r ig ly c e r id e  c a n  o c c u r  w h en  a  c o o lin g  s te p  is  in tro d u c e d  
d u r in g  F G M  p r e p a r a t io n  (Y a s ic  &  d e M a n , 19 6 4 ). I n  th is  w a y  a  s y s t e m a t ic  e r ro r  
w o u ld  b e  in tro d u c e d . H o w e v e r , n e u tr a l  l ip id  v a r ia t io n  in  D O C M  w a s  n o t  c o n s ta n t  a n d  
u s u a l ly  p ro c e e d e d  in  s t a g e s  w ith  o c c a s io n a l  i s o la t e d  p e a k s , su g g e s t in g  t h a t  a  c o n s is te n t  
c o n ta m in a t io n  b y  tr ig ly c e r id e  h a d  n o t  o c c u r re d . I t  w o u ld  a p p e a r  l ik e ly  t h a t  th e  
v a r ia t io n s  in  n e u tr a l  l ip id  sh o w n  in  F ig .  1 r e p r e se n t  a  t r u e  re fle x io n  o f  v a r ia t io n  in  
D O C M  c o m p o sit io n .

T h e re  w e re  r e la t iv e ly  fe w  c h a n g e s  in  p e r c e n ta g e  c o m p o sit io n  o f  th e  m a jo r  D O C M  
p h o sp h o lip id s . R e c e n t  e v id e n c e  ( K a y s e r  & P a t t o n ,  1970) s u g g e s t s  t h a t  th e  lo n g -c h a in  
f a t t y  a c id s  (C20- C 2B) o f  sp h in g o m y e lin  h a v e  a  fu n c t io n a l  s ig n if ic a n c e  a s s o c ia t e d  w ith  
F G M  s t a b i l i t y .  I t  i s  o f  in te r e s t  t o  n o te  t h a t  a t  a  t im e  w h en  th e  f a t  e m u ls io n  a p p e a r e d  
t o  b e  le a s t  s t a b le ,  sp h in g o m y e lin  w a s  th e  p r e d o m in a n t  p h o sp h o lip id  in  t h e  D O C M  o f  
co w s 1 a n d  3.

T h e  d e ta i le d  a n a ly s i s  o f  a  q u a n t i t a t iv e ly  s ig n if ic a n t  f r a c t io n  o f  th e  F G M  c le a r ly  
i l lu s t r a t e s  t h a t  v a r ia t io n  in  th e  t o t a l  y ie ld  a n d  c o m p o sit io n  o f  t h a t  f r a c t io n  c a n  
o c c u r  b o th  d u r in g  a  la c t a t io n  a n d  b e tw e e n  in d iv id u a l  co w s o f  th e  s a m e  b re e d  fe d  a t  a  
c o n tro lle d  d ie ta r y  in ta k e , a l th o u g h  in  th e  p r e s e n t  w o rk  th e  q u a n t i t ie s  o f  p ro te in  
a n d  p h o sp h o lip id  in  t h e  f r a c t io n  w ere  s im ila r  b e tw e e n  co w s a n d  o v e r  m u c h  o f  th e  
la c ta t io n . S u c h  v a r ia t io n  c o u ld  r e a d i ly  a c c o u n t  fo r  th e  d iffe re n c e s  in  v a lu e s  fo r  y ie ld  
a n d  c o m p o s it io n  o f  F G M  r e p o r te d  b y  v a r io u s  w o rk e rs .

Com position o f f a t  globule membrane

T h e  a u t h o r s  a r e  g r a t e fu l  t o  M iss  M . G . W e s to n  a n d  M rs E .  J .  S a y e r  fo r  sk il le d  
te c h n ic a l  a s s is t a n c e .
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INTRODUCTION

T h e  te c h n iq u e  o f  o r g a n  c u ltu re  in v o lv e s  th e  m a in te n a n c e  o f  w h o le  o r g a n s  o r  p a r t s  
o f  o r g a n s  (e x p la n ts )  in  v i t r o , u s u a l ly  fo r  p e r io d s  o f  1 -2  w e e k s. C o n d it io n s  a r e  su c h  
t h a t  o u tg ro w th  is  d is c o u r a g e d  a n d  th e  n o rm a l d e v e lo p m e n t , a rc h ite c tu r e  a n d  fu n c t io n  
o f  th e  t is s u e  i s  m a in ta in e d  a s  f a r  a s  p o s s ib le . I n  th e se  r e sp e c t s  i t  d if fe r s  f ro m  t is s u e  
c u ltu re , in  w h ic h  a c t iv e  o u tg r o w th  o f  ce lls  o c c u r s , o fte n  re su lt in g  in  lo s s  o f  th e  o r ig in a l 
o r g a n iz a t io n  o f  th e  t i s s u e ; a n d  fro m  cell c u ltu re , in  w h ich  a n  a g e n t  su c h  a s  c o lla g e n a se  
i s  u se d  t o  d is so c ia te  ce lls  w h ich  a re  th e n  g ro w n  a s  sh e e ts  o n  a  su i ta b le  s u p p o r t  o r  in  
su sp e n s io n  (M o sc o n a , T ro w e ll & W illm e r, 1965).

T h e  f ir s t  d e v e lo p m e n t  o f  th e  o r g a n  c u ltu re  te c h n iq u e  to o k  p la c e  a s  lo n g  a g o  a s  th e  
19 2 0 s (F e ll ,  1 9 6 4 ; W illm e r , 19 6 5 ), b u t  e x te n s iv e  a p p l ic a t io n  to  th e  s t u d y  o f  th e  
m a m m a r y  g la n d  h a s  o n ly  o c c u r re d  s in c e  1950  (see  re v ie w s b y  F e l l ,  1 9 6 4 ; L a s n i t s k i ,  
1 9 6 5 ; D ie te r le n - L ie v r e , 19 7 0 ). T h e  e a r lie r  s tu d ie s  w ere  p r im a r ily  h is to lo g ic a l , c o n 
ce rn in g  th e  p r o g r e s s iv e  d e v e lo p m e n t  o f  th e  m a m m a r y  g la n d  a n d  th e  e f fe c t s  o f  
h o rm o n e s  o n  i t .  S in c e  c u ltu re d  t i s s u e s  a r e  d e p e n d e n t  o n  d iffu s io n  fo r  th e  e x c h a n g e  o f
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m a t e r ia l s ,  th e  m a x im u m  siz e  o f  e x p la n t s  i s  l im ite d  to  a  fe w  c u b ic  m illim e tre s , a n d  th i s  
h a s  r e s t r ic t e d  th e ir  u se fu ln e s s  fo r  b io c h e m ic a l s tu d ie s .  H o w e v e r , th e  d e v e lo p m e n t  o f  
s u i t a b le  m ic r o te c h n iq u e s  h a s  m o re  r e c e n t ly  e n a b le d  e x te n s iv e  b io c h e m ic a l  in v e s t i 
g a t io n s  t o  b e  m a d e  (T u r k in g to n , 1 9 6 8 a , 1 9 7 0 a ;  T o p p e r , 1970).

T h e  u se  o f  a n  in  v i t r o  s y s t e m  h a s  c e r ta in  o b v io u s  a d v a n t a g e s  in  i s o la t in g  th e  t i s s u e  
fro m  th e  b o d y  a n d  o ffe r in g  th e  p o s s ib i l i t y  o f  p la c in g  i t  in  a  c o n tro lle d  e n v iro n m e n t . 
F o r  r e a so n s  d i s c u s se d  in  d e ta i l  la te r  (p . 439 ) o r g a n  c u ltu re  o ffe rs  a  n u m b e r  o f  d i s t in c t  
a d v a n t a g e s  o v e r  th e  u se  o f  s lic e s  a n d  o v e r  t is s u e  a n d  ce ll c u ltu re  m e th o d s  fo r  th e  
s t u d y  o f  h o rm o n a l e f fe c t s  o n  th e  m a m m a r y  g la n d . A n y  in  v it r o  sy s t e m  is , h o w e v e r , to  
a  g r e a t e r  o r  le s se r  d e g re e  a b n o r m a l  a n d  i t  is  im p o r t a n t  t h a t  r e s u lt s  o b ta in e d  sh o u ld  b e  
c a r e fu lly  c o m p a r e d  w ith  th e  r e s u lt s  o f  s tu d ie s  p e r fo r m e d  in  v iv o .

T h e  e a r ly  s tu d ie s  o n  t h e  m a m m a r y  g la n d ’s  re sp o n se  to  h o rm o n e s  in  v i t r o  h a v e  b e e n  
re v ie w e d  b y  F e l l  (1 9 6 4 ), L a s n i t s k i  (1 9 6 5 ) a n d  D ie te r le n - L ie v r e  (1 9 7 0 ). T h e se  s t u d ie s  
w ill th e re fo r e  b e  c o n s id e re d  o n ly  b r ie f ly  a n d  in  r e la t io n  to  m o re  r e c e n t  w o rk .
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T h e  m e th o d s  w h ic h  h a v e  b e e n  u s e d  to  p e r fo r m  o r g a n  c u ltu re s  o f  m a m m a r y  g la n d  
v a r y  w id e ly  in  d e ta il ,  b u t  th e  b a s ic  p r in c ip le s  r e m a in  th e  sa m e . T h e re  a re  a  n u m b e r  
o f  e s se n t ia l  re q u ir e m e n ts  a n d  th e se  w ill b e  co n s id e re d . M u ch  in v a lu a b le  p r a c t ic a l  
in fo r m a t io n  o n  s e t t in g  u p  c u ltu re s  i s  p r o v id e d  b y  M o sc o n a  et a l .  (1 9 6 5 ) a n d  P a u l  (1 9 7 0 ). 
C u ltu re  a n d  a n a ly t ic a l  m e th o d s  w h ich  a r e  e sp e c ia lly  a p p l ic a b le  t o  th e  m a m m a r y  
g la n d  h a v e  b e e n  re v ie w e d  b y  R iv e r a  (1 9 7 1 ).

P rev e n tio n  o f  co n tam in atio n

T h is  c a n  o n ly  b e  a c c o m p lish e d  b y  c a re fu l  a t te n t io n  t o  s te r i le  te c h n iq u e s . A p p a r a t u s  
i s  s te r i liz e d  b y  d r y  h e a t  o r  a u to c la v in g , so lu t io n s  b y  f i l t r a t io n . A n t ib io t ic s ,  e s p e c ia l ly  
p e n ic ill in  a n d  s t r e p to m y c in , a re  o f te n  in c o r p o r a te d  in to  th e  c u ltu re  m e d iu m , b u t  
sh o u ld  n o t  b e  re lie d  o n  to  p r e v e n t  c o n ta m in a t io n . T h e  t o x ic  a n d  m e ta b o lic  in h ib ito r y  
e ffe c ts  o f  m a n y  a n t ib io t ic s  o n  ce lls  sh o u ld  a lw a y s  b e  c o n s id e re d  (B u c h e r  & S ie s ,  19 6 9 ).

T o  a v o id  th e  in tro d u c t io n  o f  t o x ic  c h e m ic a ls , c a re  sh o u ld  a lso  b e  t a k e n  o v e r  th e  
se le c t io n  a n d  c le a n in g  o f  a p p a r a t u s  (P a u l ,  1970 ).

C u ltu re  m e d ia

O rg a n  c u ltu re  is  c a r r ie d  o u t  u s in g  e ith e r  so lid  o r  l iq u id  m e d ia , w ith  o r  w ith o u t  th e  
a d d it io n  o f  so m e  n a t u r a l  c o n s t i tu e n t  su c h  a s  se ru m  o r  e m b ry o  e x t r a c t .  W h e n  i t  is  
p o s s ib le  t o  u se  d e fin e d  c o m p o n e n ts  in  a  l iq u id  m e d iu m , th is  i s  to  b e  p re fe rre d , s in c e  
n a t u r a l  c o n s t i tu e n ts  a re  o f  u n k n o w n  a n d  v a r ia b le  c o m p o sit io n , w h ile  l iq u id  m e d ia  
h a v e  th e  a d v a n t a g e  o f  a llo w in g  fre e  d if fu s io n  a n d  b e in g  r e a d i ly  c h a n g e d  o r  a d d e d  t o  a s  
th e  c o n d it io n s  o f  c u ltu re  o r  e x p e r im e n ta t io n  d e m a n d . S y n th e t ic  m e d ia  u s e d  w id e ly  
a n d  su c c e s s fu l ly  in c lu d e  m e d iu m  199  (M o rg a n , M o rto n  & P a r k e r ,  1950) a n d  m e d iu m  
M B  752/1  (W a y m o u th , 19 5 9 ), th o u g h  su c h  c o m p le x  m ix tu r e s  m a y  n o t  a lw a y s  b e  
e s se n t ia l .

I n  s tu d y in g  th e  v e r y  e a r ly  s t a g e s  o f  m a m m a r y  g la n d  d if fe re n t ia t io n  a  so lid  m e d iu m , 
su c h  a s  a  p la s m a  c lo t  o r  a g a r ,  a p p e a r s  to  b e  n e c e s sa r y . M e d ia  sh o u ld  b e  c h a n g e d  e v e r y  
fe w  d a y s  in  p ro lo n g e d  e x p e r im e n ts .
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T y p e s  o f  cu ltu re  vessel

I n  1929 , F e l l  &  R o b is o n  d e sc r ib e d  th e  u se  o f  a  w a tc h -g la s s  in  a  P e t r i  d is h  k e p t  
h u m id  b y  a  la y e r  o f  m o is te n e d  c o tto n  w o o l, fo r  th e  o r g a n  c u ltu re  o f  c h ic k  e m b ry o  
lim b  ru d im e n ts .  V ir t u a l ly  a l l  la te r  te c h n iq u e s  r e p r e se n t  so m e  m o d if ic a t io n  o f  th i s  
b a s ic  s y s te m , w h ich  is  i l lu s t r a t e d  in  F ig .  1. I n  th e  o r ig in a l  e x p e r im e n ts , th e  e x p la n t s  
w ere  su p p o r te d  o n  c o c k  p la s m a  c lo t te d  b y  th e  a d d it io n  o f  a n  e q u a l  v o lu m e  o f  e m b ry o  
e x t r a c t ,  b u t  v a r io u s  m o d if ic a t io n s  h a v e  b e e n  in tr o d u c e d  to  a llo w  th e  u se  o f  l iq u id  
m e d ia . T h e  p ro b le m  is  t o  su p p o r t  e x p la n t s  a t  th e  su r fa c e  o f  th e  m e d iu m , so  t h a t  th e y  
c a n  o b ta in  n u t r ie n t s  fro m  i t  w ith o u t  b e c o m in g  w a te r - lo g g e d , a s  m a tu r e  o r g a n s  in  
p a r t ic u la r  r e q u ir e  a  g o o d  o x y g e n  s u p p ly  t o  su r v iv e  s a t i s f a c t o r i ly  (T ro w ell, 1 959 ,
19 6 1 ). C h en  (1 9 5 4 ) u se d  le n s  p a p e r  a s  a  r a f t  to  s u p p o r t  c u ltu re s  a n d  th e  u se  o f  r a y o n  
f ib re  h a s  a lso  b e e n  d e sc r ib e d  (S h a ffe r , 1956 ). I f  r a y o n  so lu b le  in  a c e to n e  i s  u se d , th e  
e x p la n t s  c a n  b e  su p p o r te d  o n  i t  w ith o u t  d is tu r b a n c e  in  th e  in it ia l  s t a g e s  o f  h is to -

Fig. 1. A vessel for organ culture, after Fell & Robison (1929).

lo g ic a l  p r o c e s s in g  ( L a s f a r g u e s  & M u rr a y , 1959 ). S u c h  r a f t s ,  h o w e v e r , r e q u ir e  v e r y  
c a re fu l  h a n d lin g  t o  a v o id  s in k in g  a n d  a  m o re  v e r s a t i le  m e th o d , w ith  fe w e r  te c h n ic a l  
p r o b le m s , w a s  in tr o d u c e d  b y  T ro w e ll (1 9 5 4 ). I n  th is  a  s ta in le s s - s te e l  g r id  i s  u s e d  t o  
s u p p o r t  th e  c u l t u r e s ; e x p a n d e d  m e t a l  i s  th e  m o s t  s u i ta b le  m a te r ia l  fo r  r ig id i t y  a n d  
e a s e  o f  c le a n in g  (T ro w ell, 19 5 9 ). T h e  g r id  m a y  b e  o v e r la id  w ith  le n s  p a p e r , a g a r ,  
r a y o n  o r  n y lo n  fib re  (M o sc o n a  et a l .  1965) b u t  lo b u lo -a lv e o la r  t i s s u e  o f  m a m m a r y  
g la n d  s u r v iv e s  s a t i s f a c t o r i ly  i f  p la c e d  d ir e c t ly  o n  th e  m e ta l . A  c u ltu re  v e s s e l  o f  th i s  
t y p e  i s  i l lu s t r a t e d  in  P la t e  1 (a )  a n d  a  s im p lif ie d  v e r s io n  o f  i t ,  s u i ta b le  fo r  la rg e r - sc a le  
c u ltu r e s  fo r  b io c h e m ic a l  s tu d ie s ,  i s  sh o w n  in  P la t e  1 (6 ) (B o lto n , 1 9 7 0 ; B o lt o n  & 
B o lto n , 1970 ).

F o r  th e  c u ltu re  o f  m a m m a r y  g la n d , th e  g a s  p h a s e  i s  u s u a l ly  95 %  o x y g e n  w ith  5 %  
c a rb o n  d io x id e ;  t h e  c a rb o n  d io x id e  e n a b le s  th e  p H  o f  th e  m e d iu m  t o  b e  c o n tro lle d . 
T h e  g a s  s u p p ly  m a y  e ith e r  b e  a n  o p e n  o n e , b e in g  c o n t in u o u s ly  b u b b le d  th r o u g h  
d is t i l le d  w a te r  in to  b o x e s  c o n ta in in g  th e  c u ltu re  d ish e s  (M a y n e , B a r r y  & R iv e r a ,  
1 9 6 6 ; T a k iz a w a , F u r t h  & F u r t h ,  19 7 0  a )  o r  v a r io u s  t y p e s  o f  c lo se d  c o n ta in e r  h a v e  
b e e n  d e sc r ib e d  (e .g . T ro w e ll, 1954 , 1 9 5 9 ; P r o p , 1 9 6 1 a ) . S p e c ia l  a p p a r a t u s  e n a b le s , fo r  
e x a m p le , th e  re sp ir a t io n  o f  o r g a n  c u ltu r e s  (L u c a s ,  1965) o r  th e ir  c a rb o n  d io x id e  
p r o d u c t io n  (M o re tti  & A b r a h a m , 1 966 ) t o  b e  s tu d ie d .

O rg a n  c u ltu re  c a n  a lso  b e  c a rr ie d  o u t  s im p ly  b y  su sp e n d in g  f r a g m e n ts  in  a  l iq u id  
m e d iu m  in  v e s s e ls  w h ic h  a r e  p r e fe r a b ly  sh a k e n  to  im p r o v e  o x y g e n a t io n . T h is  m e th o d  
h a s  b e e n  p a r t ic u la r ly  su c c e s s fu l  w ith  sk in  s lic e s  w h ic h  f lo a t  a n d  d o  n o t  d i s in te g r a te  
o n  sh a k in g  (e .g . M e d a w a r , 19 4 8 ), b u t  i t  ca n  a lso  b e  a p p l ie d  t o  m a m m a r y  g la n d  
(e .g . M ish k in sk y , D ik s te in , B e n - D a v id ,  A z e ro u a l  & S u lm a n , 1967 ). M a m m a r y  g la n d  
e x p la n t s  f r o m  sm a ll  ro d e n t s  c o n ta in  a  g o o d  d e a l  o f  a d ip o se  t i s s u e  w h ic h  a s s i s t s  
f lo ta t io n  a n d  m id - p r e g n a n t  m o u se  g la n d  s u r v iv e s  r e m a r k a b ly  w ell, w ith o u t  d i s 
in te g r a t io n , in  f la s k s  sh a k e n  a t  60  s t r o k e s /m in  fo r  3 d a y s  (F o r s y th ,  u n p u b lish e d ) .
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P r e p a r a t io n  o f  t is su e s

A  c r u c ia l s t e p  i s  th e  p r e p a r a t io n  o f  th e  e x p la n t s  w h ic h  m u s t  h e  d o n e  u s in g  s te r i le  
te c h n iq u e s  a n d  w ith  a  m in im u m  o f  d a m a g e  to  th e  t is su e . T h e  m e th o d s  u se d  w ill 
d e p e n d  on  th e  s t a g e  o f  d e v e lo p m e n t  o f  th e  g la n d  s tu d ie d . T h u s , m a m m a r y  r u d im e n t s  
f ro m  m o u se , r a t  o r  r a b b i t  e m b ry o s  c a n  b e  e x p la n t e d  a s  w h o le  o r g a n s , a n d  th e  p a r t ia l ly  
d e v e lo p e d  g la n d s  o f  v irg in  fe m a le  m ice  a n d  r a t s  h a v e  a lso  b e e n  s tu d ie d  in  th is  w a y . 
M o re  d e v e lo p e d  g la n d s  a n d  th e  g la n d s  o f  la r g e r  a n im a ls  sh o u ld  b e  c u t  in to  s u i t a b ly  
s iz e d  p ie c e s , u s u a l ly  1 - 2  m m 3. T h e  m ic ro to m e  d e sc r ib e d  b y  S t a d ie  & R ig g s  (1 9 4 4 ) h a s  
b e e n  u se d  to  p r e p a r e  s lic e s  o f  m a m m a r y  t i s s u e  w h ich  c a n  th e n  b e  c u t  w ith  a  sc a lp e l  
in to  sm a ll  sq u a r e s .  T h is  m e th o d , h o w e v e r , in v o lv e s  so m e  c o m p re ss io n , a n d  w h ere  
p o s s ib le  d is se c t io n  u n d e r  a  b in o c u la r  m ic ro sc o p e  u s in g  fin e w a tc h - m a k e r ’s  fo r c e p s  a n d  
sp r in g  s c is so r s  i s  to  b e  p re fe rre d .

