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T he ren net h y s te r e s is  of heated  m ilk

B y  P. A. M O R R ISSEY
D a iry  C h em is try  D ep a rtm en t, U n iv e rs ity  College, C ork, I r i s h  R e p u b lic  

(Received 28 J a n u a r y  1969)

S u m m a r y . The phenomenon of rennet hysteresis in heated milk is essentially due to 
reversible heat-indnced changes of calcium phosphate equilibrium which affect the 
second or calcium ion stage of the rennet coagulation. The phenomenon is shown 
not only by heated milk but also by all heated caseinate systems provided they con
tain sufficient calcium to permit of coagulation with rennet and enough phosphate 
to ensure some degree of colloidal phosphate precipitation during the heating process; 
its occurrence does not require the presence of micellar casein or of /Mactoglobulin, 
or the initial presence of colloidal phosphate. Nevertheless, rennet hysteresis is greatly 
increased in these heated systems if /Mactoglobulin is present owing to the formation 
of a calcium caseinate//Mactoglobulin complex which in its renneted condition is 
much less sensitive to calcium ions than is calcium para-caseinate. The resulting 
relative prolongation of the second stage of the rennet coagulation renders this 
phenomenon more apparent by increasing the proportion of the total time occupied 
by the hysteresis effect.

Rennet hysteresis, i.e. the occurrence of a time-lag before the increase in the rennet 
clotting time of milk brought about by heating attains its maximum, was first 
observed by Mattick & Hallett (1929), and has been attributed to a slow partial 
reversal of a heat-induced transfer of calcium phosphate from the serum to the 
caseinate micelles (Pyne, 1945). This change, it was held, affects only the second or 
calcium coagulation stage of the rennet coagulation. In  a more recent study by Kannan 
& Jenness (1961) attention was drawn to the previously unrecognized effect of [j - 
lactoglobulin on the phenomenon. While acknowledging that heat-induced phosphatic 
displacements participated in the phenomenon, these authors attributed both the 
immediate prolongation of the rennet clotting time which follows relatively severe 
heating of milk, and the rennet hysteresis of such heated milk, primarily to a heat- 
induced interaction between casein and /Mactoglobulin. Heat-induced interaction 
between /Mactoglobulin and x-caseinate has since been definitely shown to occur 
(Sawyer, Coulter & Jenness, 1963).

A  preliminary note by Morrissey & Pyne (1966) reports evidence which supports 
the views of Kannan & Jenness (1961) concerning the influence of /Mactoglobulin on 
the rennet hysteresis of milk. It confirms, however, the earlier view that the soluble 
salts in milk, and in particular calcium phosphate, exert a determining influence on 
the phenomenon and that this is quite independent of the intervention of /Macto
globulin. The present paper provides further information on the roles and relative 
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importance of the various factors involved in rennet hysteresis and attempts to pro
vide a more detailed and precise picture of the nature of the phenomenon.

EXPERIMENTAL MATERIALS AND METHODS

Fresh mixed milks and individual cow’s milks, mainly from Friesian animals, were 
obtained from the University College herds, or from farms supplying milk to the 
University Experimental Creamery.

C ollo idal p hospha te-free  m ilk s  (C P F  m ilk s ) . These were prepared by bringing skim- 
milk at 0 °C to pH 4-9 by addition, with mechanical stirring, of about 0-4% by 
volume of concentrated HC1. The milks were stirred for 1 h after the addition of the 
acid and then dialysed for a total of 72 h at 0-5 °C against 40 volumes of the original 
skim-milk, changed at 24-h intervals.

S y n th e tic  m ilk s . These were prepared as follows:
(A) Colloidal calcium phosphate was formed in a neutral calcium caseinate 

solution, as described by McGann & Pyne (1960).
(B) Colloidal calcium phosphate was formed by raising the pH value of undialysed 

CPF milk from pH 4-9 to 7T by addition of sodium barbiturate solution of pH 8-5.
(C) Colloidal calcium phosphate was introduced into a strongly alkaline calcium 

caseinate solution by adjusting to pH 6-6 by addition of potassium phosphate 
solution of pH 5-0.

All these solutions were finally equilibrated against bulk milk by dialysis.
S e ru m  pro te in -dep le ted  m ilk s  were prepared by dispersing in appropriate amounts of 

milk dialysate the calcium caseinate-phosphate gel which separates on the bowl of 
the laboratory Sharpies super-centrifuge. After overnight stirring at 0-2 °C the 
casein concentration in these preparations was adjusted to 2-5 %  hy suitable further 
additions of milk dialysate.

S y n th e tic  m ilk  sera were prepared by the method of Pyne & McHenry (1955).
P hospha te-free  m ilk  sera w e r e  p r e p a r e d  by r e p l a c i n g  0T M - s o d iu m  p h o s p h a t e  by 

0-1 M -s o d iu m  m a l e a t e  i n  p r e p a r i n g  t h e  s e r a  j u s t  d e s c r ib e d .
S e ru m  p ro te in  was prepared by the method of Kannan & Jenness (1961) and was 

used in these experiments as the source of /?-lactoglobulin.
A n a ly tic a l m ethods. Inorganic phosphate was determined by the colorimetric method 

of Fiske & Subbarow (1925), calcium plus magnesium by the ED TA  titration method 
of Davies & White (1962), citrate by the colorimetric method of Marier & Boulet
(1958) as modified by White & Davies (1963). pH by glass electrode and protein 
content by the amido-black method of Schober & Hetzel (1957). Colorimetric esti
mations were made with a Unicam SP 500 spectrophotometer.