H isto lo g ic a l e x a m in a tio n

F e l l  (1 9 6 4 ) e m p h a s iz e s  th e  im p o r ta n c e  o f  c a re fu l  h is to lo g ic a l  e x a m in a t io n  in  a ll  
o r g a n  c u ltu re  w o rk , in c lu d in g  b io c h e m ic a l s tu d ie s .  T h is  is  e s se n t ia l , b o th  t o  d e te rm in e  
th e  re sp o n se  o f  th e  c u ltu re s  to  su b s ta n c e s  a d m in is te r e d  a n d  t o  e n su re  t h a t  c o n c lu sio n s  
a r e  b a s e d  o n ly  o n  c u ltu re s  in  w h ic h  su r v iv a l  i s  g o o d .

DEVELOPMENT OF THE FOETAL MAMMARY GLAND IN VITRO

T h re e  sp e c ie s  -  th e  m o u se , th e  r a t  a n d  th e  r a b b i t  -  h a v e  b e e n  s tu d ie d .

D iffe re n tia tio n  in  the absence o f  horm ones

E a r ly  w o rk  b y  B a l in s k y  (1950 ) a n d  H a r d y  (1 9 5 0 ) sh o w e d  t h a t  v e n t r a l  b o d y  w a ll  
e x p la n t s  t a k e n  fro m  1 0 -d a y -o ld  m o u se  e m b ry o s , b e fo re  th e  a p p e a r a n c e  o f  th e  m a m 
m a r y  b u d  o n  d a y  11, w o u ld  d if fe re n t ia te  th e  m a m m a r y  b u d  in  v it r o  w h en  c u ltu re d  o n  
a  p la s m a  c lo t  c o n s is t in g  o f  e q u a l  p a r t s  o f  co c k  b lo o d  p la s m a  a n d  c h ic k  e m b r y o  
e x t r a c t .  B a l in s k y  (1 9 5 0 ) o b s e r v e d  o n ly  lim ite d  d if fe re n t ia t io n , e v e n  i f  e x p la n t s  w ere  
t a k e n  fro m  11- t o  1 4 -d a y  e m b ry o s , a n d  c o u ld  o b se rv e  n o  e ffe c ts  o f  a d d in g  o e s tro g e n s  
o r  m o u se  p i t u i t a r y  e x t r a c t  to  th e  c u ltu re  m e d iu m . H a r d y  (1 9 5 0 ), h o w e v e r , o b ta in e d  
d if fe re n t ia t io n  to  a  s t a g e  s im ila r  to  t h a t  in  th e  7 -d a y -o ld  m o u se , w ith  th e  fo r m a t io n  o f  
p r im a r y , se c o n d a r y  a n d  la te r  d u c t s ,  w h ich  b e c a m e  c a n a liz e d , a n d  o f  a  s t r e a k  c a n a l. 
T h e  r a t e  o f  d if fe re n t ia t io n  w a s  s im ila r  in  v iv o  a n d  in  v it r o  a n d  c u ltu re s  w ere  c o n t in u e d  
su c c e s s fu l ly  fo r  a s  lo n g  a s  25  d a y s .  L a s fa r g u e s  & M u rr a y  (1 9 5 9 ) o b s e r v e d  d u c t  
d e v e lo p m e n t  in  m o u se  m a m m a r y  a n la g e n  t r a n s p la n te d  o n  to  a g a r  c o n ta in in g  o n ly  th e  
s y n th e t ic  m e d iu m  199. I t  th u s  a p p e a r s  t h a t  th e  e a r ly  s t a g e s  o f  m a m m a r y  d i f fe r e n t ia 
t io n  c a n  o c c u r  in  th e  m o u se  in  th e  a b se n c e  o f  a n y  h o rm o n a l s t im u la t io n .

I n  a l l  th e se  e x p e r im e n ts  th e  s e x  o f  th e  e m b r y o s  p r o v id in g  th e  e x p la n t s  w a s  n o t  
d e te rm in e d . H a r d y  (1 9 5 0 ) sa w  n o  n ip p le  d e v e lo p m e n t  a n d  fo u n d  i t  im p o ss ib le  t o  
d iv id e  th e  g la n d s  w h ich  d e v e lo p e d  in  v it r o  in to  m a le  a n d  fe m a le  t y p e s ,  a l th o u g h  sh e  
n o te d  t h a t  a lm o s t  a l l  g la n d s  sh o w e d  so m e  fo rm  o f  o p e n in g  a t  th e  sk in  su r fa c e . 
D e v e lo p m e n t  in  m a le  m ice , h o w e v e r , in v o lv e s  d e ta c h m e n t  o f  th e  m a m m a r y  b u d  f r o m  
th e  e p id e rm is . I t  h a s  b e e n  sh o w n  b y  e x p e r im e n ts  in  v iv o  t h a t  a n d ro g e n s  fro m  th e  
fo e ta l  t e s t i s  in d u c e  th e  m a le  t y p e  o f  d e v e lo p m e n t  a n d  t h a t  i f  th e  g o n a d s  a r e  d e s t r o y e d
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in  e m b r y o s  o f  e ith e r  s e x  th e  fe m a le  t y p e  o f  m a m m a r y  d e v e lo p m e n t  o c c u r s  (see  
R a y n a u d , 1969 ). A  fe m a le  t y p e  o f  d e v e lo p m e n t  m ig h t  th e re fo r e  b e  e x p e c te d  in  v itro  
in  th e  a b se n c e  o f  a n d ro g e n ic  h o rm o n e s . T h is  h a s  b e e n  co n firm e d  in  re c e n t  e x p e r im e n ts  
b y  Iv ra to c h w il (1 9 7 1 ). M a m m a r y - g la n d  ru d im e n ts  f ro m  1 3 -d a y -o ld  m a le  m o u se  
e m b r y o s  u n d e rg o  a  fe m a le  t y p e  o f  d e v e lo p m e n t  in  v it r o . C u ltu re  o f  12- to  1 4 -d a y -o ld  
fe m a le  m a m m a r y  ru d im e n ts  w ith  th e  t e s t e s  o f  1 3 -d a y -o ld  m a le  e m b r y o s  o r  w ith  v e r y  
lo w  c o n c e n tr a t io n s  o f  te s to s te r o n e  ( 1 0~ 9 m ) le a d s  to  th e  m a le  ty p e  o f  r e g r e s s iv e  c h a n g e s  
b u t  e x p la n t s  f ro m  1 5 -d a y -o ld  fe m a le  e m b r y o s  a r e  n o  lo n g e r  r e sp o n s iv e . T h u s , a n d r o 
g e n s  a c t  d ir e c t ly  a n d  o v e r  q u ite  a  sh o r t  t im e  p e r io d  to  in d u c e  th e  m a le  t y p e  o f  
m a m m a r y  g la n d  d e v e lo p m e n t  a n d  th e  g e n e tic  s e x  o f  th e  g la n d  is  n o t  in v o lv e d  in  i t s  
re sp o n se .

M am m ary gland organ culture techniques

E c to d e rm a l-m e so d e rm a l in terac tio n s

T h e  in te r a c t io n s  b e tw e e n  th e  e p ith e liu m  a n d  u n d e r ly in g  m e se n c h y m e  w h ich  a re  
in v o lv e d  in  m a m m a r y  d if fe re n t ia t io n  in  th e  m o u se  h a v e  b e e n  s tu d ie d  b y  K r a to c h w il  
(1 9 6 9 ), u s in g  p la s m a  c lo ts  a n d  m e d iu m  c o n ta in in g  h o rse  se ru m  a n d  ch ic k  e m b ry o  
e x t r a c t .  M a n y  o f  th e  e x p e r im e n ts  w e re  c a r r ie d  o u t  o n  filte r  a s s e m b lie s  o f  th e  t y p e  
d e sc r ib e d  b y  G r o b s te in  (1 9 5 6 ), w h ich  e n a b le  th e  e p ith e liu m  to  b e  s e p a r a t e d  fro m  th e  
m e se n c h y m e  b y  c e llu lo se  e s te r  f il te r s  p r e v e n t in g  c y to p la s m ic  c o n ta c t s  b e tw e e n  th e  
t is su e s .  D is so c ia t io n  o f  e p ith e liu m  a n d  m e se n c h y m e  w a s  a c h ie v e d  e ith e r  e n z y m ic a lly , 
u s in g  c ru d e  t r y p s in  p lu s  p a n c r e a t in , o r  m e c h a n ic a lly  b y  p e e lin g  th e  sk in  f r o m  th e  
u n d e r ly in g  t is su e s .  W h e n  m a m m a r y  g la n d  r u d im e n t s  f ro m  12- to  1 4 -d a y -o ld  m o u se  
e m b r y o s  w ere  c u ltu r e d  in  v i t r o  th e y  d e v e lo p e d  to  th e  s t a g e  se e n  in  7 -d a y -o ld  fe m a le  
m ic e ; a  n ip p le , n ip p le  sh e a th , d u c t  sy s t e m  a n d  a d ip o se  t is su e  w ere  fo rm e d . T h e  
o b s e r v a t io n  o f  H a r d y  (1 9 5 0 ) t h a t  r a t e s  o f  d e v e lo p m e n t  in  v iv o  a n d  in  v i t r o  w ere  
s im ila r  w a s  a lso  c o n firm e d . A c t iv e  o u tg ro w th  in  v it r o  o c c u r re d  o n ly  a f t e r  a  r e s t in g  
p h a se , th e  le n g th  o f  w h ic h  ro u g h ly  c o r re sp o n d e d  w ith  th e  le n g th  o f  th e  s im ila r  p h a se  
o c c u r r in g  b e tw e e n  th e  f ir s t  a p p e a r a n c e  o f  th e  ru d im e n t  in  1 1 - d a y  e m b r y o s  a n d  o u t 
g ro w th  o f  th e  p r im a r y  s p r o u t  o n  d a y  16. C o m b in a t io n  o f  o ld e r  e p ith e liu m  w ith  1 2 -d a y  
m a m m a r y  m e se n c h y m e  sh o w e d  t h a t  th e  le n g th  o f  th e  r e s t in g  p h a se  w a s  d e te rm in e d  
b y  th e  a g e  o f  th e  e p ith e liu m , a n d  t h a t  n o r m a l m o rp h o g e n e s is  w a s  a c h ie v e d  in  th e se  
co n d it io n s .

I s o la t e d  m a m m a r y  e p ith e liu m  fa i le d  to  d e v e lo p  in  th e  a b se n c e  o f  m e se n c h y m e  o r 
in  th e  p re se n c e  o f  to o  l i t t le  m e se n c h y m e . W h e n  m a m m a r y  e p ith e liu m  w a s  c o m b in e d  
w ith  th e  m e se n c h y m e  fro m  s a l iv a r y  g la n d  r u d im e n t s  o f  1 2 -d a y  e m b ry o s , a  p a t t e r n  o f  
d e v e lo p m e n t  s im ila r  to  t h a t  se e n  in  th e  s a l iv a r y  g la n d  o c c u rre d . H o w e v e r , c o m b in e d  
w ith  ja w  m e se n c h y m e  su c h  m a m m a r y  e p ith e liu m  d e v e lo p e d  fa ir ly  n o rm a lly . 
M a m m a r y  m e se n c h y m e  w a s  u n a b le  t o  in d u c e  m o rp h o g e n e s is  in  s a l iv a r y  e p ith e liu m . 
E x p o s u r e  o f  e ith e r  e p ith e liu m  t o  b o th  s a l iv a r y  a n d  m a m m a r y  m e se n c h y m e  s im u l
ta n e o u s ly  s t r o n g ly  in h ib ite d  d e v e lo p m e n t .

M a m m a r y  ru d im e n ts  f ro m  1 6 -d a y -o ld  e m b r y o s  la r g e ly  fa i le d  to  d e v e lo p  a lth o u g h  
th e  e p ith e liu m  d e v e lo p e d  w h en  re c o m b in e d  w ith  m e se n c h y m e  fro m  y o u n g e r  e m b ry o s . 
I t  is  s u g g e s t e d  t h a t  b y  16 d a y s  th e  e m b ry o n ic  m e se n c h y m e  h a s  b e c o m e  d e p e n d e n t  on  
s y s te m ic  in flu e n c e s  (K r a to c h w il ,  1969).

S im ila r  r e s u lt s  w ere  o b ta in e d  in  th e  r a b b i t  b y  D a v id  &  P r o p p e r  (1 9 6 4 ) a n d  P r o p p e r  
& G o m o t  (1 9 6 7 ). D if fe re n t ia t io n  in  v i t r o  w a s  o b se rv e d  in  th e  a b se n c e  o f  h o rm o n e s ;
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e x p la n t s  o f  la te r o - v e n tr a l  b o d y  w a ll  fro m  1 2 -d a y  e m b r y o s  fo rm e d  th e  m a m m a r y  
r id g e , m a m m a r y  b u d s  a n d  p r im a r y  s p r o u ts .  W ith  p ro lo n g e d  c u ltu re  d e g e n e r a t io n  
u lt im a t e ly  s e t  in  a n d  e x p la n t s  o f  o ld e r  e m b r y o s  (2 5 - 2 9  d a y s )  te n d e d  t o  d e d if fe re n t ia te . 
U s in g  t r y p s in  t o  s e p a r a t e  e p id e r m is  a n d  m e so d e r m , P r o p p e r  & G o m o t  (1 9 6 7 ) sh o w e d  
t h a t  m a m m a r y  m e so d e rm  fro m  12- to  1 4 -d a y  e m b r y o s  c o u ld  in d u c e  m a m m a r y  
d if fe re n t ia t io n  in  in d if fe re n t  e p id e rm is . C o m b in in g  m a m m a r y  e p id e r m is  w ith  
in d if fe r e n t  m e so d e r m , th e y  sh o w e d  t h a t  n o rm a l d e v e lo p m e n t  o c c u r re d  o n  o r  a f t e r  
d a y  1 3 ; f ro m  th is  t im e  th e  m a m m a r y  e p ith e liu m  c o u ld  d if fe re n t ia te  o n  in d if fe re n t  
m e so d e r m  a n d  a lso  in flu e n c e  th e  l a t t e r ’s  d e v e lo p m e n t , in d ic a t in g  t h a t  in d u c t io n  h a d  
o c cu rre d .

T h e effect o f  horm ones

A ll th e se  e x p e r im e n ts  s u g g e s t  a u to n o m o u s  e a r ly  d e v e lo p m e n t  o f  th e  m a m m a r y  
g la n d , b u t  d o  n o t  e x c lu d e  s u s c e p t ib i l i ty  to  h o rm o n a l in flu e n c es . L a s fa r g u e s  & M u r r a y  
(1959) a d v a n c e d  th e  d e v e lo p m e n t  a n d  d if fe re n t ia t io n  o f  m o u se  m a m m a r y  g la n d s  in  
v i t r o  b y  th e  a d d it io n  o f  h o r m o n e s ; th e  b e s t  d e v e lo p m e n t  o f  b o th  th e  m a m m a r y  g la n d  
a n d  th e  su r ro u n d in g  s t r o m a  w a s  a c h ie v e d  w ith  a  c o m b in a t io n  o f  o e s t ro g e n  +  
p r o g e s te r o n e  +  o v in e  p r o la c t in  +  b o v in e  g ro w th  h o rm o n e . B y  s tu d y in g  th e se  h o r 
m o n e s  a n d  c o r t iso l, a lo n e  a n d  in  v a r io u s  c o m b in a t io n s , th e ir  in d iv id u a l  e f fe c ts  w e re  
a n a ly se d . W h ile  o e s tro g e n  a lo n e  w a s  in h ib ito ry , a n d  p ro g e s te r o n e  e v e n  m o re  so , w h en  
c o m b in e d  in  a  r a t io  o f  1 :1 0 0 0 ,  th e y  n o  lo n g e r  in h ib ite d  d e v e lo p m e n t . A c t iv e  g ro w th  
o f  m a m m a r y  e p ith e liu m  w a s  a c h ie v e d  w ith  g ro w th  h o rm o n e , p r o la c t in  in c r e a se d  th e  
d e g re e  o f  d if fe re n t ia t io n , w h ile  c o r t iso l in d u c e d  d u c t  d is te n s io n  a n d  e n a b le d  se c r e to r y  

a c t iv i t y  to  o c c u r  in  re sp o n se  to  p ro la c t in .
T h e  e f fe c ts  o f  h o rm o n e s  in  v i t r o  o n  th e  m a m m a r y  g la n d  o f  th e  1 7 -d a y -o ld  r a t  

fo e tu s  h a v e  b e e n  e x te n s iv e ly  in v e s t ig a t e d  b y  C e r ia n i (1 9 6 9 , 1 9 7 0 « , b). M o rp h o lo g y , 
m ito t ic  in d ic e s  a n d  a b i l i t y  t o  sy n th e s iz e  a  c a se in - lik e  m a te r ia l  w e re  s tu d ie d  a n d  th e  
r e s u lt s  o b ta in e d  b y  th e  v a r io u s  t e c h n iq u e s  w ere  fo u n d  to  c o r re la te  w ell. W a y m o u th ’s 
a g a r  m e d iu m  w a s  u se d  a n d  c u ltu re  c o n t in u e d  fo r  3, 6 o r  9 d a y s .  I n  th e  a b se n c e  o f  a n y  
h o rm o n e s  th e  m a m m a r y  a n la g e n  g re w  a n d  b r a n c h e d  on ce , th e  d u c t s  u lt im a t e ly  
d e v e lo p e d  lu m in a  b u t  d id  n o t  p e n e t r a te  th e  m e se n c h y m e , t i s s u e  m a in te n a n c e  b e c a m e  
p o o r  a n d  n o  ca se in - lik e  m a te r ia l  w a s  sy n th e s iz e d . In su l in , w h ic h  is  n e c e s s a r y  in  v i t r o  
fo r  th e  s u r v iv a l  a n d  d e v e lo p m e n t  o f  th e  m a m m a r y  g la n d  o f  th e  a d u l t  m o u se  ( E l ia s ,  
1 9 5 9 ; R iv e r a  & B e r n , 1961) a n d  r a t  (B a rn a w e ll , 19 6 5 ), h a d  m a r k e d  e ffe c ts  o n  r a t  
m a m m a r y  a n la g e n , im p r o v in g  m a in te n a n c e  a n d  g ro w th . T h e  d u c t s  fo r m e d  n o w  
p e n e t r a te d  th e  m e se n c h y m e  w h ich  a p p e a r e d  a s  a  w e ll-d e v e lo p e d  f a t  p a d ;  sm a ll  
a m o u n ts  o f  ca se in - lik e  m a te r ia l  w ere  sy n th e s iz e d . O v in e  p r o la c t in  s t im u la t e d  g ro w th  
a n d  p ro life ra t io n  o f  m a m m a r y  a n la g e n  g iv in g  r ise  to  d u c t s  w ith  te r m in a l  a c c u m u la t io n s  
o f  ce lls , i t s  e ffe c t  b e in g  d e p e n d e n t  o n  d o se  a n d  o n  th e  p re se n c e  o f  in s u l in . N e ith e r  
b o v in e  g ro w th  h o rm o n e  n o r  b o v in e  se ru m  a lb u m in  c o u ld  re p la c e  p r o la c t in ; g ro w th  
h o rm o n e  p ro d u c e d  n e c ro sis . A ld o s te ro n e  s t im u la t e d  th e  fo r m a tio n  o f  d u c tu le s ,  i t s  
e f fe c t  b e in g  m o s t  m a r k e d  in  th e  p re se n c e  o f  in su lin  +  p r o la c t in , w h en  th e  b r a n c h in g  
d u c tu le s  lin e d  b y  a  s in g le  la y e r  o f  ce lls  w ere  se e n  t o  c o n ta in  se c re t io n , a n d  s y n th e s is  o f  
c a se in - lik e  m a te r ia l  w a s  s t im u la te d . T h is  c o m b in a t io n  o f  h o rm o n e s  a lso  m o s t  
e f fe c t iv e ly  m a in ta in e d  th e  m ito t ic  in d e x  a t  9 d a y s . T h e  a d d it io n  o f  p ro g e s te r o n e  
fu r th e r  in c r e a se d  g ro w th  a n d  se c re to ry  a c t iv i ty .  T h e  ca se in - lik e  m a te r ia l  fo rm e d  n o
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lo n g e r  sh o w e d  a  s in g le  f a s t - m o v in g  b a n d  o n  p o ly a c r y la m id e  g e l e le c tro p h o re s is , b u t  3 
b a n d s , c o m p a r e d  w ith  4 b a n d s  o f  ca sern  f r o m  r a t  m ilk . O e s tro g e n  to  so m e  e x t e n t  
m im ic k e d  th e  e ffe c ts  o f  p ro g e s te r o n e  b u t  w a s  t o x ic  a t  h ig h  c o n c e n tr a t io n s  a n d  a  
c o m b in a t io n  o f  th e  2 h o rm o n e s  p r o v e d  e v e n  m o re  h a rm fu l. T e s to s te r o n e  in h ib ite d  
b o th  m a m m a r y  d if fe re n t ia t io n  a n d  th e  sy n th e s is  o f  c a se in - lik e  m a te r ia l .

E le c t r o n  m ic r o sc o p y  o f  c u ltu re d  m a m m a r y  a n la g e n  (C er ia n i, P i t e lk a ,  B e r n  & 
C o lle y , 1970) sh o w e d  c o m p le m e n ta ry  c h a n g e s . I n  th e  p re se n c e  o f  in su lin  +  a ld o 
s te ro n e  +  p r o la c t in , th e  a n la g e n  fro m  1 7 -d a y -o ld  fo e ta l  r a t s  w ere  t r a n s fo r m e d  to  a  
s t a g e  re se m b lin g  t h a t  se e n  in  th e  n ew -b o rn  fe m a le . A fte r  17 d a y s  o f  in tra - u te r in e  life  
th e  e p ith e lia l  ce lls  o f  th e  m a m m a r y  a n la g e n  a r e  la r g e ly  u n d if fe r e n tia te d , sh o w in g  o n ly  
s p a r s e  ro u g h  e n d o p la sm ic  r e t ic u lu m , a  sm a ll  G o lg i a p p a r a t u s ,  sm a ll  m ito c h o n d r ia , 
o c c a s io n a l  f a t  d r o p le t s  b u t  n o  o th e r  e v id e n c e  o f  s e c r e to r y  a c t iv i ty .  A fte r  9 d a y s  
c u ltu re  w ith  th e  3 h o rm o n e s , n o t  o n ly  h a d  e x te n s iv e  d e v e lo p m e n t  o f  a  d u c t  sy s t e m  
w ith  a  lu m e n  a n d  c o m ie c t iv e  t is s u e  sh e a th  t a k e n  p la c e , b u t  th e  e p ith e lia l  ce lls  a lso  
sh o w e d  m a r k e d  d e v e lo p m e n t  o f  ce ll o rg a n e lle s . T h e ir  p o la r iz a t io n  w a s  le s s  d e v e lo p e d  
t h a n  in  th e  n ew -b o rn  r a t ,  b u t  th e  G o lg i a p p a r a t u s  so m e tim e s  a p p e a r e d  m o re  a c t iv e , 
th e  G o lg i  v e s ic le s  c o n ta in in g  se c re to ry  g ra n u le s . H o w e v e r , th e  lu m in a  c o n ta in e d  n o  
s e c r e to r y  p r o d u c t s  o th e r  t h a n  o c c a s io n a l  f a t  d r o p le ts .

E v e n  in  th e  c o m p le te  a b se n c e  o f  h o rm o n e s  so m e  g ro w th  a n d  l im ite d  o rg a n e lle  
d e v e lo p m e n t  h i e p ith e lia l  ce lls  o c c u r re d , b u t  th e  b a s a l  la m in a  d i s a p p e a r e d  a n d  g ro w th  
w a s  d iso rg a n iz e d . T h e  p r in c ip a l  e ffe c t  o f  in su lin  a lo n e  a p p e a r e d  t o  b e  th e  m a in te n 
a n c e  o f  th e  b a s a l  la m in a  a n d  o r g a n iz a t io n  o f  th e  g ro w th  o f  e p ith e lia l  a n d  s t r o m a l  
t is su e . In s u l in  +  p r o la c t in  r e su lte d  in  b e t t e r  o r g a n iz a t io n  c f  d u c t  g ro w th  b u t  in  
n e ith e r  c a s e  w a s  th e re  a n y  m a r k e d  d e v e lo p m e n t  o f  e p ith e lia l  ce ll o rg a n e lle s .

S o m e  d iffe re n c e s  a r e  e v id e n t  b e tw e e n  th e  r e su lt s  o f  C e r ia n i (1 9 7 0 a )  in  th e  r a t  a n d  
L a s fa r g u e s  & M u rr a y  (1 959 ) in  th e  m o u se , in  p a r t ic u la r  w ith  r e sp e c t  to  th e  e f fe c ts  o f  
g ro w th  h o rm o n e , a n d  o f  o e s tro g e n  +  p ro g e s te r o n e  +  a n te r io r  p i t u i t a r y  h o rm o n e s . 
H o w e v e r , c o m p a r iso n s  a r e  d iff ic u lt  s in c e  C e r ia n i (1 9 7 0  a )  u se d  in su lin  in  a l l  h is  
h o rm o n a l c o m b in a t io n s  a n d  to o k  a n la g e n  a t  a  la te r  s t a g e  o f  d e v e lo p m e n t .

LOBULO-ALVEOLAR DIFFERENTIATION' IN VITRO 

R equ irem en t f o r  in  vivo p r im in g  in  im m atu re  m ice  

I n  v it r o  s tu d ie s  o f  p o s t - n a t a l  m a m m a r y  g la n d  d e v e lo p m e n t  in  im m a tu r e  a n d  
v ir g in  fe m a le s  h a v e  m a in ly  b e e n  m a d e  u s in g  th e  m o u se . T h e  r e s u lt s  o b ta in e d  d e p e n d  
o n  th e  a g e  a n d  s t r a in  o f  th e  a n im a l f ro m  w h ic h  e x p la n t s  a re  ta k e n . Ic h in o se  & N a n d i  
(1 9 6 4 , 1 966 ) h a v e  fo u n d  t h a t  th e  m a m m a r y  g la n d s  o f  3- to  4 -w ee k -o ld  B A L B  s t r a in  
fe m a le  m ic e  e x p la n t e d  a s  w h o le  g la n d s  o n  a  s y n th e t ic  m e d iu m  d e g e n e r a te  in  th e  
a b se n c e  o f  h o rm o n e s . A  c o m b in a t io n  o f  in su lin , o e stra d io l-1 7 /? , p ro g e ste r o n e , o v in e  
p r o la c t in  a n d  b o v in e  g ro w th  h o rm o n e  m a in ta in e d  th e  g la n d , b u t  th e re  w a s  n o  e v id e n c e  
o f  n o rm a l d e v e lo p m e n t . H o w e v e r , i f  th e  m ic e  w ere  t r e a t e d  w ith  o e s t r a d io l  +  p r o 
g e ste r o n e  in  v iv o , d u c t  g ro w th  w a s  s t im u la t e d  a n d  e n d -b u d s  p r o l ife r a te d , so m e t im e s  
fo rm in g  a lv e o li , b u t  n o  lo b u le s . T h e se  g la n d s  w e re  th e n  a b le  to  r e sp o n d  to  h o rm o n e s  
in  v it r o  a n d  fu l l  lo b u lo -a lv e o la r  d if fe re n t ia t io n  to  th e  e x t e n t  se e n  in  m id  t o  l a te  
p r e g n a n c y  w a s  in d u c e d  b y  a  c o m b in a t io n  o f  in su lin , o e s tro g e n , p ro g e ste r o n e , a ld o 
ste ro n e , p r o la c t in  a n d  g ro w th  h o rm o n e . In su l in  w a s  fo u n d  t o  b e  e s se n t ia l  fo r
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m a in te n a n c e  o f  e p ith e lia l  t i s s u e s  a n d  lo b u lo -a lv e o la r  d if fe re n t ia t io n  w a s  a lso  a c h ie v e d  
w ith  in su lin  +  th e  a n te r io r  p i t u i t a r y  h o rm o n e s  +  a ld o s te ro n e , b u t  n o t  in  th e  a b se n c e  o f  
a ld o s te ro n e . P r o la c t in , c o m b in e d  w ith  in su lin  a n d  a ld o s te ro n e , i s  e f fe c t iv e  in  th e  
a b se n c e  o f  g ro w th  h o rm o n e  in  th is  s t r a in  (S in g h  & B e r n , 1969).

T h e  re sp o n se s  o f  7 d iffe re n t  s t r a in s  o f  m ice  h a v e  b e e n  c o m p a r e d  b y  S in g h , D e O m e  
& B e r n  (1 9 7 0 ). T h e  le n g th  o f  in  v iv o  p r e t r e a tm e n t  w ith  o e s tro g e n  a n d  p ro g e s te r o n e  
re q u ir e d  fo r  lo b u lo -a lv e o la r  d e v e lo p m e n t  to  o c c u r  su b se q u e n t ly  in  v it r o  v a r ie d  fro m  
5 to  15 d a y s . T h e  s t r a in s  a lso  d iffe re d  in  th e  m in im a l d o se s  o f  in su lin , a ld o s te ro n e , 
p r o la c t in  a n d  g ro w th  h o rm o n e  w h ich  w e re  e ffe c t iv e  fo r  d e v e lo p m e n t  in  v i t r o , b u t  
th e re  w a s  n o  c o rre la t io n  b e tw e e n  th e  in  v iv o  a n d  in  v it r o  r e q u ir e m e n ts . I n  th is  s t u d y  
th e  e ffe c t  o f  p r o la c t in  o r  g ro w th  h o rm o n e  in  th e  a b se n c e  o f  th e  o th e r  w a s  n o t  e x a m in e d .

L o b u lo -a lv eo lar  d iffe re n tia lio n  in  vitro  w ithout p r im in g

L o b u lo - a lv e o la r  d e v e lo p m e n t  c a n  b e  in d u c e d  in  v it r o  w ith o u t  h o rm o n a l p r e 
t r e a tm e n t ,  i f  th e  e x p la n t s  a re  t a k e n  fro m  o ld e r  m ice . U s in g  5-, 6- a n d  7 -w eek -o ld  C B A  
m ice , a n d  a  m e d iu m  c o n ta in in g  se ru m , P r o p  (1 966 ) fo u n d  t h a t  th e  re sp o n se  to  
h o rm o n e s  im p r o v e s  w ith  a g e , so  t h a t  a  c o m b in a t io n  o f  in su lin , p ro la c t in , p ro g e s te r o n e  
a n d  c o r t iso l g a v e  o n ly  50  %  a lv e o la r  d e v e lo p m e n t  in  t is su e  fro m  5-w eek -o ld  m ice  b u t  
a b u n d a n t  d e v e lo p m e n t  w h en  e x p la n t s  w ere  t a k e n  fro m  7-w eek -o ld  m ice .

T h e  e ffe c ts  o f  h o rm o n e s  in  v i t r o  o n  w h ole  m a m m a r y  g la n d s  o f  5-w eek  to  3 -m o n th - 
o ld  v ir g in  m ice  h a v e  a lso  b e e n  s tu d ie d  b y  P r o p  (1 9 6 0 , 1 9 6 1 a , 6), K o z io r o w sk a  
(1 9 6 2 a , 6 ), C h a p e k a r  & R a n a d iv e  (1 9 6 3 ), R a n a d iv e  & C h a p e k a r  (1 964 ) a n d  G a d k a r i ,  
C h a p e k a r  & R a n a d iv e  (1 9 6 8 ) a ll  u s in g  m e d ia  c o n ta in in g  se ru m , a n d  b y  R iv e r a  
(1 9 6 4 a )  u s in g  a  d e fin e d  m e d iu m , w ith  o r  w ith o u t  r a t  se ru m . In su l in  w a s  n e c e s s a r y  fo r  
m a in te n a n c e  o f  th e  g la n d , w h ic h  re g r e s se d  in  th e  c o m p le te  a b se n c e  o f  h o rm o n e s  
(P ro p , 1 9 6 1 a ;  K o z io r o w sk a , 1 9 6 2 a , b ; R iv e r a ,  1 9 6 4 a ) . A c t iv e ly  g ro w in g  te r m in a l  
d u c t s  a n d  e n d  b u d s  w ere  m o re  se n s it iv e  t o  th e  a b se n c e  o f  in su lin  t h a n  w ere  th e  la r g e r  
d u c t s  (R iv e r a , 1 9 6 4 a ) . C o n s is te n t  w ith  th is  i s  th e  d e g e n e r a t io n  o f  i s o la te d  e n d - b u d s  
c u ltu re d  in  m e d iu m  199 a lo n e  a n d  th e ir  m a in te n a n c e  b y  in su lin  (E l ia s ,  1962) w h ile  
iso la te d  p r im a r y  d u c t s  sh o w e d  le s s  m a r k e d  re g re ss io n , th o u g h  in su lin  a g a in  g a v e  g o o d  
m a in te n a n c e  a n d  s t im u la te d  p r o life ra t io n  o f  e p ith e lia l  a n d  s t r o m a l  e le m e n ts  (R iv e r a ,  
1963).

T h e  m in im a l h o rm o n a l c o m b in a t io n  fo r  in d u c in g  lo b u lo -a lv e o la r  d e v e lo p m e n t  in  
v it r o  in  u n p r im e d  m ice  w a s  g e n e ra lly  fo u n d  to  b e  in su lin , p ro g e ste r o n e , c o r t iso l a n d  
p r o la c t in  (P ro p , 1960 , 1 9 6 1 a ;  R a n a d iv e  & C h a p e k a r , 1964), a l th o u g h  L a s fa r g u e s
(1 9 6 0 ) r e p o r te d  s l ig h t  lo b u lo -a lv e o la r  d if fe re n t ia t io n  in  f r a g m e n ts  o f  g la n d  fro m
3 -m o n th -o ld  fe m a le s  in  re sp o n se  to  o e s tro g e n  +  p ro g e s te r o n e  in  th e  a b se n c e  o f  a n y  
o th e r  h o rm o n e s . T h e  r e su lt s  o f  P r o p  (1 9 6 3 ) s u g g e s t  t h a t  th e  ro le  o f  g ro w th  h o rm o n e  
i s  to  in c re a se  s e n s it iv i t y  to  p ro la c t in .

R iv e r a  (1 9 6 4 a )  n o te s  t h a t  th e  re sp o n se  to  in su lin , o e s tro g e n , p ro g e ste r o n e , a ld o 
ste ro n e , p r o la c t in  a n d  g ro w th  h o rm o n e  a d d e d  to  a  sy n th e t ic  m e d iu m  in v o lv e s  th e  
fo r m a t io n  o f  l a te r a l  b u d s , n o t  n o rm a lly  a  fe a tu r e  o f  d if fe re n t ia t io n  in  v iv o . A lv e o la r  
d if fe re n t ia t io n  o c c u rre d  w h en  5 %  r a t  se ru m  w a s  a lso  in c lu d e d , th o u g h  t h is  w a s  
in e ffe c t iv e  in  th e  a b se n c e  o f  a d d e d  h o rm o n e s .

D e ta i le d  c o m p a r iso n  b e tw e e n  d if fe re n t  s tu d ie s  is  m a d e  d iff ic u lt  b y  th e  w id e  v a r ie t y



o f  m e d ia  a n d  h o rm o n e  c o m b in a t io n s  e m p lo y e d . I n  a d d it io n , s t r a in  d iffe re n c e s  in  
re sp o n se  h a v e  b e e n  d e te c te d  b y  P r o p  (1 9 6 0 ), R a n a d iv e  &  C h a p e k a r  (1 9 6 4 ) a n d  G a d k a r i  
et a t . (1 9 6 8 ).

M a m m a r y  t i s s u e  f r o m  3- t o  4 -w eek  o ld  fe m a le  r a t s  o f  v a r io u s  s t r a in s  w a s  sh o w n  b y  
D il le y  &  N a n d i  (1 9 6 8 ) t o  fo r m  sm a ll  lo b u le s  o f  a lv e o li  in  th e  a b se n c e  o f  s t e r o id s  w h en  
c u ltu re d  o n  a  sy n th e t ic  m e d iu m  c o n ta in in g  in su lin  +  p r o la c t in . A d d it io n  o f  o e s t r a d io l  
+  p r o g e s te r o n e  +  a ld o s te r o n e  in c r e a se d  th e  d e g re e  o f  lo b u lo -a lv e o la r  d if fe re n t ia t io n  
o b ta in e d . B y  c o n tr a s t  w ith  m ice  o f  s im ila r  a g e , n o  in  v iv o  p r im in g  w a s  r e q u ir e d  to  
o b ta in  th is  r e s u lt  (cf. I c h in o se  & N a n d i ,  1 9 6 4 ,1 9 6 6 ) . H o w e v e r , M ish k in sk y  et a t . (1 9 6 7 ) 
c o u ld  n o t  o b ta in  lo b u lo -a lv e o la r  d if fe re n t ia t io n  in  v i t r o  in  t i s s u e  f r o m  m a t u r e  v ir g in  
fe m a le  r a t s  in  th e  a b se n c e  o f  s t e ro id s . S t r a in  d iffe re n c e s  o r  a  lo w e r h o rm o n a l r e q u ir e 
m e n t  o f  im m a tu r e  m a m m a r y  t is s u e  h a v e  b e e n  in v o k e d  to  e x p la in  th is  d is c r e p a n c y  
(D ille y  & N a n d i ,  1968).

C o m p a r iso n  w ith  in  vivo stu d ie s

I n  g e n e ra l, th e  r e su lt s  o b ta in e d  b y  in  v i t r o  m e th o d s  a g r e e  v e r y  w ell w ith  in  v iv o  
s tu d ie s  o n  h y p o p h y se c to m iz e d , a d r e n a le c to m iz e d , o v a r ie c to m iz e d  a n im a ls .  T h u s , 
lo b u lo -a lv e o la r  d if fe re n t ia t io n  h a s  b e e n  o b ta in e d  in  su c h  t r ip ly  o p e r a te d  r a t s  w ith  
la r g e  d o se s  o f  p r o la c t in  +  g ro w th  h o rm o n e  (T a lw a lk e r  & M e ite s , 19 6 1 ), o r  w ith  o v a r ia n  
a n d  a d r e n o c o r t ic a l  h o rm o n e s  +  lo w e r d o se s  o f  p r o la c t in  a n d  g ro w th  h o rm o n e  in  r a t s  
(L y o n s , 1 958 ) a n d  m ic e  (N a n d i, 19 5 8 ). T h e  ro le  o f  in su lin  i s  so m e w h a t  u n c e r ta in  a n d  
is  d i s c u s se d  la te r  (p . 4 3 1 ). A lso , in  m ice , lo b u lo -a lv e o la r  d e v e lo p m e n t  c a n  b e  in d u c e d  
in  v iv o  in  th e  a b se n c e  o f  a d r e n a l  s t e r o id s ,  b u t  in  v i t r o  th e se  a p p e a r  t o  b e  n e c e s sa r y . 
T h e  r e a so n s  fo r  th i s  c a n  o n ly  b e  c o n je c tu r e d  (see  Ic h in o se  &  N a n d i ,  1966).
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E ffe c t o f  thyroxin e

S in g h  &  B e r n  (1 9 6 9 ) h a v e  u se d  o r g a n  c u ltu re  to  in v e s t ig a t e  th e  ro le  o f  th y r o x in e  in  
lo b u lo -a lv e o la r  d e v e lo p m e n t . U s in g  3- t o  4 -w ee k -o ld  B A L B  m ice , p r e t r e a te d  w ith  
o e s tro g e n  +  p ro g e s te r o n e , lo b u lo -a lv e o la r  d if fe r e n t ia t io n  w a s  a c h ie v e d  in  v it r o  o n  a  
s y n th e t ic  m e d iu m  w ith  in su lin  +  a ld o s te r o n e  +  sh e e p  p r o la c t in . I n  th e  p re se n c e  o f  a n  
o p t im a l  p r o la c t in  c o n c e n tr a t io n  (5 /xg/m l) th y r o x in e  in h ib ite d  d e v e lo p m e n t . H o w 
e v e r , a t  p r o la c t in  le v e ls  o f  3 /¿g/'m l o r  b e lo w , th y r o x in e  in c r e a se d  th e  d e g re e  o f  
lo b u lo -a lv e o la r  d e v e lo p m e n t  a t  lo w  c o n c e n tr a t io n s , w h e re a s  h ig h e r  c o n c e n tr a t io n s  
w e re  a g a in  in h ib ito ry . T h e se  f in d in g s  m a y  e x p la in  c o n flic tin g  r e p o r t s  o n  th e  in flu e n c e  
o f  th e  th y r o id  o n  m a m m a r y  d e v e lo p m e n t  (fo r  re fe re n c e s  se e  S in g h  & B e r n , 19 6 9 ).

THE INITIATION AND MAINTENANCE OF SECRETORY ACTIVITY IN VITRO

M o rp h o lo g ica l stu d ie s

A  n u m b e r  o f  d if fe re n t  sp e c ie s  h a v e  n o w  b e e n  e x a m in e d  a n d  th e  h o rm o n a l r e q u ir e 
m e n ts  fo r  in it ia t io n  o f  se c re t io n  in  v it r o  o n  n a t u r a l  a n d  sy n th e t ic  m e d ia  a r e  w ell 
k n o w n , s t u d ie s  o n  th e  m o u se  b e in g  a g a in  th e  m o s t  e x te n s iv e . L o b u lo - a lv e o la r  t i s s u e  
h a s  b e e n  t a k e n  f r o m  m ic e  o f  d if fe re n t  s t r a in s  a n d  a t  v a r io u s  s t a g e s  o f  p r e g n a n c y  
(e .g . R iv e r a  & B e r n , 1 9 6 1 ; L a s fa r g u e s ,  1 9 6 2 ; R iv e r a ,  1 9 6 4 6 ,1 9 6 6 ;  S to c k d a le , J u e r g e n s  
&  T o p p e r , 1 9 6 6 ), f ro m  p se u d o p r e g n a n t  r a b b i t s  (e .g . B r u m b y  &  F o r s y t h ,  1 9 6 9 ; 
D e n a m u r , 1 969 , 19 7 1 ), f ro m  g u in e a - p ig s  (G e rr itse n , 1960) fro m  p r e g n a n t  r a t s
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(U y ld e r t  & V illa u d y , 1 9 6 7 ; U y ld e r t ,  P e t e r s  & A r ie n s , 19 6 9 ), f ro m  r a t s ,  g u in e a - p ig s ,  
h a m s te r s ,  r a b b i t s  a n d  d o g s  p r im e d  w ith  o e s tro g e n  a n d  p ro g e s te r o n e  (B a r n a w e ll ,
1965) a n d  fro m  w o m en  (e .g . P r o p , 1969).

A s  in  o th e r  s tu d ie s  o f  m a m m a r y  t is s u e  e x p la n t e d  p o s t n a t a l ly ,  th e  p re se n c e  o f  
in su lin  in  th e  c u ltu re  m e d iu m  is  n e c e s s a r y  fo r  g o o d  m a in te n a n c e  (E l ia s ,  1959 ), th o u g h  
B a r n a w e ll  (1 965 ) fo u n d  t h a t  th e re  w ere  sp e c ie s  v a r ia t io n s  in  th e  a b i l i t y  o f  lo b u lo -  
a lv e o la r  m a m m a r y  t i s s u e  to  su r v iv e  in  th e  a b se n c e  o f  h o rm o n e s . A n  a d r e n a l  c o r t ic o id  
fu r th e r  im p r o v e s  s u r v iv a l  in  th e  m o u se  (E l ia s ,  1959) a n d  in  th e  r a t ,  g u in e a - p ig , 
h a m ste r ,  r a b b i t  a n d  d o g  (B a rn a w e ll , 1965 ). I n  C 3 H  m ice  th e  r e q u ir e m e n t  fo r  c o r t iso l 
in  a d d it io n  to  in su lin  in c re a se d  w ith  th e  d e g re e  o f  d e v e lo p m e n t  to w a r d s  s e c r e to r y  
a c t iv i t y  (R iv e r a  & B e r n , 1961) a n d  w ith  le n g th  o f  t im e  in  c u ltu re . M a y n e  & B a r r y
(1 9 7 0 ) fo u n d  t h a t  c o r t ic o s te ro n e  h a d  l i t t le  e f fe c t  o n  su r v iv a l  in  48-h  c u ltu r e s  o f  
m id - p re g n a n t  C 3 H  m o u se  m a m m a r y  g la n d . S im ila r ly , E l- D a r w ish  & R iv e r a  (1 9 7 0 ) 

o b ta in e d  g o o d  s u r v iv a l  o f  S w iss  a lb in o  m o u se  m a m m a r y  g la n d  fo r  3 d a y s  w ith  in su lin  
a lo n e , b u t  b y  5 d a y s  in su lin  +  c o r t ic o ste ro n e  w a s  re q u ire d .

N o n - se c re to ry  lo b u lo -a lv e o la r  t is su e , c u ltu re d  in  th e  p re se n c e  o f  in su lin  o r  in su lin  +  
a n  a d r e n a l  c o r t ic o id , u n d e rg o e s  l i t t le  c h a n g e  o th e r  t h a n  a n  in c re a se  in  th e  s iz e  o f  th e  
a lv e o la r  a n d  d u c t  lu m in a  (E l ia s ,  1 9 5 9 ; R iv e r a  & B e r n , 1 9 6 1 ; R iv e r a ,  1 9 6 4 6 ; S to c k -  
d a le  et a l .  1 9 6 6 ; E l- D a r w ish  & R iv e r a ,  1970 ). W h en  s t a in a b le  se c re t io n  is  a l r e a d y  
p r e s e n t  in  th e  lu m in a , a s  in  e x p la n t s  f ro m  la te  p r e g n a n t  m ic e  (1 7 - 1 9  d a y s  o f  p r e g 
n a n c y ) , i t  t e n d s  to  d i s a p p e a r  d u r in g  c u ltu re  w ith  th e se  2 h o rm o n e s  (R iv e r a  & B e r n ,
1961 ). P r o la c t in , a d d e d  t o  in su lin  a n d  a n  a d r e n a l  c o r t ic o id , in it ia te s  o r  m a in ta in s  
se c re t io n  (E l ia s ,  1 9 5 9 ; R iv e r a ,  1 9 6 4 6 ). T h e r e  a r e  sp e c ie s  v a r ia t io n s  in  s e n s i t iv i t y  o f  
re sp o n se  to  sh e e p  p r o la c t in  (B a rn a w e ll , 1 9 6 5 ) ; th e  d o g  a n d  th e  r a b b i t  a r e  p a r t ic u la r ly  
se n s it iv e , b u t  th e  g u in e a - p ig  is  r e la t iv e ly  u n re sp o n s iv e . I n  m ice , p a r i t y  in c re a se s  
s e n s it iv i t y  to  p r o la c t in  (R iv e r a , 19 6 4 6 ).

N o n e  o f  th e  sp e c ie s  s tu d ie d  b y  B a r n a w e ll  (1 9 6 5 ) sh o w e d  a n y  la c to g e n ic  r e sp o n s e  to  
o x  g ro w th  h o rm o n e . H o w e v e r , so m e  s t r a in s  o f  m ice , n o t a b ly  C 3 H ,  w ill sh o w  la c t o 
g e n ic  r e sp o n se s  to  o x  g ro w th  h o rm o n e  in  v it r o  (R iv e r a , 1 9 6 4 6 , 1 9 6 6 ; H a llo w e s  & 
W a n g , 1971 ), re f le c t in g  s im ila r  r e sp o n s iv e n e s s  in  v iv o  (R iv e r a , 1 9 6 4 6 , 1966 ). I n  v i t r o  
re sp o n se s  to  sh e e p  a n d  p ig  g ro w th  h o rm o n e s  h a v e  a lso  b e e n  sh o w n  in  C 3 H  m ic e  
(R iv e r a , F o r s y t h  & F o l le y , 1967). M in im al h o rm o n e  c o n c e n tr a t io n s  a re  r e q u ir e d  to  
d e m o n s t r a te  th e se  sp e c ific  re sp o n se s . T h u s , in  v iv o  s t r a in  A  m ice  a re  r e f r a c to r y  t o  th e  
m a m m o g e n ic  a n d  la c to g e n ic  e ffe c ts  o f  o x  g ro w th  h o rm o n e  w h ile  C 3 H  m ic e  a r e  h ig h ly  
r e sp o n s iv e  (N a n d i, 1961 ). E x p e r im e n ts  in  v i t r o , h o w ev er , u s in g  h ig h  le v e ls  o f  h o r 
m o n e s  (in su lin , 1 0 0 / tg /m l, +  c o rt iso l, 8 / ig /m l, +  p r o la c t in  o r  g ro w th  h o rm o n e , 
2 0 0  /ig /m l)  f a i le d  to  d e m o n s tr a te  d if fe re n t ia l  r e sp o n s iv e n e s s  in  th e  2 s t r a in s  (R iv e r a , 
1 9 6 4 6 ). N o t  u n t i l  th e  m in im a l h o rm o n a l re q u ir e m e n ts  fo r  th e  m a in te n a n c e  o f  
m a m m a r y  g la n d  s t r u c tu r e  in  v i t r o  w ere  d e te rm in e d  (in su lin  5 f ig  ¡m l  +  c o r t ic o s te ro n e  
1 / ig /m l fo r  b o th  s t r a in s )  d id  th e ir  d if fe re n t ia l  r e sp o n s e  to  g ro w th  h o rm o n e  b e c o m e  
a p p a r e n t .  M a x im a l  se c re t io n  w a s  in d u c e d  in  e x p la n t s  fro m  n u ll ip a ro u s  C 3 H  m ic e  b y  
1 / ig /m l sh e e p  p r o la c t in  o r  2 / ig /m l o x  g ro w th  h o rm o n e , w h ile  s t r a in  A  m ic e  r e s 
p o n d e d  m a x im a l ly  t o  5 / ig /m l sh e e p  p ro la c t in . A t  h ig h e r  le v e ls  o f  g ro w th  h o rm o n e  
(1 0 - 1 5  / ig /m l)  s t r a in  d iffe re n c e s  b e c a m e  le s s  a p p a r e n t  (R iv e r a , 1 9 6 4 6 , 1 9 6 6 ; R iv e r a  
et a l .  1967 ), p e r h a p s  in  p a r t  d u e  t o  p r o la c t in  c o n ta m in a t io n  o f  th e  g ro w th  h o rm o n e  
p r e p a r a t io n s . I t  is  a lso  p o s s ib le  t h a t  th e  s t r u c t u r a l  s im ila r i t ie s  r e c e n t ly  r e p o r te d



b e tw e e n  th e  2 m o le c u le s  a r e  c o n c e rn e d  (A lo j & E d e lh o c h , 1 9 7 0 ; B e w le y  & L i ,  1 9 7 0 ; 
N ia ll ,  H o g a n , S a u e r , R o se n b lu m  &  G re e n w o o d , 1971).

T h e  o n ly  o th e r  p u r if ie d  h o rm o n e s  sh o w n  to  b e  c a p a b le  o f  in it ia t in g  se c re t io n  in  
v it r o  a re  h u m a n  g ro w th  h o rm o n e  (R iv e r a  et a l .  1967) a n d  h u m a n  c h o rio n ic  so m a to -  
m a m m o tr o p h in  (h u m a n  p la c e n ta l  la c to g e n )  (T u r k in g to n  & T o p p e r , 1 9 6 6 ; F o r s y t h ,  
1 9 6 7 a ;  T u r k in g to n , 1 9 6 8 6 ; F o r s y t h  & F o l le y , 19 7 0 ). B o t h  th e se  h o rm o n e s  sh o w  
p ro la c t in - lik e  a c t iv i t y  in  o th e r  b io a s s a y s  (fo r  re v ie w  se e  F o r s y t h  & F o l le y , 1970 ).

R iv e r a  (1 9 6 4 c ) fo u n d  t h a t  in  C 3 H  m ice  se c re t io n  w a s  in i t ia te d  in  v i t r o  b y  c o r t i
c o ste ro n e  o r  a ld o s te ro n e  o r  c o r t iso l in  c o m b in a t io n  w ith  in s u lin  +  p r o la c t in  +  g ro w th  
h o rm o n e . 11 - D e o x y c o r t ic o s te ro n e  w a s , h o w e v e r , le s s  e ffe c t iv e . S im ila r  r e s u lt s  w ere  
o b ta in e d  b y  B a r n a w e ll  (1 9 6 5 ) a n d  th e  s te r o id  s t r u c t u r a l  r e q u ir e m e n ts  h a v e  b e e n  
in v e s t ig a t e d  in  m o re  d e ta i l  b y  T u rk in g to n , J u e r g e n s  & T o p p e r  (1 9 6 7 ) b y  c o m p a r in g  
h is to lo g ic a l  a n d  b io sy n th e t ic  r e sp o n s e s  to  in su lin  a n d  p ro la c t in , w ith  a n d  w ith o u t  
s te ro id . A t  a  c o n c e n tr a t io n  o f  3 x 10-7 m , th e  16 c o m p o u n d s  e x a m in e d  w ere  fo u n d  to  
fa l l  in to  3 g r o u p s ; th e y  f a i le d  to  s u p p o r t  in it ia t io n  o f  se c re t io n  o r  su p p o r te d  i t  t o  a  
g r e a t e r  o r  le s se r  e x te n t . T h e  im p o r t a n t  fe a t u r e s  o f  th e  5 m o s t  e f fe c t iv e  s te r o id s  
(2 1 -d e o x y c o r t iso l, a ld o s te ro n e , c o r t iso n e , c o r t iso l a n d  p re d n iso lo n e ) w ere  a  2 0 -k e to  
g ro u p , a n  1 l /? - h y d r o x y l (o r  1 1 -k e to  g ro u p )  a n d  a  1 7 a -h y d ro x y l o r  a ld e h y d e  g r o u p  a t  
p o s i t io n  18. A t  a  h ig h e r  c o n c e n tr a t io n  (15  x 10 ~ 5 m ), 1 1 /h h y d ro x y p ro g e s te r o n e  a n d  
c o r t ic o ste ro n e  b e c a m e  h ig h ly  e ffe c t iv e , in d ic a t in g  t h a t  a n  o x y g e n  c o n ta in in g  g ro u p  
a t  p o s i t io n  17 o r  18 w a s  n o  lo n g e r  n e c e s s a r y . T h e  c o n tr ib u t io n  t o  th e se  r e s u lt s  o f  
f a c t o r s  su c h  a s  ce ll p e r m e a b il i ty , r a t e s  o f  in te r c o n v e r s io n  a n d  b re a k d o w n  i s  n o t  
k n o w n , b u t  th e  r e s u lt s  s u g g e s t  t h a t  b o t h  th e  m a in  s te ro id s  s e c r e te d  b y  th e  m o u se  
a d r e n a l ,  a ld o s te r o n e  a n d  c o r t ic o ste ro n e , m a y  p la y  a  p a r t  in  m a m m a r y  g la n d  fu n c t io n .

I n  th e  r a b b i t ,  in  v iv o  r e su lt s  in d ic a te  t h a t  th e re  m a y  b e  n o  a b so lu te  r e q u ir e m e n t  fo r  
s t e r o id s  in  la c ta t io n .  T h u s , p r o la c t in  a lo n e  in i t ia te s  l a c t a t io n  in  a d r e n a le c to m iz e d  
a n d  o v a r ie c to m iz e d - a d r e n a le c to m iz e d  r a b b i t s  (C ow ie  &  W a tso n , 1 9 6 6 ; D e n a m u r ,
19 6 9 ), r e - in it ia te s  o r  m a in ta in s  l a c t a t io n  in  h y p o p h y se c to m iz e d  la c t a t in g  r a b b i t s  
(C ow ie , H a r t m a n n  &  T u r v e y , 1969) a n d  in i t ia te s  la c t a t io n  in  h y p o p h y se c to m iz e d  o r  
t r ip ly  o p e r a te d  p se u d o p r e g n a n t  r a b b i t s  (D e n a m u r , 1969 , 19 7 1 ). S im ila r ly  in  v i t r o  
th e re  is  e v id e n c e  o f  in it ia t io n  o f  l a c t a t io n  in  e x p la n t s  fro m  p se u d o p r e g n a n t  r a b b i t  
m a m m a r y  g la n d s  w ith  in su lin  +  p r o la c t in , e v e n  w h en  th e  t is s u e  is  t a k e n  fro m  
h y p o p h y se c to m iz e d  o r  a d r e n a le c to m iz e d  a n im a ls  (D e n a m u r , 1969 , 1971 ). T h e  fu r th e r  
a d d it io n  o f  c o r t iso l is ,  h o w e v e r , s t im id a t o r y .  S e c r e to r y  a c t iv i t y  h a s  b e e n  in i t ia t e d  in  
S w is s  a lb in o  m o u se  m a m m a r y  g la n d  in  v i t r o  w ith  in su lin  +  p r o la c t in  (E l-D a r w is h  & 
R iv e r a ,  1970 ).

A  fe w  r e p o r t s  h a v e  a p p e a r e d  o f  th e  e f fe c t s  o f  h o rm o n e s  o n  th e  h u m a n  m a m m a r y  
g la n d  in  v it r o . B a r k e r ,  F a n g e r  & F a m e s  (1 9 6 4 ) o b s e r v e d  h y p e r p la s ia  o f  d u c t a l  ce lls  
w ith  in su lin  in  th e  p re se n c e  o f  2 0 %  h u m a n  m a le  se ru m . M io d u sz e w sk a , K o s z a r o w s k i  
& G o rsk i  (1 9 6 9 ) h a v e  r e p o r te d  e f fe c ts  o n  g ro w th  a n d  se c re to ry  a c t iv i ty  in  c a rc in o m a  
t is s u e  w ith  p r o la c t in , h u m a n  g ro w th  h o rm o n e , c o r t iso l, o e s tro g e n , t e s to s te r o n e  a n d  

p ro g e ste r o n e .
H u m a n  s e c r e to r y  m a m m a r y  t is s u e  m a in ta in e d  o n  a  m e d iu m  c o n ta in in g  5 %  h u m a n  

m a le  se ru m  +  in su lin  sh o w e d  re g r e s s io n  (P ro p , 1969 ), b u t  th e  a d d it io n  o f  sh e e p  
p r o la c t in  s t im u la t e d  fu r th e r  se c re t io n  a n d  th is  e ffe c t  w a s  m o re  m a r k e d  in  th e  p re se n c e  
o f  c o r t iso l. P r o g e s te r o n e  in h ib ite d  th e se  c h a n g e s . O n  th e  o th e r  h a n d , h u m a n  ch o rio n ic
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so m a to m a m m o tr o p h in  m a in ta in e d  s t r u c tu r e  a n d  in c re a se d  cell s iz e  b u t  d id  n o t  
s t im u la t e  s e c r e to r y  a c t iv i ty ,  in  c o n t r a s t  -with i t s  e f fe c t  o n  th e  m o u se  m a m m a r y  g la n d  
(T u r k in g to n  & T o p p e r , 1 9 6 6 ; F o r s y t h ,  1 9 6 7 a ) .

T h e  e f fe c ts  o f  h o rm o n e s  in  v i t r o  o n  th e  u lt r a s t r u c tu r e  o f  lo b u lo -a lv e o la r  m a m m a r y  
t is s u e  h a v e  a lso  b e e n  e x a m in e d . I n  a  s t u d y  b y  W e llin g s , C o o p e r  & R iv e r a  (1 9 6 6 ) 
u s in g  12- to  1 4 -d a y  p r e g n a n t  C 3 H  m ice  th e  e ffe c ts  o n  a lv e o la r  ce lls  o f  in su lin  +  c o r t i
c o ste ro n e , w ith  a n d  w ith o u t  p r o la c t in  a n d /o r  g ro w th  h o rm o n e  w ere  c o m p a r e d . I n  th e  
a b se n c e  o f  a n te r io r  p i t u i t a r y  h o rm o n e s , th e  e x p la n t s  u n d e rw e n t l i t t le  c h a n g e ; ce ll 
o r g a n e lle s  w ere  g e n e r a lly  p o o r ly  d e v e lo p e d , th e re  w ere  fe w  m ic ro v illi  o n  th e  lu m in a l  
s u r fa c e  o f  th e  a lv e o la r  ce lls  a n d  th e  lu m in a  c o n ta in e d  n e g lig ib le  s e c r e to r y  m a te r ia l .  
P r o la c t in  a n d  g ro w th  h o rm o n e  p r o d u c e d  id e n t ic a l  e f fe c ts  in  th is  s t r a in  o f  m o u se  (see  
a lso  R iv e r a ,  1 9 6 4 6 ), a n d  m a n y  m a m m a r y  ce lls  w ere  s t im u la t e d  to  r e se m b le  th o s e  o f  
n o rm a l m ice  la c t a t in g  in  v iv o . T h e r e  w a s  a n  in c re a se  in  th e  a m o u n t  o f  ro u g h  e n d o 
p la s m ic  re t ic u lu m , w h ic h  w a s  d is p o s e d  a t  th e  b a s e  o f  th e  ce ll a n d  th e  s id e s  o f  th e  
n u c le u s , th e  G o lg i a p p a r a t u s  w a s  e n la rg e d  a n d  c o n ta in e d  se c re to ry  m a te r ia l ,  m ic r o 
v il l i  o n  th e  luminal cell s u r fa c e  w e re  in c re a se d  a n d  b o th  p r o te in  g r a n u le s  a n d  l ip id  
d r o p le t s  c o u ld  b e  id e n t if ie d  a t  th e  a p e x  o f  th e  ce ll a n d  in  th e  a lv e o la r  lu m in a .

M o re  r e c e n t  s t u d ie s  b y  M ills  & T o p p e r  (1 9 7 0 ) on  th e  e ffe c t  o f  h o rm o n e s  o n  th e  
u lt r a s t r u c tu r e  o f  m a m m a r y  ce lls  in  v i t r o  w ill b e  c o n s id e re d  in  r e la t io n  to  th e o r ie s  o f  
h o rm o n e  a c t io n  (see  p . 4 3 6 ).

B io c h e m ic a l ch an ges

T h e  a b i l i t y  o f  th e  m a m m a r y  g la n d  to  r e sp o n d  to  h o rm o n e s  in  v i t r o  w ith  th e  
p r o d u c t io n  o f  s e c r e to r y  c h a n g e s , w h ic h  a t  th e  l ig h t  a n d  e le c tro n -m ic ro sc o p ic  le v e ls  
re se m b le  th e  n o rm a l c h a n g e s  a c c o m p a n y in g  in it ia t io n  o f  se c re t io n  in  v iv o , h a s  
p r o v e d  a  p o w e r fu l to o l  fo r  a n a ly z in g  fu n c t io n a l  d if fe re n t ia t io n  o f  th e  m a m m a r y  ce lls . 
T h e  s e c r e to r y  c h a n g e s  in v o lv e  a  v a r ie t y  o f  h o rm o n e -in flu e n c e d  sp e c if ic  sy n th e s e s  
(T o p p e r , 1968 , 1 969 , 1 9 7 0 ; T u rk in g to n , 1 9 6 8 a , 1 9 7 0 a ;  D e n a m u r , 1969 , 1971 ).

D N  A  sy n th esis

I n  th e  p re se n c e  o f  in su lin  a lo n e , m a m m a r y  e p ith e l ia l  ce lls  o f  m a tu r e  v ir g in  a n d  
m id - p re g n a n t  m ic e  in i t ia t e  D N A  sy n th e s is  in  v i t r o  (S to c k d a le  et a l .  1 9 6 6 ; S t o c k d a le  & 
T o p p e r , 1 9 6 6 ; L o c k w o o d , V o y to v ic h , S t o c k d a le  &  T o p p e r , 1 9 6 7 ; T u rk in g to n , 1 9 6 8 c ; 
W a n g , A m o r  & B u lb r o o k , 1970) a n d  d iv id e , a s  sh o w n  b y  r is e s  in  m ito t ic  in d ic e s  
(P r o p  & H e n d r ix , 1 9 6 5 ; S t o c k d a le  et a l .  1 9 6 6 ; S t o c k d a le  & T o p p e r , 1966) a n d  a  
d o u b lin g  o f  th e  a v e r a g e  n u m b e r  o f  ce lls  p e r  a lv e o la r  c ro ss -se c t io n  (M ills  & T o p p e r ,
19 7 0 ). A u to r a d io g r a p h ic  s tu d ie s  h a v e  sh o w n  t h a t  th e  n u m b e r  o f  ce lls  in c o r p o r a t in g  
[3H ]th y m id in e  is  in c re a se d  b u t  t h a t  th e  r a t e  o f  r e p l ic a t io n  p e r  ce ll is  n o t  d e t e c t a b ly  
a f fe c te d  (T u r k in g to n , 1 9 6 8 c). N u c le i  o f  m a m m a r y  f a t  p a d  ce lls  d id  n o t  in c o r p o r a te  
[3H ]th y m id in e  d u r in g  a  48-h  in c u b a t io n  a n d  o n ly  20  %  o f  f ib r o b la s t s  d id  so  c o m p a r e d  
w ith  7 0 %  o f  a lv e o la r  e p ith e lia l  ce lls  (S to c k d a le  et a l .  1966).

T h e  m a x im u m  r a t e  o f  D N A  sy n th e s is  in  re sp o n se  to  in su lin , m e a su r e d  in  4-h in c u 
b a t io n s  w ith  [3H ]th y m id in e , w a s  re a c h e d  a t  24  h  in  t is s u e  fro m  m id - p re g n a n t  C 3 H  
m ice . H o w e v e r , t i s s u e  fro m  3 -m o n th -o ld  v ir g in  m ice  d id  n o t  r e sp o n d  m a x im a l ly  
u n t i l  4 8 - 7 2  h  a f t e r  th e  s t a r t  o f  c u ltu re  (S to c k d a le  &  T o p p e r , 1966 ). F r ie d b e r g , O k a  & 
T o p p e r  (1 9 7 0 ) h a v e  sh o w n  t h a t  th i s  t im e - la g  p h a se  re f le c ts  a n  in s e n s it iv i ty  t o  in su lin ,
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a n d  t h a t  in s u l in - se n s it iv i ty  i s  a c q u ir e d  b y  th e  e x p la n t e d  m a m m a r y  g la n d  o f  v irg in  
m ice  in d e p e n d e n t ly  o f  e x o g e n o u s  in su lin , p e r h a p s  a s  a  r e sp o n s e  to  th e  s t im u lu s  o f  
b e in g  e x p la n te d .  M a m m a r y  e p ith e liu m  o f  im m a tu r e  3 -w eek -o ld  C 3 H  m ice  sy n th e s iz e s  
D N A  a n d  u n d e rg o e s  m ito s is  in  v i t r o  in  th e  a b se n c e  o f  a d d e d  in su lin  (V o y to v ic h  & 
T o p p e r , 1967).

O th e r  h o rm o n e s  m a y , h o w e v e r , b e  in v o lv e d  in  D N A  sy n th e s is .  T h u s , M a y n e  & 
B a r r y  (1 9 7 0 ) fo u n d  t h a t  p r o la c t in  p r e v e n te d  th e  d e c lin e  in  r a t e  o f  D N A  s y n th e s is  b y  
m id - p r e g n a n t  m o u se  m a m m a r y  g la n d , w h ich  o th e rw ise  o c c u r re d  in  th e ir  c u ltu r e s  
b e tw e e n  12 a n d  2 4  h , a n d  m a in ta in e d  th e  in s u l in - s t im u la te d  r a t e  t o  48  h . I n  c u ltu re s  
p ro lo n g e d  to  5  d a y s ,  E l- D a r w ish  & R iv e r a  (1 9 7 0 ) fo u n d  t h a t  D N A  c o n te n t  w a s  
b e s t  m a in ta in e d  a t  2 d a y s  b y  in su lin  +  p r o la c t in  a n d  a t  3 a n d  5 d a y s  b y  th e  fu r th e r  
a d d it io n  o f  c o r t ic o s te ro n e . M a x im u m  r a t e s  o f  D N A  sy n th e s is  o c c u r re d  a t  2 4  h  a n d  
w ere  p r o d u c e d  e f fe c t iv e ly  b y  in su lin  a lo n e , th e  d e c lin e  th e r e a f te r  b e in g  r a t h e r  s lo w er 
i f  th e  3 h o rm o n e s  w ere  p r e s e n t  (see  a lso  R iv e r a  & C u m m in s, 1970 ). U s in g  a u t o r a d io 
g r a p h y , P r o p  (1 9 6 1 6 ) sh o w e d  t h a t  th e  a d d it io n  o f  p r o la c t in  s t r o n g ly  s t im u la t e d  
m ito s is  in  w h o le -m o u n t c u ltu r e s  o f  v ir g in  fe m a le  m o u se  m a m m a r y  g la n d , b y  c o m p a r i
so n  w ith  g la n d s  c u ltu r e d  w ith  in su lin , p r o g e s te r o n e  a n d  c o r t iso l in  a  m e d iu m  c o n ta in 
in g  se ru m , w h ile  D il le y  (1 9 7 1 ) fo u n d  t h a t  p r o la c t in  w a s  r e q u ir e d  t o  m a in t a in  in it ia l  
m ito t ic  a n d  D N A - s y n th e t ic  a c t iv i t y  in  th e  p re se n c e  o f  in su lin  in  im m a tu r e  f e m a le  r a t  
m a m m a r y  g la n d s  in  v it r o .

A  f a c t o r  f ro m  th e  s u b m a x i l la r y  s a l iv a r y  g la n d s  o f  m ic e  w h ich  s t im u la t e s  g ro w th  o f  
e p id e r m is  h a s  b e e n  sh o w n  to  in i t ia t e  D N A  s y n th e s is  a n d  ce ll d iv is io n  in  m a m m a r y  
e x p la n t s  (T u r k in g to n , 1 9 6 9 as), w h ile  o x  a n d  sh e e p  g ro w th  h o rm o n e s  a lso  s t im u la t e  
D N A  sy n th e s is  to  a  l im ite d  e x t e n t  (T u r k in g to n , 1 9 6 8 c ) . T h e  in it ia t io n  b y  in su lin  o f  
D N A  s y n th e s is  in  m a m m a r y  g la n d  e x p la n t s  c a n  b e  p r e v e n te d  b y  b o th  a n d ro g e n s  
(T u r k in g to n  & T o p p e r , 1967) a n d  o e s tro g e n s  (T u r k in g to n  & H ilf , 1968) a n d  c a n  b e  
d e la y e d  b y  l ith iu m  o r  a m m o n iu m  io n s  (T u r k in g to n , 1968  d ). T h e  e f fe c t  o f  a n d ro g e n s  
in c re a se s  w ith  d o se  o v e r  th e  r a n g e  3-5 x  10~8 t o  3-5 x  10 -5 m , w h ile  o e stra d io l-1 7 /?  w a s  
fo u n d  t o  b e  in h ib ito r y  a t  c o n c e n tr a t io n s  o f  4  x  10 ~ 12 M a n d  4 x  10~8 M, b u t  n o t  a t  a  
c o n c e n tr a t io n  o f  4  x  10 _ l° m .

T h e  m e c h a n ism s  in v o lv e d  in  th e se  e f fe c t s  a re  la r g e ly  u n k n o w n . T h e  m in im a l 
e ffe c t iv e  c o n c e n tr a t io n  o f  in su lin  (0-5 y g /m l  o r  4  x  10~8 m ) i s  c o n s id e ra b ly  h ig h e r  t h a n  
t h a t  o b ta in in g  in  v iv o , th o u g h  th e  e ffe c t iv e  le v e ls  o f  g ro w th  h o rm o n e  a r e  w ith in  th e  
p h y s io lo g ic a l  r a n g e  (T u r k in g to n , 1 9 6 8 c ) . H o w e v e r , F r ie d b e r g  et a l .  (1 9 7 0 ) h a v e  fo u n d  
t h a t  th e  a d d it io n  o f  2 - 5 %  b o v in e  se ru m  a lb u m in  to  sy n th e t ic  m e d iu m  199  m in im iz e s  
lo s s  o f  in su lin  b y  a d s o r p t io n  o n  to  g la s s w a r e  so  t h a t  i t  b e c o m e s  e ffe c t iv e  a t  a  c o n 
c e n tra t io n  o f  10-9 M. T h e  e ffe c t  o f  in su lin  i s  in d e p e n d e n t  o f  i t s  e ffe c t  o n  g lu c o se  
t r a n s p o r t ,  s in c e  i t  o c c u r s  w h en  f r u c to se  i s  s u b s t i t u t e d  fo r  g lu c o s e  in  th e  m e d iu m  
(L o c k w o o d , S t o c k d a le  & T o p p e r , 19 6 7 ). N e v e r th e le s s ,  P a lm it e r  (1 9 6 9 a )  h a s  su g g e s te d  
t h a t  in su lin  m a y  h a v e  a  p e r m is s iv e , r a th e r  th a n  a  d ir e c t  ro le , in  s t im u la t in g  D N A  
sy n th e s is . E v e n  i f  th e  in  v i t r o  f in d in g  o f  in su lin  a s  a  su ffic ie n t  s t im u lu s  fo r  D N A  
sy n th e s is  b y  th e  m a m m a r y  g la n d  c a n  b e  s u b s t a n t i a t e d  in  v iv o , i t  i s  c le a r  t h a t  o th e r  
in flu e n c e s m u s t  m o d u la te  i t s  e f fe c t  s in c e  m a m m a r y  p ro life ra t io n  o c c u r s  o n ly  a t  c e r ta in  
t im e s  d e sp ite  th e  c o n t in u o u s  p re se n c e  o f  e n d o g e n o u s  in su lin . T is su e  se n s i t iv i t y  
p e r h a p s  p r o d u c e d  b y  o th e r  h o rm o n a l e v e n ts  m a y  b e  in v o lv e d  (F r ie d b e r g  et a l .  1970 ). 
T h e  im p o r ta n c e  o f  o v a r ia n  s te r o id s  a n d  th e ir  in te r a c t io n  w ith  a n te r io r  p i t u i t a r y
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h o rm o n e s  h a s  b e e n  e m p h a s iz e d  b y  B r e s c ia n i  (1 9 7 1 ) a n d  h is  v ie w s a re  c o n s is te n t  w ith  
o ld e r  in  v iv o  s tu d ie s  o n  h y p o p h y se c to m iz e d - o v a r ie c to m iz e d - a d r e n a le c to m iz e d  

a n im a ls  (e .g . L y o n s ,  1 9 5 8 ; N a n d i ,  1958 ). T h e  in te r a c t io n  o b se rv e d  in v i t r o  b e tw e e n  
in su lin  a n d  o e s t ro g e n s  a f fe c t in g  r a t e s  o f  D N A  sy n th e s is  (T u r k in g to n  & H ilf ,  1968) 
c o u ld  b e  o f  p h y s io lo g ic a l  s ig n ific a n c e . I t  is  a p p a r e n t ly  im p o ss ib le  t o  in it ia te  m o re  t h a n  
o n e  cy c le  o f  ce ll d iv is io n  in  th e  m a m m a r y  g la n d  in  v it r o  (L o c k w o o d , S to c k d a le  & 
T o p p e r , 1 9 6 7 ; M ills  & T o p p e r , 1 9 7 0 ; T o p p e r , 1970) a n d  th is  m a y  re fle c t  th e  a b se n c e  
o f  so m e  s y s te m ic  in flu e n c e  o r  a  h o rm o n a l in te r a c t io n  so  f a r  o v e r lo o k e d . (F o r  fu r th e r  
d is c u s s io n  a n d  re fe re n c e s  o n  th e  ro le  o f  in su lin  se e  D e n a m u r , 1969 , 1971 .)

E x p e r im e n ts  w ith  p u r o m y c in  a n d  c y c lo h e x a m id e , w h ich  in h ib it  p ro te in  sy n th e s is ,  
in d ic a te  t h a t  th e  in it ia t io n  o f  D N A  sy n th e s is  b y  in su lin  a n d  th e  c o m p le tio n  o f  D N A  
r e p l ic a t io n  b o th  r e q u ir e  t h a t  p ro te in  sy n th e s is  t a k e s  p la c e . A u to r a d io g r a p h y  sh o w e d  
t h a t  b o th  th e  n u m b e r  o f  ce lls  sy n th e s iz in g  D N A  a n d  th e  r a t e  o f  D N A  sy n th e s is  wrere  
a ffe c te d . T h e  e ffe c t  o f  p u r o m y c in  w a s  a t  l e a s t  p a r t ia l ly  re v e r s ib le  (T u r k in g to n , 
1 9 6 8 c ) . P r io r  sy n th e s is  o f  D N A  p o ly m e r a s e  m a y  b e  re q u ir e d  fo r  D N A  sy n th e s is  
(L o c k w o o d , V o y to v ic h , S to c k d a le  & T o p p e r , 1967 ). T h e  a c t iv i ty  o f  th e  e n z y m e  is 
v e r y  la r g e ly  a s s o c ia t e d  w ith  th e  f ib r o b la s t s  in  fr e sh  m a m m a r y  t is s u e  fro m  v irg in  
fe m a le  C 3 H  m ice  a n d  th e  la r g e  in c re a se  in  i t s  a c t iv i t y  p ro d u c e d  b y  in su lin  m a y  
re p re se n t  d e  n o v o  sy n th e s is  b y  e p ith e lia l  ce lls . I n  48-h  c u ltu re s  th e  r a t e  o f  D N A  
sy n th e s is  a n d  th e  a c t iv i t y  o f  D N A  p o ly m e r a s e  c lo se ly  p a r a l le le d  e a c h  o th e r . H o w 
e v e r , D N A  sy n th e s is  v i r t u a l ly  c e a se s  in  v i t r o  b y  d a y  3 - 4  (L o c k w o o d , S t o c k d a le  & 
T o p p e r , 1967 ), w h ile  D N A  p o ly m e r a s e  a c t iv i t y  c o n tin u e s  a t  a n  e le v a te d  lev e l.

M a rz lu ff , M c C a r ty  & T u r k in g to n  (1 9 6 9 ) r e p o r t  c o -o r d in a te d  sy n th e s is  o f  D N A  a n d  
h is to n e s  in  re sp o n se  t o  in su lin .

R N A  sy n th esis

H o rm o n a l s t im u la t io n  o f  t o t a l  R N A  sy n th e s is  b y  m o u se  m a m m a r y  g la n d  in  v it r o  
h a s  b e e n  re p o r te d  b y  a  n u m b e r  o f  w o r k e r s ; th e  m o s t  m a r k e d  a n d  s u s ta in e d  s t im u la t io n  
w a s  a c h ie v e d  b y  a  c o m b in a t io n  o f  in su lin  +  p r o la c t in  w ith  o r  w ith o u t  a n  a d r e n a l  
c o r t ic o s te ro id  (M a y n e  et a l .  1 9 6 6 ; S to c k d a le  et a l .  1 9 6 6 ; M a y n e  & B a r r y ,  1967 , 1 9 7 0 ; 
M a y n e , F o r s y t h  & B a r r y ,  1 9 6 8 ; T u rk in g to n , 1 9 6 8 6 ).

T h e  ro le s  o f  e a c h  o f  th e se  h o rm o n e s  h a v e  b e e n  a n a ly s e d  fu r th e r  b y  G re e n  & T o p p e r
(1 9 7 0 ), u s in g  m id - p re g n a n t  B A L B  m ice , a  s t r a in  r e la t iv e ly  fre e  o f  m a m m a r y  tu m o u r  
R N A - v ir u s .  B y  d e s t r o y in g  th e  m a m m a r y  a n la g e n  u n ila te r a l ly  in  im m a tu r e  m ic e  
(D e O m e , F a u lk in ,  B e r n  & B la i r ,  1959) th e y  w e re  a b le  to  c o m p a r e  th e  re sp o n se s  o f  th e  
m a m m a r y  f a t  p a d  w ith  a n d  w ith o u t  m a m m a r y  e p ith e liu m . D is so c ia t io n  o f  e p ith e liu m  
a n d  f a t  ce lls  w a s  a lso  a c h ie v e d  a f t e r  c u ltu re . E x p l a n t s  w e re  c u ltu re d  fo r  4  d a y s  w ith  
in su lin  o r  in su lin  +  c o r t iso l a n d  th e n  e x p o s e d  to  th e se  h o rm o n e s  a n d  p r o la c t in  in  
v a r io u s  c o m b in a t io n s  fo r  a  fu r th e r  24  h , in  th e  p re se n c e  o f  [3H ]u r id in e . P r o la c t in  
s t im u la t e d  u r id in e  in c o rp o ra t io n  in to  t o t a l  R N A  b y  e p ith e lia l  b u t  n o t  f a t  ce lls . B y  
c o n tr a s t ,  c o r t iso l d e p r e s se d  R N A  sy n th e s is  b y  f a t  ce lls  b u t  h a d  n o  d e te c ta b le  e f fe c t  
o n  e p ith e lia l  ce lls . T h e  R N A  sy n th e s is  o f  m a m m a r y  g la n d  p r e v io u s ly  in c u b a te d  in  
in su lin  +  c o r t iso l  w a s  s t im u la t e d  b o th  b y  in su lin  a n d  p ro la c t in , b u t  i t  w a s  c o n c lu d e d  
t h a t  i t  is  p ro la c t in - lin k e d  R N A  sy n th e s is  w 'hich m a y  b e  im p o r t a n t  in  th e  t r a n s 
fo r m a t io n  o f  n o n -se c re to ry  to  se c re to ry  ce lls . M a m m a r y  g la n d  e x p la n t s  in c u b a te d  
w ith  in su lin  a lo n e  fo r  4  d a y s  w ere  a lso  a b le  to  r e sp o n d  t o  in su lin  +  p r o la c t in  w ith
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in c re a se d  R N A  sy n th e s is  o n  d a y  1 b u t  b y  d a y  2 th e  s t im u la t io n  h a d  d e c lin e d , a n d  
in s ta b i l i t y  o f  R N A  in  th e  a b se n c e  o f  c o r t iso l m a y  a c c o u n t  fo r  th is . S u c h  in s u l in +  
p r o la c t in  in c u b a te d  e x p la n t s  d o  n o t  sy n th e s iz e  c a se in  (see  p . 4 3 3  b e lo w  a n d  p . 436 ).

T h e  sp e c ie s  o f  R N A  s t im u la te d  in  v i t r o  h a v e  b e e n  s tu d ie d  in  a  se r ie s  o f  p a p e r s  b y  
T u r k in g to n  a n d  co -w o rk e rs  (see  T u rk in g to n , 1 9 6 9 6 , 1 9 7 0 6 ; T u r k in g to n  &  W a rd , 
1 9 6 9 ; T u r k in g to n  &  R id d le , 1 9 7 0 a ) . T h e y  sh o w  t h a t  in su lin  a n d  p r o la c t in  s t im u 
la t io n  r e s u lt  in  th e  fo r m a t io n  o f  m u lt ip le  c la s s e s  o f  R N A . T h e  e ffe c ts  r e p o r te d  in c lu d e  
a n  e a r ly  s t im u la t io n  o f  r a p id ly  la b e l le d  n u c le a r  R N A  (w h ich  m a y  in  p a r t  r e p re se n t  
m e sse n g e r  R N A ) ,  s t im u la t io n  o f  th e  p r o p o r t io n  o f  t r a n s fe r  t o  t o t a l  R N A  a n d  o f  th e  
a c t iv i t y  o f  t r a n s fe r  R N A - m e th y la t in g  e n z y m e s , o f  th e  fo r m a tio n  o f  r ib o so m e s  a n d  
th e ir  o r g a n iz a t io n  in to  p o ly so m e s  a n d  o f  th e  a c t iv i t y  o f  R N A  p o ly m e r a s e . I t  is 
co n c lu d e d  t h a t  h o rm o n a l s t im u la t io n  o f  c a se in  sy n th e s is  (see  p . 4 3 3  b e lo w ) in v o lv e s  
f ir s t  a n  in c re a se  in  t r a n s c r ip t io n a l  a c t iv i t y  w h ich  is  la te r  c o u p le d  t o  t r a n s la t io n a l  
a c t iv i ty .  T h e  s u b s t a n t ia t io n  o f  th e se  c o n c lu sio n s  m u s t  d e p e n d  o n  fu tu r e  w o rk .

R e c e n t  in  v i t r o  e x p e r im e n ts  b y  T u r k in g to n  (1 9 7 0 c ) u s in g  in su lin  a n d  p r o la c t in  
c o -v a le n t ly  b o u n d  to  la r g e  p o ly m e r s  o f  S e p h a r o se  s u g g e s t  t h a t  b o th  h o rm o n e s  c a n  
e x e r t  th e ir  e f fe c ts  o n  R N A  sy n th e s is  w ith o u t  e n te r in g  th e  m a m m a r y  ce ll. I t  h a s  n o t , 
h o w ev er , b e e n  sh o w n  c o n c lu s iv e ly  t h a t  th e  h o rm o n e s  re m a in  a t t a c h e d  t o  th e  
S e p h a ro se  u n d e r  th e  c o n d it io n s  o f  in c u b a t io n .

P ro te in  a n d  enzym e sy n th esis

T h e  in it ia t io n  o f  sp e c if ic  m ilk  p ro te in  (c a se in ) sy n th e s is  b y  h o rm o n e s  in  v i t r o  w a s  
f ir s t  o b s e r v e d  b y  Ju e r g e n s ,  S to c k d a le , T o p p e r  &  E l i a s  (1 9 6 5 ). A  c o m b in a t io n  o f  
in su lin , c o r t iso l a n d  p r o la c t in  w a s  n e e d e d  to  s t im u la te  th e  fo r m a tio n  o f  ‘ c a se in - lik e  ’ 
p h o sp h o p ro te in s  b y  m id - p re g n a n t  C 3 H  m o u se  m a m m a r y  t is su e , in  a g re e m e n t  w ith  
e a r lie r  h is to lo g ic a l  s tu d ie s  (S to c k d a le  et a l .  (1 9 6 6 ) a n d  p . 4 2 7 ). B y  c o n tr a s t ,  th e  
sy n th e s is  o f  n o n -m ilk  p r o te in s  r e q u ir e d  o n ly  in su lin  (L o c k w o o d , T u r k in g to n  & 
T o p p e r , 1966 ). I t  w a s  la te r  sh o w n  t h a t  th e  c a se in  p r o d u c e d  in  v it r o  w a s  e le c tro -  
p h o r e t ic a l ly  in d is t in g u ish a b le  fro m  t h a t  in  n o r m a l m o u se  m ilk  (T u r k in g to n , J u e r g e n s  
&  T o p p e r , 1965 ). T h e  r a t e  o f  c a se in  sy n th e s is  is  m a x im a l  a t  48  h , r e a c h in g  a b o u t  50  %  
o f  th e  r a t e  o b s e r v e d  in  t is s u e  fro m  m ic e  o n  d a y  10 o f  la c t a t io n  (T o p p e r , 1968).

S t im u la t io n  in  v i t r o  o f  w h ey  p r o te in  sy n th e s is  r e q u ir e s  th e  s a m e  h o rm o n a l c o m 
b in a t io n  (L o c k w o o d  et a l. 1 9 6 6 ; T u rk in g to n , L o c k w o o d  & T o p p e r , 1967). T h e  w h e y  
p ro te in , a - la c ta lb u m in , i s  a  c o m p o n e n t  o f  th e  e n z y m e  la c to se  s y n th e ta s e  w h ic h  
c a t a ly s e s  la c to se  sy n th e s is  a n d  th is  i s  c o n s id e re d  fu r th e r  o n  p p . 4 3 4 - 5 .

T h e  a c t iv i t y  o f  a  n u m b e r  o f  o th e r  e n z y m e s  h a s  b e e n  s t im u la t e d  b y  h o rm o n e s  in  
v it r o . U s in g  m id - p re g n a n t  C 3 H  m ice , J o n e s  & F o r s y t h  (1 9 6 9 ) o b ta in e d  s ig n if ic a n t  
s t im u la t io n  o f  g lu c o se - 6 -p h o sp h a te  d e h y d ro g e n a se , m a lic  e n z y m e  (E .C . 1 . 1 . 1 . 4 0 ) ,  
U D P G  p y r o p h o sp h o r y la s e , A T P  c it r a te  ly a s e , l a c t a te  d e h y d ro g e n a se , b u t  n o t  m a la t e  
d e h y d ro g e n a se , in  th e  p re se n c e  o f  in su lin , c o r t ic o s te ro n e  a n d  p ro la c t in . T h e r e  w a s  
n o  s t im u la t io n  in  th e  a b se n c e  o f  p ro la c t in .

H o w e v e r , L e a d e r  & B a r r y  (1 969 ) o b ta in e d  m a r k e d  s t im u la t io n  o f  th e  a c t iv i t y  o f  
2 e n z y m e s  o f  th e  p e n to se  p h o s p h a te  p a t h w a y , g lu c o se - 6 -p h o sp h a te  d e h y d ro g e n a se  
a n d  p h o s p h o g lu c o n a te  d e h y d ro g e n a se , w ith  in su lin  a lo n e  in  c u ltu re s  o f  m a m m a r y  
g la n d  fro m  C 3 H  m ic e  o n  d a y s  12 a n d  19 o f  p r e g n a n c y . T h e  fu r th e r  a d d it io n  o f  
c o r t ic o s te ro n e  a n d  p r o la c t in  m a in ta in e d  g lu c o se - 6 -p h o sp h a te  d e h y d ro g e n a se  a c t iv i ty
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t o  45  h  in  th e  c u ltu re s  f ro m  1 9 -d a y  p r e g n a n t  m ic e  a n d  w a s  s t im u la t o r y  a t  22  a n d  45  h  
in  t h e  c u ltu re s  f ro m  1 2 -d a y  p r e g n a n t  a n im a ls .  In h ib it io n  o f  D M A  sy n th e s is  (w ith  
h y d r o x y u r e a )  h a d  l i t t le  e ffe c t  o n  th e  in c re a se  in  e n z y m e  a c t iv i ty ,  w h ile  in h ib it io n  o f  
T IN A  (w ith  ac* in o m y c in  D ) a n d  o f  p r o te in  sy n th e s is  (w ith  c y c lo h e x a m id e  o r  p u ro -  
m y c in ) p r e v e n te d  i t .  H o w e v e r , th e  la te r  a d d it io n  o f  a c t in o m y c in  D  a n d  c y c lo h e x a m id e  
in d ic a te d  t h a t  a l l  e s se n t ia l  R N A  a n d  p r o te in  sy n th e s e s  w e re  c o m p le te  b y  3-5 h  a n d  
12 h  r e sp e c t iv e ly . I t  i s  su g g e s te d  t h a t  th e  la r g e  in c re a se s  in  th e  a c t iv i t y  o f  th e se  
e n z y m e s, w h ic h  o c c u r  a lso  a t  p a r tu r i t io n , a re  in d u c e d , n o t  b y  in su lin  i t s e lf , b u t  b y  a n  
in c re a se  in  in tr a c e l lu la r  g lu c o se  c o n c e n tr a t io n  p r o d u c e d  b y  re m o v in g  t i s s u e  f r o m  th e  
a n t i- in su lin  a c t io n  o f  a  p la c e n ta l  la c to g e n ic  h o rm o n e .

S o m e  s t im u la t io n  o f  th e se  e n z y m e s  b y  in su lin  a lo n e  in  c u ltu re d  m a m m a r y  g la n d  
fro m  m id - p r e g n a n t  S w is s  a lb in o  m ic e  h a s  a lso  b e e n  o b s e r v e d  b y  R iv e r a  (1 9 6 9 ) a n d  
R iv e r a  & C u m m in s  (1 9 7 1 ). M a x im a l  s t im u la t io n , h o w e v e r , a s  in  th e  e x p e r im e n ts  o f  
L e a d e r  & B a r r y  (1 9 6 9 ) r e q u ir e d  in su lin  +  c o r t ic o ste ro n e  +  sh e e p  p r o la c t in  o r p r o la c t in -  
lik e  h o rm o n e s  (h u m a n  g ro w th  h o rm o n e  o r  h u m a n  ch o r io n ic  so m a to m a m m o tr o p h in )  
(R iv e r a , 1 9 6 9 ; R iv e r a  & C u m m in s, 1969 ). B y  c o n tr a s t ,  g lu c o s e p h o sp h a te  i so m e ra se , 
a n  e n z y m e  o f  th e  g ly c o ly t ic  p a t h w a y  fo r  g lu c o se  m e ta b o lis m , w a s  s t r o n g ly  s t im u 
la t e d  b y  in su lin  a lo n e  o v e r  th e  p e r io d  o f  24  to  72  h  in  c u ltu re  (R iv e r a  & C u m m in s,
19 7 1 ). T h e se  r e s u lt s  a c c o r d  w ell w ith  th o se  o f  B o lt o n  & B o lt o n  (1 9 7 0 ) w h o  o b ta in e d  
s t im u la t io n  o f  p e n to se  p h o s p h a te  p a t h w a y  a c t iv i t y  in  r a b b i t  m a m m a r y  g la n d  w ith  
p r o la c t in  in  th e  p re se n c e  o f  in su lin  +  c o r t ic o ste ro n e  (see  b e lo w ).

C arb oh y d rate  a n d  l ip id  m etabo lism

In s u l in  s t r o n g ly  s t im u la t e s  g lu c o se  u p t a k e  b y  e x p la n t s  o f  m id - p r e g n a n t  C 3 H  
m o u se  m a m m a r y  g la n d  (M o re tti & D e O m e , 1 9 6 2 ; M a y n e  & B a r r y ,  1970 ). T h e  fu r th e r  
a d d it io n  o f  c o r t ic o s te ro n e  a n d /o r  p r o la c t in  h a d  n o  e ffe c t  in  th i s  sp e c ie s  (M a y n e  & 
B a r r y ,  1970 ). H o w e v e r , p r o la c t in  s t im u la t e s  g lu c o se  u p t a k e  b y  p se u d o p r e g n a n t  
r a b b i t  m a m m a r y  g la n d  e x p la n t s  in  th e  p re se n c e  o f  in su lin  +  c o r t ic o ste ro n e  (B o lto n ,
1970).

In su l in  a lso  s t im u la t e s  th e  fo r m a t io n  o f  c a rb o n  d io x id e  a n d  f a t t y  a c id s  fro m  
g lu c o se  b y  m o u se  m a m m a r y  g la n d  e x p la n t s  (M o re tti & A b r a h a m , 19 6 6 ), b u t  th e  
s t im u la t e d  r a t e s  w e re  b e t t e r  m a in ta in e d  a t  2  d a y s  b y  in su lin  +  c o r t ic o ste ro n e  +  
p r o la c t in  t h a n  b y  in su lin  a lo n e  (M a y n e  & B a r r y ,  1970).

I n  m a m m a r y  g la n d  e x p la n t s  f ro m  p se u d o p r e g n a n t  D u tc h  r a b b i t s ,  p r o la c t in  in  th e  
p re se n c e  o f  in su lin  h a s  b e e n  sh o w n  t o  s t im u la t e  g lu c o se  o x id a t io n  v i a  th e  p e n to se  
p h o s p h a te  p a t h w a y  (B o lto n  & B o lto n , 1970) a n d  t o t a l  l ip id  sy n th e s is . B o t h  th e se  
e ffe c ts  w ere  m a x im a l  a f t e r  2 d a y s  in  c u ltu re  a n d  th e  e x t e n t  o f  s t im u la t io n  w a s  r e la te d  
t o  th e  d o se  o f  p r o la c t in  (B o lto n , 1970 ). C o r t ic o ste ro n e  h a d  n o  e ffe c t  in  th e  a b se n c e  o f  
p r o la c t in , b u t  in c re a se d  th e  m e ta b o lic  re sp o n se  to  in su lin  +  p r o la c t in  (B o lto n , 19 7 0 ). 
I n  a d d it io n , th e  p a t t e r n  o f  f a t t y  a c id s  sy n th e s iz e d  in  v i t r o  in  re sp o n se  to  p r o la c t in  
q u ite  c lo se ly  re se m b le s  t h a t  p r e s e n t  in  r a b b i t  m ilk  (S t r o n g , D ils  & F o r s y t h ,  u n 
p u b lish e d ) .

T h e  in d u c e d  sy n th e s is  o f  la c to se  fro m  [14C ]g lu c o se  b y  r a b b i t  m a m m a r y  g la n d  in  
v i t r o  h a s  r e c e n t ly  b e e n  d e m o n s t r a te d  (see  D e n a m u r , 1971 ). I t  r e q u ir e d  in su lin  +  p r o 
la c t in , a n d  th e  fu r th e r  a d d it io n  o f  c o r t iso l in c r e a se d  th e  r a t e  o f  sy n th e s is .

A s  m e n tio n e d  p r e v io u s ly  (p . 4 3 3 ), th e  f in a l s t e p  in  th e  sy n th e s is  o f  la c to se  is
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c a t a ly s e d  b y  th e  e n z y m e  la c t o s e  s y n th e ta s e , w h ich  i s  c o m p o se d  o f  2 s u b u n it s ,  th e  
A  a n d  th e  B  p r o te in s  (B r o d b e c k  & E b n e r ,  1966 ). T h e  A  p r o te in  i s  a  g a la c to sy l-  
t r a n s fe r a s e  w h ic h  c a t a ly s e s  th e  r e a c t io n :

U D P - g a la c t o s e  +  A -a c e ty l- g lu c o sa m in e  - >  AT- a c e ty l- la c to sa m in e  +  U D P .

T h e re  i s  e v id e n c e  t h a t  in  th e  m a m m a r y  g la n d  i t  is  a t t a c h e d  t o  th e  G o lg i m e m b ra n e s  
(see  B r e w , 1969).

I n  th e  p re se n c e  o f  th e  B  p r o te in  (th e  w h e y  p ro te in , a - la c ta lb u m in ) ,  th e  sp e c if ic ity  o f  
th e  A  p ro te in  is  m o d ifie d  so  t h a t  th e  re a c t io n  n o w  c a t a ly s e d  i s :

U D P - g a la c t o s e  +  g lu c o se  - » la c to se  +  U D P .

T h e  h o rm o n a l s t im u la t io n  o f  th i s  e n z y m e  c o m p le x  h a s  b e e n  s t u d ie d  in  m o u se  
m a m m a r y - g la n d  e x p la n t s  b y  T u rk in g to n , B r e w , Y a n a m a n  & H ill  (1 9 6 8 ) a n d  b y  
P a lm it e r  (1 9 6 9 6 ) . In d u c t io n  o f  m a x im a l  a c t iv i t y  r e q u ir e d  in su lin  +  c o r t i s o l+  
p r o la c t in  -  t h a t  is , th e  s a m e  h o rm o n a l c o m b in a t io n  re q u ir e d  fo r  c a se in  sy n th e s is ,  
b o th  th e  A  a n d  B  p r o te in s  a p p e a r in g  a t  a b o u t  th e  s a m e  t im e . T h is  c o n t r a s t s  w ith  th e  
in  v iv o  s i t u a t io n  in  r a t s  a n d  m ice , in  w h ich  th e  A  p r o te in  a c t iv i t y  r ise s  l in e a r ly  fro m  
m id - p r e g n a n c y  to  re a c h  a  m a x im u m  b e fo re  p a r tu r i t io n , w h e re a s  th e  s h a r p  r is e  in  B  
p r o te in  a c t iv i t y  d o e s  n o t  o c c u r  u n t i l  j u s t  a f t e r  p a r tu r i t io n  (K u h n , 1 9 6 8 ; T u r k in g to n  
et a t . 19 6 8 ). I t  i s  p o s s ib le  t h a t  p r o g e s te r o n e  m a y  b e  r e sp o n s ib le  fo r  th i s  d iffe re n c e . I t  
h a s  b e e n  r e p o r te d  se le c t iv e ly  t o  in h ib it  sy n th e s is  o f  a - la c ta lb u m in  in  m o u se  m a m m a r y  
e x p la n t s  (T u r k in g to n  & H ill ,  1969) a n d  to  in h ib it  se c re to ry  r e sp o n s e s  o b s e r v e d  h is t o 
lo g ic a l ly  in  d o g  m a m m a r y - g la n d  e x p la n t s  (B a rn a w e ll , 1967) a n d  h u m a n  m a m m a r y  
g la n d  t is s u e  (P ro p , 19 6 9 ). C h a n g e s  in  p ro g e s te r o n e  m e ta b o lis m  a t  p a r tu r i t io n  r e s u lt 
in g  in  a  f a l l  in  p la s m a  le v e ls  h a v e  b e e n  r e p o r te d  in  th e  r a t  (K u h n , 19 6 9 ). H o w e v e r , 
p r o g e s te r o n e  w a s  n o t  in h ib ito ry  in  th e  f o e ta l  r a t  m a m m a r y  g la n d  (C er ia n i, 1 9 7 0 a , b).

M o re o v e r , r e c e n t  r e s u lt s  o f  J o n e s  (1 9 7 1 ) in d ic a te  t h a t  th e  c o n c e n tr a t io n  o f  a -  
la c t a lb u m in  w ith in  th e  G o lg i v e s ic le s  o f  m o u se  m a m m a r y  g la n d  d o e s  n o t  in c re a se  
a b r u p t ly  a t  p a r tu r i t io n  a n d  t h a t  p r e v io u s  m e a su r e m e n ts  o f  t o t a l  a - la c t a lb u m in  m a y  
h a v e  b e e n  m is le a d in g  in  t e r m s  o f  la c t o s e  s y n t h e t a s e  a c t iv i t y  a n d  t h e  in it ia t io n  o f  
la c to se  sy n th e s is .

T h eo rie s o f  horm one actio n

A s  a  r e s u lt  o f  in  v i t r o  s tu d ie s  i t  h a s  b e e n  p o s s ib le  to  g a in  so m e  in s ig h t  in to  th e  w a y s  
in  w h ich  h o rm o n e s  p ro d u c e  th e ir  e f fe c ts  o n  th e  m a m m a r y  g la n d . T h e  e x p e r im e n ta l  
t e c h n iq u e s  w h ich  h a v e  b e e n  o f  p a r t ic u la r  im p o r ta n c e  in  th is  c o n n e x io n  a r e :  (1) th e  
u se  o f  i s o to p ic a lly  la b e lle d  p r e c u r s o r s ;  (2) se q u e n t ia l  c u ltu re  in  d if fe re n t  h o rm o n a l 
e n v ir o n m e n t s ; (3 ) u se  o f  m ic e  o f  d if fe re n t  a g e s  a n d  s t a g e s  o f  m a m m a r y  d e v e lo p m e n t ;
(4) th e  u se  o f  in h ib ito r s , fo r  e x a m p le  o f  m ito s is  (co lch ic in e ), o f  D N A  sy n th e s is  
(h y d r o x y u r e a , t e s to s te r o n e ) ,  o f  R N A  s y n th e s is  (actin om y c-in  D ) a n d  o f  p ro te in  
sy n th e s is  (c y c lo h e x a m id e , p u r o m y c in ) ; (5 ) e le c tro n -m ic ro sc o p ic  s tu d ie s .

I n  1966 , S t o c k d a le  & T o p p e r  p r o p o se d  a  m o d e l fo r  th e  h o rm o n e -d e p e n d e n t 
fu n c t io n a l  d if fe re n t ia t io n  o f  th e  m a m m a r y  e p ith e lia l  ce lls  in  v it r o . T h e y  s u g g e s t e d  
t h a t  th e re  a r e  2 ce ll p o p u la t io n s  in  th e  m id - p re g n a n t  m o u se  m a m m a r y  g la n d  a t  th e  
t im e  o f  e x p la n t a t io n .  O n e o f  th e se  d o e s  n o t  d iv id e , sy n th e s iz e s  c a se in  a t  a  r a t e  
u n in flu e n c e d  b y  h o rm o n e s  a n d  i s  r e sp o n s ib le  fo r  th e  o b s e r v e d  b a se - l in e  o f  c a se in  
sy n th e s is .  T h e  o th e r  p o p u la t io n  o f  n o n - se c re to ry  ce lls  sy n th e s iz e s  D N A  a n d  d iv id e s

M am m ary  gland organ culture techniques
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in  r e sp o n se  to  in su lin . I f  c o r t iso l a n d  p r o la c t in  a r e  a b s e n t  a t  th is  t im e  th e  d a u g h te r  
ce lls  d o  n o t  sy n th e s iz e  c a se in . H o w e v e r , i f  th e se  h o rm o n e s  a r e  p r e se n t  d a u g h te r  ce lls  
a r is e  w ith  th e  c a p a c i ty  t o  sy n th e s iz e  c a se in .

T h is  h y p o th e s is  h a s  b e e n  d e v e lo p e d  in  th e  l ig h t  o f  su b se q u e n t  w o rk , in c lu d in g  
t h a t  o n  th e  u lt r a s t r u c tu r e  o f  th e  c u ltu re d  g la n d  (M ills & T o p p e r , 1970 ). M id -p re g n a n t 
m o u se  m a m m a r y  t i s s u e  c o n ta in s  so m e  a lv e o li  w ith  ce lls  sh o w in g  th e  u lt r a s t r u c tu r a l  
c h a r a c te r is t ic s  o f  s e c r e to r y  a c t iv i t y  a n d  th e se , a s  n o te d  a b o v e , a r e  p r e s u m e d  to  b e  
re sp o n s ib le  fo r  b a se - lin e  ca se rn  sy n th e s is . T h e  m a jo r i ty  o f  a lv e o li  c o n ta in  r e la t iv e ly  
u n sp e c ia l iz e d  ce lls  m o s t  o f  w h ic h  d iv id e  in  re sp o n se  to  in su lin , g iv in g  d a u g h te r  ce lls  o f  
s im ila r  s t r u c tu r e  -  t h a t  is , w ith  a  c e n tra l  n u c le u s , p r im it iv e  G o lg i a p p a r a t u s  la te r a l  
t o  th e  n u c le u s , s p a r s e  ro u g h  e n d o p la sm ic  r e t ic u lu m  a n d  a n  a b se n c e  o f  s e c r e to r y  
g r a n u le s . S u c h  ce lls  e x p o s e d  to  c o r t iso l sh o w  o n e c r u c ia l d iffe re n c e , th e  d e v e lo p m e n t  
o f  a b u n d a n t  ro u g h  e n d o p la sm ic  re t ic u lu m . I n i t ia l ly  i t  w a s  th o u g h t  t h a t  c o r t iso l  
c o u ld  p ro d u c e  th is  e ffe c t  o n ly  i f  p re se n t  a t  th e  t im e  o f  m ito s is  (L o c k w o o d , S t o c k d a le  
& T o p p e r , 1967) b u t  i t  n ow  a p p e a r s  t h a t  i t  c a n  a c t  p o s t - m ito t ic a l ly , i f  su ffic ie n t  le n g t  h 
o f  t im e  in  in c u b a t io n  is  a llo w e d  (M ills & T o p p e r , 1970).

T h e  in su lin - c o r t iso l  ce lls  a r e  su b se q u e n t ly  a c t e d  on  b y  b o th  p r o la c t in  a n d  in su lin  
t o  c o n v e r t  th e m  to  fu l ly  d if fe re n t ia te d  se c r e to r y  ce lls  a n d  so m e  a s p e c t s  o f  th i s  t r a n s 
fo r m a t io n  h a v e  b e e n  re c o g n iz e d  (see  M ills  & T o p p e r , 1970 ). I t  in v o lv e s  a  r e d i s t r i 
b u t io n  o f  o r g a n e lle s  w ith in  t h e  ce ll so  t h a t  th e  n u c le u s  a n d  ro u g h  e n d o p la sm ic  
r e t ic u lu m  a r e  b a s a l  w h ile  th e  e n la rg e d  G o lg i l ie s  a b o v e  th e  n u c le u s . S e c r e to r y  g r a n u le s  
a r e  n ow  p r e s e n t  in  th e  G o lg i a n d  th e  a p ic a l  c y to p la s m  a n d  l ip id  d r o p le t s  a re  a lso  se en .

I t  t h u s  a p p e a r s  t h a t  a d r e n a l  c o r t ic o id s  a re  r e sp o n s ib le  fo r  th e  d e v e lo p m e n t  o f  ro u g h  
e n d o p la sm ic  r e t ic u lu m  a n d  t h a t  th i s  is  r e q u ir e d  fo r  th e  sy n th e s is  o f  se c re to ry  p r o te in s  
a l th o u g h  n o t  fo r  sy n th e s is  o f  n o n -se c re to ry  p r o te in s  (see  p . 43 3  a n d  T o p p e r , 1970 ). 
T h e  p o s t - m ito t ic  a c t io n s  o f  p r o la c t in  a n d  in su lin  a re  n o t  fu l ly  u n d e r s to o d  b u t  in v o lv e  
r e d is t r ib u t io n  o f  o r g a n e lle s , p r o la c t in - p r o m o te d  R X A  sy n th e s is ,  w h ich  c a n  o c c u r  
in  th e  a b se n c e  o f  r o u g h  e n d o p la sm ic  re t ic u lu m , a n d  p r o b a b ly  th e  c o m p le t io n  o f  
e n z y m e  c o m p le m e n ts , in c lu d in g , fo r  e x a m p le , th e  A  p r o te in  o f  la c to se  s y n t h e t a s e  o n  
th e  a lr e a d y  fo rm e d  r o u g h  e n d o p la sm ic  r e t ic u lu m  (K e e n a n , S a a c k e  & P a t t o n ,  1 9 7 0 ; 
T o p p e r , 1970).

I t  is  s t i l l  n o t  e n t ir e ly  c le a r  w h e th e r , a s  o r ig in a lly  su g g e s te d  b y  S t o c k d a le  & T o p p e r
(1 9 6 6 ), m ito s is  h a s  a n  e s se n t ia l  ro le  in  th e  p r o c e s s  o f  fu n c t io n a l  d if fe re n t ia t io n . M u ch  
o f  th e  e v id e n c e  r e s t s  o n  th e  u se  o f  in h ib ito r s  a n d  h a s  b e e n  c r it ic a lly  d is c u s se d  b y  
W e sse lls  (1 9 6 8 ). U n d o u b te d ly  m a n y  o f  th e se  in h ib ito r s  a re  t o x ic  a t  th e  c o n c e n tr a t io n s  
u se d  a n d  c a n  le a d  to  m a m m a r y  cell n e c ro s is  a n d  d e a th  (F o r s y t h  & J o n e s ,  u n p u b lish e d ) . 
R e c e n t  e x p e r im e n ts  b y  T u r k in g to n , M a ju m d e r  & R id d le  (1 9 7 1 ) w o u ld  a p p e a r  le s s  o p e n  
to  c r it ic ism  o n  th e se  g ro u n d s . T h e y  e x p o s e d  e x p la n t s  o f  m id - p re g n a n t  C 3 H  m o u se  
m a m m a r y  g la n d  to  5 -b ro m o -2 '-d e o x y u r id in e  a n d  th is ,  in c o r p o r a te d  in to  D X A  a s  a  
s t r u c t u r a l  a n a lo g u e  o f  th y m id in e , p r e v e n te d  th e  p r o la c t in  in d u c e d  sy n th e s is  o f  c a se in  
a n d  a - la c ta lb u m in . T h e re  w a s  l it t le  e ffe c t  o n  t o t a l  p r o te in  sy n th e s is ,  o n  th e  in d u c t io n  
o f  la c to s e  sy n th e ta s e  A  p ro te in , o r  o n  th e  fo r m a tio n  o f  t r a n s fe r  R X A ,  t o t a l  r a p id lv  
la b e l le d  n u c le a r  R X A  o r  r ib o so m a l R X A ,  b u t  p r o la c t in - s t im u la te d  p o ly s o m e  f o r m a 
t io n  w a s  in h ib ite d . T h e  l a t t e r  is  re q u ir e d  fo r  c a se in  sy n th e s is  a n d  su c h  p o ly s o m e s  m a y  
c o n ta in  th e  r e q u is ite  m e sse n g e r  R N A  (T u r k in g to n  & R id d le , 1 9 7 0 a ) . T h e  e f fe c t s  o f
5 -b ro m o -2 '-d e o x v u r id in e  co u ld  b e  c o m p le te ly  r e v e r se d  b y  p r o v id in g  e x c e s s  th y m id in e
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in  th e  m e d iu m  a n d  i t  h a d  n o  e ffe c t  w h en  a d d e d  p o st-m ito tic & lly , so  t h a t  i t  a p p e a r s  to  
b e  in h ib ito r y  o n ly  w h en  in c o r p o r a te d  in to  D N A  a n d  n o t  th ro u g h  n o n -sp e c ific  s id e  
e ffe c ts . T h e  90 %  in h ib it io n  o f  c a se in  sy n th e s is  a c h ie v e d  w ith  5 -b ro m o -2 '-d e o x y u r id in e  
in  o n e  c y c le  o f  ce ll d iv is io n  s u g g e s te d  to  th e  a u th o r s  t h a t  o n ly  o n e  d a u g h te r  ce ll c a n  
d if fe re n t ia te  a n d  t h a t  th e  o th e r  re m a in s  a s  a  s te m  cell. T h is  v ie w  is ,  h o w e v e r , r a th e r  
d iff ic u lt  t o  re c o n c ile  w ith  th e  h is to lo g ic a l  a p p e a r a n c e  o f  th e  se c re t in g  g la n d  in  w h ich  
a ll  m a m m a r y  e p ith e lia l  ce lls  o f  a  g iv e n  a lv e o lu s  a p p e a r  a c t iv e  (T u r k in g to n , 1969  c ;  
K e e n a n  et a t. 1970).

I n  re c e n t  y e a r s  a  g r e a t  d e a l  o f  in te r e s t  a n d  e x p e r im e n t  h a s  b e e n  s t im u la te d  b y  th e  
su g g e s t io n  t h a t  c y c lic  A M P  (a d e n o s in e  3 ',5 '- m o n o p h o sp h a te )  m a y  a c t  a s  a  ‘ se c o n d  
m e s s e n g e r ’ t r a n s la t in g  h o rm o n a l m e sse n g e r s  re c e iv e d  a t  th e  ce ll m e m b ra n e  in to  
in tr a c e l lu la r  c h a n g e s  w ith in  th e  t a r g e t  ce ll (see  P a s t a n  & P e r lm a n , 1971 , fo r  re v ie w ). 
T h e re  is ,  a s  y e t ,  n o  c le a r  e v id e n c e  a s  to  w h a t  ro le  th is  sy s t e m  m a y  p la y  in  th e  
m a m m a r y  g la n d .

M am m ary gland organ culture techniques

MAMMARY GLAND ORGAN CULTURE AS A BIOASSAY FOR PROLACTIN

I t  i s  e v id e n t  t h a t  u n d e r  su i ta b le  c o n d it io n s  p r o la c t in  e x e r t s  sp e c if ic  e f fe c ts  o n  th e  
m a m m a r y  g la n d  in  v it r o . I t  d o e s  so  a t  r e la t iv e ly  lo w  d o se s , so  t h a t  th e  s y s te m  fo r m s  a  
su i ta b le  b a s i s  fo r  a  b io a s s a y  a n d  i t  h a s  b e e n  e x p lo i te d  a s  su c h  in  v a r io u s  w a y s . T o  
d a t e ,  m o s t  w o rk e rs  h a v e  u se d  a  h is to lo g ic a l  e n d -p o in t  fo r  *h e  b io a s s a y  (e .g . P r o p , 
1 9 6 3 ; N ic o ll , B e r n  & B r o w n , 1 9 6 6 ; M ish k in sk y  et a il. 1 9 6 7 ; B r u m b y  & F o r s y t h ,  1 9 6 9 ; 
F r a n t z  & K le in b e r g , 1 9 7 0 ; N ic h o lso n , 1 9 7 0 a , b \ F o r s y t h  &  M y re s , 1971 ). H o w e v e r , a  
m o re  o b je c t iv e  a s s e s s m e n t  o f  th e  r e sp o n s e s  i s  d e s ir a b le  a n d  i t  is  p o s s ib le  t h a t  so m e  
b io c h e m ic a l p a r a m e t e r  m a y  p r o v e  s u ita b le . L o e w e n s te in , M a r iz , P e a k e  & D a u g h a d a y  
(1 9 7 0 ) h a v e  r e c e n t ly  r e p o r te d  a n  a s s a y  b a s e d  o n  m e a su re m e n t  o f  th e  a c t iv i t y  o f  th e  
e n z y m e , AT- a c e ty l la c to sa m in e  s y n th e ta s e , w h ich  c a t a ly s e s  th e  r e a c t io n :

A - a c e ty lg lu c o s a m in e  +  U D P - g a la c t o s e  • > N - a c e ty l la c to sa m in e  +  U D P .

A s s a y  o f  horm one 'production  by tis su e s

T h e  p r o d u c t io n  a n d  r e le a se  o f  p r o la c t in , a s  o f  o th e r  a n te r io r  p i t u i t a r y  h o rm o n e s , is  
r e g u la te d  b y  th e  h y p o th a la m u s  (fo r  re v ie w  a n d  re fe re n c e s  se e  Y a t e s ,  R u s s e l l  &  M a ra n ,
1971 ). I n  a l l  v e r t e b r a t e  c la s s e s  e x c e p t  A v e s ,  th e  p r in c ip a l  in flu e n c e  o f  th e  h y p o 
t h a la m u s  o n  p r o la c t in  p r o d u c t io n  is  a n  in h ib ito r y  o n e , m e d ia te d  b y  a  p ro la c t in -  
in h ib it in g  f a c t o r  (see  M e ite s  & N ic o ll , 19 6 6 ), th o u g h  e v id e n c e  h a s  a lso  b e e n  a d v a n c e d  
o f  a  p r o la c t in - s t im u la t in g  f a c t o r  in  t u r t le s  (N ic o ll, F io r in d o , M c K e n n e e  & P a r s o n s ,
1970) a n d  r a t s  (M ish k in sk y , K h a z e n  & S u lm a n , 1 9 6 8 ; N ic o ll  et a l .  1970).

O rg a n  c u ltu re  o f  p i t u it a r ie s  h a s  p r o v e d  a  u se fu l  m e th o d  f c r  th e  s t u d y  o f  p r o la c t in  
sy n th e s is  a n d  r e le a se  (see  R iv e r a  & K a h n ,  19 7 0 ). I n  m o s t  e x p e r im e n ts  p r o la c t in  
p r o d u c t io n  h a s  b e e n  m o n ito re d  u s in g  th e  p ig e o n  c ro p  a s s a y .  H o w e v e r , N ic o ll  et a l . 
(1 9 6 6 ), in  s tu d ie s  o n  th e  e v o lu t io n a r y  h is to r y  o f  p ro la c t in , c u ltu re d  p it u it a r ie s  fro m  
r e p r e s e n ta t iv e s  o f  6 c la s s e s  o f  v e r t e b r a t e s ,  2 te le o s t  f ish , a  lu n g fish , a  s a la m a n d e r , a  
tu r t le ,  th e  d o m e s t ic  p ig e o n  a n d  3 m a m m a ls  (r a t , h a m s te r  a n d  g u in e a -p ig ) . T h e y  th e n  
a s s e s s e d  th e  m a m m o tr o p h ic  a c t iv i t y  o f  th e  m e d iu m  fro m  th e  p i t u i t a r y  c u ltu r e s  b y  
u s in g  i t  t o  s u p p o r t  m a m m a r y  g la n d  e x p la n t s  f ro m  m id - p re g n a n t  s t r a in  A  m ice .
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M e d iu m  fro m  a ll  th e  t e t r a p o d  p it u it a r ie s  w a s  a s  e f fe c t iv e  a s  o v in e  p r o la c t in  in  
in i t ia t in g  se c re t io n  in  th e  m a m m a r y  g la n d , w h ile  th e  te le o s t  a n d  lu n g fish  p i t u it a r ie s  
h a d  o n ly  a  s l ig h t  e ffe c t . A  h o rm o n e  w ith  a b i l i t y  t o  s t im u la te  th e  m a m m a r y  g la n d  
t h u s  e m e rg e d  lo n g  b e fo re  th e  e v o lu t io n  o f  t h a t  e n d  o rg a n .

F r a c t io n s  o f  m o u se  a n d  h u m a n  p i t u i t a r y  g la n d s , p r e p a r e d  b y  p o ly a c r y la m id e  g e l 
e le c tro p h o r e s is , h a v e  b e e n  a s s a y e d  fo r  la c to g e n ic  a c t iv i ty  u s in g  m a m m a r y  g la n d  o r g a n  
c u ltu re  (N ich o lso n , 1 9 7 0 a , 6).

T h e  te c h n iq u e  o f  co -c u ltu re  h a s  b e e n  u se d  to  s t u d y  h o rm o n e  p r o d u c t io n  b y  th e  
p la c e n ta . T h e re  h a s  lo n g  b e e n  e v id e n c e  t h a t  th e  r o d e n t  p la c e n ta  p r o d u c e s  a  p r o la c t in -  
lik e  h o rm o n e  (fo r  re fe re n c e s  se e  R a y ,  A v e r il l ,  L y o n s  & Jo h n s o n , 1 9 5 5 ; M a t th ie s , 
1 9 6 7 ; K o h m o to  &  B e r n , 1970) a n d  i t  i s  n o w  w ell k n o w n  t h a t  th e  h u m a n  p la c e n t a  
p ro d u c e s  a  m a te r ia l  (h u m a n  c h o rio n ic  so m a to m a m m o tr o p h in )  w h ic h  p a r t ia l ly  c ro ss-  
r e a c t s  im m u n o lo g ic a lly  w ith  h u m a n  g ro w th  h o rm o n e  a n d  h a s  p ro la c t in - lik e  a n d  
g ro w th  h o rm o n e -lik e  a c t iv i t y  (see  S e le n k o w , S a x e n a ,  D a n a  & E m e r s o n , 1 9 69 , fo r  
re v ie w ). R e c e n t ly  K o h m o t o  &  B e r n  (1 9 7 0 ) c o -c u ltu re d  s t r a in  A  m o u se  p la c e n t a  a n d  
m a m m a r y  g la n d , d e m o n s tr a t in g  a  m a m m o tro p h ic  e ffe c t  o n  th e  m a m m a r y  g la n d  w ith  
p la c e n ta e  e x p la n t e d  a f t e r  d a y  5 o f  p r e g n a n c y . U s in g  a  s im i la r  te c h n iq u e  th e  g o a t  
p la c e n t a  h a s  b ee n  sh o w n  to  p ro d u c e  a  p ro la c t in - lik e  h o rm o n e  (F o r s y th , 1972 ).

A s s a y  o f  lactogen ic ac tiv ity  in  p la s m a

R a d io im m u n o a s s a y  m e th o d s  a re  n o w  a v a i la b le  fo r  th e  m e a su re m e n t  o f  b lo o d  le v e ls  
o f  p r o la c t in  in  a  n u m b e r  o f  sp e c ie s ;  fo r  e x a m p le , th e  r a t  (K w a  &  V e r h o fs ta d , 1 9 6 7 ; 
N isw e n d e r , C h en , M id g le y , M e ite s  & E l l i s ,  19 6 9 ), th e  m o u se  (K w a , V e r h o f s ta d  & 
v a n  d e r  B e n t ,  19 6 7 ), th e  sh e e p  a n d  g o a t  (A ra i  & L e e , 1 9 6 7 ; B r y a n t  & G re e n w o o d , 
1 9 6 8 ; J o h k e ,  1969) a n d  th e  co w  ( J o h k e ,  1 9 6 9 ; S c h a m s  & K a r g ,  1970 ). T h e se  m e th o d s , 
w h ic h  d e p e n d  u p o n  th e  p r e p a r a t io n  o f  sp e c if ic  a n t i s e r a  t o  th e  h o rm o n e , m e a su re  
im m u n o lo g ic a lly  r e a c t iv e  m a te r ia l  w h ic h  is  n o t  n e c e s s a r i ly  b io lo g ic a lly  a c t iv e  (see  
G reen w o o d , 1967 ). I t  is  th e re fo r e  d e s ir a b le  t h a t  th e re  sh o u ld  b e  m e a n s  o f  ch e c k in g  th e  
r e s u lt s  o f  r a d io im m u n o a s s a y s  a g a in s t  a  s u i t a b ly  sp e c ific  a n d  se n s it iv e  b io a s s a y .  T h e  
c la s s ic a l  m e th o d s  fo r  th e  a s s a y  o f  p r o la c t in , in  p a r t ic u la r  t h a t  u s in g  th e  p ig e o n , h a v e  
p r o v e d  r a th e r  u n s a t i s f a c t o r y  in  m e a su r in g  b lo o d  le v e ls  o f  th e  h o rm o n e , la r g e ly  
b e c a u s e  o f  in te r fe re n c e  b y  n o n -sp e c ific  in f la m m a to r y  f a c t o r s  in  th e  m e a su re m e n t  o f  
th e  re sp o n se  (see  M e ite s  & N ic o ll , 1 9 6 6 ; F o r s y t h ,  1 9 6 7 6 ). H o w e v e r , th e  o r g a n  c u ltu re  
m e th o d  is  p ro v in g  v e r y  s u i ta b le  fo r  th i s  p u r p o s e . P la s m a  t o  b e  a s s a y e d  c a n  b e  
in c o r p o r a te d  d ir e c t ly  in to  th e  m e d iu m  o n  w h ich  m a m m a r y  g la n d  e x p la n t s  a r e  th e n  
m a in ta in e d . B y  th is  m e a n s  B r u m b y  & F o r s y t h  (1 9 6 9 ) d e te c te d  e le v a te d  le v e ls  o f  
la c to g e n ic  a c t iv i t y  in  th e  p la s m a  o f  g o a t s  a t  p a r tu r i t io n . S u b s e q u e n t ly  g o o d  a g r e e m e n t  
h a s  b e e n  n o te d  b e tw e e n  th e  b io a s s a y  a n d  a  r a d io im m u n o a s s a y  fo r  p ro la c t in  le v e ls  in  
th e  p la s m a  o f  g o a t s  d u r in g  a  su c k lin g  e p iso d e  p o s t  p a r tu m  (F o r s y th , 1 9 7 2 ; B u t t l e  & 
F o r s y t h ,  in  p r e p a r a t io n ) . D u r in g  th e  se c o n d  h a l f  o f  p re g n a n c y , th e  b io a s s a y  in d ic a te d  
th e  p re se n c e  o f  la c to g e n ic a l ly  a c t iv e  m a te r ia l  n o t  m e a su r e d  b y  th e  r a d io im m u n o 
a s s a y .  T h is  m a te r ia l  i s  a p p a r e n t ly  se c re te d  b y  th e  p la c e n t a  (see  a lso  p . 4 3 8  a b o v e ) .

I n  p r im a te s ,  in c lu d in g  m a n , a  r a d io im m u n o a s s a y  fo r  p r o la c t in  h a s  o n ly  v e r y  
re c e n t ly  b e c o m e  a  p o s s ib i l i ty . T h e re  h a s  b e e n  c o n s id e ra b le  c o n tr o v e r s y  a b o u t  th e  
n a t u r e  o f  h u m a n  p r o la c t in  a n d  e v e n  i t s  e x is te n c e  a s  a  h o rm o n e  s e p a r a t e  f ro m  p r im a te  
g ro w th  h o rm o n e , w h ich  h a s  in tr in s ic  p ro la c t in - lik e  a c t iv i t y  (see  B o o t ,  1 9 7 0 ; F o r s y t h
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& F o lle y , 1970 ). P r o g r e s s  i s  n o w  b e in g  m a d e  to w a r d s  th e  i so la t io n  o f  p r o la c t in  in  
p r im a te s  (see  G u y d a  & F r ie se n , 19 7 1 ). M e an w h ile , m a m m a r y - g la n d  o r g a n  c u ltu re  h a s  
p r o v id e d  a d d it io n a l  e v id e n c e  fo r  th e  e x is te n c e  o f  h u m a n  p r o la c t in  a n d  i s  b e in g  u se d  
t o  m e a su re  i t  in  h u m a n  p la s m a  (F o r s y th ,  1 9 7 0 ; F r a n t z  & K le in b e r g , 1 9 7 0 ; F o r s y t h  & 
M y re s , 1 9 7 1 ; F o r s y t h ,  B e s s e r ,  E d w a r d s ,  F r a n c is  & M y re s , 19 7 1 ). E le v a t e d  p r o la c t in  
le v e ls  h a v e  b e e n  d e te c te d  b o t h  in  w o m e n  l a c t a t in g  n o r m a lly  p o s t  p a r t u m  a n d  in  
p a t ie n t s  w ith  a b n o r m a l  l a c t a t io n  o f  d iv e r se  a e t io lo g y .

MISCELLANEOUS STUDIES 

O rgan  cu ltu re  o f  bovine teat c a n a l

R a p p  & R ic k a r d  (1 9 6 1 a )  h a v e  e s t a b li s h e d  su i ta b le  c o n d it io n s  fo r  th e  m a in te n a n c e  
o f  b o v in e  t e a t  c a n a l  (e p ith e liu m  +  c o n n e c t iv e  t is su e )  in  v i t r o . T h e y  fo u n d  t h a t  th e  
o r ig in a l  e p ith e liu m  s lo u g h e d  o ff, b u t  t h a t  i t  w a s  r e p la c e d  b y  a  s im ila r  s t r a t i f ie d , 
sq u a m o u s  k e r a t in iz in g  e p ith e liu m  w ith in  a  fe w  d a y s .  V ita m in  A  a n d  h o rm o n e s  a r e  
k n o w n  t o  p ro d u c e  m a r k e d  e f fe c t s  o n  e p ith e l ia  (L a s n i t s k i ,  1965) a n d  h a v e  b e e n  
in v e s t ig a t e d  w ith  r e sp e c t  to  t e a t  c a n a l  e p ith e liu m  b y  R a p p  & R ic k a r d  (1961  b). 
V i ta m in  A  w a s  fo u n d  t o  in h ib it  k e r a t in iz a t io n , b u t  n o  e ffe c ts  o f  o e s t ro g e n s , p r o 
g e ste r o n e , t e s to s te r o n e , a d r e n a l  c o r t ic o id s , th y r o x in e  o r  b o v in e  p i t u i t a r y  e x t r a c t s  
c o u ld  b e  d e te c te d . I t  i s  p o s s ib le  t h a t  su c h  s tu d ie s  c o u ld  b e  e x p lo ite d  fu r th e r  in  
r e la t io n  t o  th e  ro le  o f  th e  t e a t  c a n a l  a s  a  b a r r ie r  t o  m a s t i t i s .  I n  th i s  c o n n e x io n  th e  
a p p l ic a t io n  o f  o r g a n  c u ltu re  te c h n iq u e s  t o  th e  s t u d y  o f  im m u n o g lo b u lin  s y n th e s is  b y  
th e  m a m m a r y  g la n d  c o u ld  b e  c o n s id e re d . In t e r e s t in g  r e s u lt s  h a v e  a l r e a d y  b e e n  
o b ta in e d  in  th is  f ie ld  u s in g  sh o r t- te rm  t is s u e  c u ltu re  (L a w to n , A s o f s k y  & M a g e ,
1970 ).

C u ltu re  o f  n eo p lastic  m a m m a ry  g la n d

R e p o r t s  o n  o r g a n  c u ltu r e  o f  n e o p la s t ic  m a m m a r y  t is s u e  a n d  c o m p a r iso n  o f  i t s  
r e sp o n s e s  w ith  t h a t  o f  th e  n o r m a l g la n d  a r e  q u ite  n u m e ro u s . C o n s id e r a t io n  o f  th i s  
to p ic  i s  o u t s id e  th e  sc o p e  o f  th i s  re v ie w  b u t  fo r  in fo r m a t io n  a n d  re fe re n c e s  th e  r e a d e r  
i s  r e fe r re d  t o  M ich e lso n  &  H a g u e n a u  (1 9 6 9 ), S to l l  (1 9 7 0 ), T a k iz a w a , E u r t h  & F u r t h  
(1 9 7 0 a , b ) a n d  T u r k in g to n  &  R id d le  (1 9 7 0 6 , c). T h e  g e n e ra l  to p ic  o f  th e  a p p lic a t io n  
o f  o r g a n  c u ltu re  te c h n iq u e s  t o  n e o p la s t ic  t i s s u e s  i s  c o n s id e re d  b y  E a s t y  (1 9 7 0 ).

COMPARISON WITH OTHER IN VITRO TECHNIQUES

U s e  o f  a n  in  v i t r o  sy s t e m  h a s  c e r ta in  o b v io u s  a d v a n t a g e s  in  i s o la t in g  th e  t i s s u e  fro m  
th e  b o d y  a n d  o ffe r in g  t h e  p o s s ib i l i t y  o f  p la c in g  i t  in  a  c o n tro lle d  e n v iro n m e n t. S l ic e s  
o f  m a m m a r y  t is s u e  h a v e  b e e n  u se d  fo r  m a n y  y e a r s  in  b io c h e m ic a l s tu d ie s ,  b u t  
r e m a in  v ia b le  fo r  a  fe w  h o u r s  a t  b e s t  a n d  th is  l im it s  th e ir  u se fu ln e s s , e s p e c ia l ly  in  th e  
s t u d y  o f  h o rm o n e s , w h ic h  in  th e  m a in  a c t  o v e r  lo n g e r  p e r io d s  o f  t im e  to  p ro d u c e  th e ir  
e ffe c ts . In su l in  i s  th e  o n ly  h o rm o n e  w h ich  h a s  b e e n  sh o w n  c o n s is te n t ly  to  h a v e  a n  
e ffe c t  o n  t i s s u e  s lic e s  (A b ra h a m , C a d y  & C h a ik o ff , 1 9 6 0 ; M c L e a n , 1960 ). T i s s u e  a n d  
ce ll c u ltu re s  a r e  v ia b le  fo r  m u c h  lo n g e r  p e r io d s , b u t  th e y  te n d  to  d e d if fe re n t ia te  a n d  
lo se  th e ir  sp e c if ic  fu n c t io n . B o v in e  m a m m a r y  ce ll c u ltu re s  lo se  th e  a b i l i t y  to  sy n th e s iz e  
la c to s e  in  1 - 2  d a y s ,  a lth o u g h  s y n th e s is  o f  /M a c to g lo b u lin  p e r s is t s  fo r  2 - 3  w e e k s  
(T w a ro g  & L a r s o n , 19 6 4 ), w h ile  l ip id  sy n th e s is  a lso  d e c lin e s  a f t e r  2 d a y s  (K in s e l la ,  

1968).

M am m ary  gland organ culture techniques



440 I s a b e l  A .  F o r s y t h

D ir e c t  c o m p a r iso n s  b e tw e e n  ce ll a n d  o r g a n  c u ltu re  te c h n iq u e s  a re  v e r y  few . 
A n d e rse n  & L a r s o n  (1 9 7 0 ) h a v e  c o m p a r e d  th e  a b i l i t y  o f  h o rm o n e s  t o  m a in ta in  
/L la c to g lo b u lin  a n d  /L c a s e in  sy n th e s is  in  o r g a n  a n d  d is p e r se d  ce ll c u ltu re s  o f  l a c t a t in g  
b o v in e  m a m m a r y  g la n d ;  h a v in g  o b s e r v e d  m o re  sy n th e s is  p e r  cell in  ce ll t h a n  in  
o r g a n  c u ltu re s , a n d  c o m p a r a b le  e ffe c ts  o f  h o rm o n e s , th e y  c o n c lu d e d  t h a t  cell c u ltu re s  
o ffe r  so m e  a d v a n t a g e s .  H o w e v e r , th e  u se  o f  o n ly  o n e  v e r y  h ig h  le v e l (20  / tg /m l) o f  
p r o la c t in  a n d  th e  a b se n c e  o f  h is to lo g ic a l  c h e c k s  o n  th e  su r v iv a l  o f  th e  b o v in e  t is s u e  
u n d e r  th e  c o n d it io n s  o f  o r g a n  c u ltu re  u se d  l im it  th e  s ig n ific a n c e  o f  th i s  s t u d y .  M o re 
o v e r , i t  r e la te d  to  m a in te n a n c e  o f  e x is t in g  fu n c t io n  r a t h e r  t h a n  t o  th e  in it ia t io n  o f  
n e w  sy n th e se s . T u r k in g to n  (1 9 7 0 c ) h a s  r e p o r te d  s t im u la t io n  o f  r a p id ly  la b e lle d  
n u c le a r  R N A  sy n th e s is  in  d is p e r se d  cell c u ltu re s  o f  m o u se  m a m m a r y  e p ith e lia l  ce lls  
b y  in su lin  (5 / ig /m l)  a n d  p r o la c t in  (5 / tg /m l) . I t  i s  n o t ,  h o w e v e r , k n o w n  w h e th e r , a s  in  
o r g a n  c u ltu re  c o n d it io n s , th e  e n t ir e  se r ie s  o f  b io c h e m ic a l  e v e n ts  c u lm in a t in g  in  c a se in , 
a - la c ta lb u m in , m ilk  l ip id  a n d  la c t o s e  sy n th e s is  c a n  o c c u r  in  th e  i s o la t e d  ce ll. A  m in i
m u m  o f  c e llu la r  o r g a n iz a t io n  o r  a r c h ite c tu r e  a p p e a r s  to  b e  n e c e s s a r y  fo r  c e r ta in  
c o -o r d in a te d  sy n th e s e s  to  o c cu r . F o r  e x a m p le , b ro k e n  ce ll p r e p a r a t io n s  o f  r a b b i t  
m a m m a r y  g la n d  d o  n o t  m a k e  th e  c h a r a c te r is t ic  p a t t e r n  o f  m ilk  l ip id s  (E .  M . C a r e y  &
R .  D ils ,  p e r s o n a l  c o m m u n ic a t io n ) . I t  r e m a in s  to  b e  se e n  t o  w h a t  e x t e n t  t i s s u e  s t r u c 
tu r e  i s  a lso  im p o r ta n t .  T h e  o b s e r v a t io n  b y  M ills  & T o p p e r  (1 9 7 0 ) o f  r e d is t r ib u t io n  o f  
o r g a n e lle s  w ith in  th e  m a m m a r y  ce ll m a y  in d ic a te  t h a t  so m e  fo rm  o f  o r ie n ta t io n  is  
r e q u ir e d . I n  re la t io n  to  m a m m a r y  m o rp h o g e n e s is  th e  im p o r ta n c e  o f  e p ith e l ia l- 
m e se n c h y m a l in te r a c t io n s  is  c le a r  (see  a lso  L a s fa r g u e s ,  1961).

H o w e v e r , th e  e x t e n t  o f  s t im u la t io n  p r o d u c e d  b y  h o rm o n e s  in  v i t r o  i s  r a r e ly  a s  
g r e a t  a s  t h a t  se e n  a t  p a r tu r i t io n  a n d  n o r m a lly  d e c lin e s  a f t e r  a b o u t  2  d a y s .  T h is  i s  n o t  
r e la t e d  s im p ly  t o  a  fa ilu r e  to  su r v iv e , s in c e , fo r  e x a m p le , th e  a b i l i t y  to  r e sp o n d  to  
p r o la c t in  i s  sh o w n  b y  e x p la n t s  c u ltu re d  p r e v io u s ly  w ith  in su lin  o r  in su lin  +  c o r t iso l 
fo r  4  d a y s  (M ills &  T o p p e r , 1970 ). S in c e  th e  o r g a n  c u ltu re  sy s t e m  is  e s se n t ia l ly  a  
s t a t i c  o n e  th is  m a y  re p re se n t , in  p a r t ,  th e  o c c u rre n c e  o f  p r o d u c t- in h ib it io n  a n d  th e  
o n se t  o f  c h a n g e s  c h a r a c te r is t ic  o f  in v o lu t io n  in  th e  n o rm a l g la n d . U l t r a s t r u c t u r a l  
c h a n g e s  s u g g e s t iv e  o f  th i s  w e re  n o te d  b y  W e llin g s  et a l .  (1 9 6 6 ) in  5 - d a y  c u ltu re s  o f  
m o u se  m a m m a r y  g la n d .

CONCLUSIONS

A lth o u g h  c a u t io n  m u s t  b e  e x e r c is e d  in  in te r p re t in g  r e s u lt s  o b ta in e d  in  v i t r o  a n d  
a p p ly in g  th e m  t o  e v e n ts  o c c u r r in g  in  v iv o  in  th e  c o u rse  o f  m a m m a r y  g la n d  d e v e lo p 
m e n t  a n d  fu n c t io n , i t  i s  c le a r  t h a t  o r g a n  c u ltu re  h a s  p r o v e d  a n  im p o r ta n t  e x p e r i
m e n ta l  te c h n iq u e  le a d in g  to  n e w  c o n c e p ts  in  m a m m a r y  p h y s io lo g y . I t  h a s  so  f a r  b e e n  
a p p lie d  to  o n ly  a  v e r y  l im ite d  r a n g e  o f  sp e c ie s , th e  o v e rw h e lm in g  n u m b e r  o f  s tu d ie s  
b e in g  o n  r o d e n ts  a n d  la g o m o rp h s . I t  w ill b e  o f  g r e a t  in te r e s t  t o  se e  s tu d ie s  o f  th i s  t y p e  
e x te n d e d  to  o th e r  sp e c ie s  a n d  in  p a r t ic u la r  to  r u m in a n ts .

I  sh o u ld  lik e  t o  e x p r e s s  m y  g r a t i t u d e  to  D r  E v e ly n  M . R iv e r a ,  w h o  f ir s t  in tr o d u c e d  
m e  t o  th e  p o w e r fu l p o te n t ia l  o f  o r g a n  c u ltu re  s y s t e m s  a n d  to  D r  A . T . C ow ie  a n d  
D r  E .  A . J o n e s  fo r  r e a d in g  th e  m a n u s c r ip t  a n d  fo r  m u c h  h e lp fu l d isc u ss io n .
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