Unless otherwise stated the heat treatment of milk used was 85 °C for 30 min.

RESULTS

R e n n e t hysteresis  in  m ilk  system s devoid  o f  ¡d-lactoglobulin

The results in Table 1 show that rennet hysteresis is displayed by serum protein- 
free synthetic milk (preparation C) and by serum protein-free calcium caseinate 
systems which had been equilibrated against either milk or artificial milk sera and 
raised to a sufficiently high calcium ion concentration (about 5 m-mole/1 Ca2+) to
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ensure rennet coagulation. Development of hysteresis was more obvious in the serum 
protein-depleted milks when they were renneted at somewhat lower temperatures 
than 35 °C, e.g. at 25 and 30 °C, owing to the relative prolongation of the second stage 
of the rennet coagulation (results not shown). Synthetic milks prepared by methods 
A  and B  did not in general show as marked a hysteresis as did those prepared by 
method C. An explanation of this behaviour is proposed in the Discussion.

When soluble phosphate was replaced in a CPF milk by the equivalent amount 
of maleate, by equilibration against an appropriate phosphate-free serum, rennet 
hysteresis was no longer observed (Table 1). Presence of phosphate in solution (in 
addition, of course, to dissolved calcium) was thus essential for the development of 
rennet hysteresis.

Table 1. A  com parison  o f  the rennet hysteresis  o f  va rious m ilk  system s

R ennet clotting time a t  35 CC, sec
f  'i

Measured Measured
Material immediately 180 min later

Synthetic milk C 212 265
CPF milk 77 178
CPF milk (maleate replaces phosphate) 140 125
CPF milk (no /?-lactoglobulin) 67 102
CPF milk (with /?-lactoglobulin) 195 348
Milk 162 336
M ilk+  3 mM/l-NEM* 92 122

* N-ethylmaleimide.

In flu e n c e  o f  colloidal ca lc ium  p h ospha te  on hysteresis

Observations of rennet hysteresis have hitherto been limited to those systems 
which, like milk or artificial milks, contained colloidal calcium phosphate. Neverthe
less, the phenomenon can occur independently of the presence of this constituent, 
which merely serves, in fact, to increase the sensitivity of renneted casemate systems 
to calcium ions (Pyne & McGann, 1962), and thus allows coagulation to occur at such 
relatively low calcium ion concentrations as those in milk.

E ffec t o f  fS-lactoglobulin on  rennet hysteresis

The data in Table 1 also show the influence of /Mactoglobulin on hysteresis, and 
confirm the finding of Kamian & Jenness (1961) that presence of this protein during 
the heating of milk or other caseinate system not only markedly increases the degree 
of hysteresis, but also causes a permanent increase in their renneting times. Thus, 
subsamples of serum protein-reduced milk, brought to various levels of serum protein 
and heated before renneting, showed both these effects (results not tabulated). These 
changes were probably due, as has been suggested by Kannan & Jenness, to a heat- 
induced casein-/Mactoglobulin interaction which not only alters the sensitivity of the 
casein to attack by rennin but perhaps also makes the sensitivity to calcium of the 
rennet altered casein ‘ more critically dependent on its calcium phosphate content ’ 
as these authors express it. Heat-induced interaction between casein and /Macto
globulin is inhibited by the presence of sulphydryl blocking agents during heating 
(Sawyer et a l. 1963); correspondingly, both the increase in rennet clotting time of 
heated milk and the degree of hysteresis displayed were found to be diminished
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greatly when 3-0 mia/l N-ethylmaleimide (NEM) were present at the time of heating 
(Table 1).

Although rennet hysteresis is held to be a phenomenon which arises essentially 
from changes in the duration of the second or calcium precipitation stage of renneting 
(Pyne, 1945; Kannan & Jenness, 1961) it is in fact measured by comparing the total 
renneting time of the milk immediately after heating and some hours later. Total 
renneting time is largely determined in normal conditions by the duration of the 
first stage, which is usually fairly long compared with the second when measured at 
around 35 °C. If  now casein-/?-lactoglobulin interaction were to bring about a retar
dation of the second stage which was relatively greater than that of the first— perhaps 
in consequence of the rennet-altered protein complex so formed possessing a lower 
sensitivity to calcium ions than rennet-treated calcium caseinate— this interaction 
could, on account of the increased proportion of the total clotting time taken up by 
the second stage, similarly increase the degree of hysteresis as a percentage of the 
total clotting time of the milk. In  view of these considerations it was decided to in
vestigate the influence of casein-/?-lactoglobulin interaction on the duration of each 
of the 2 stages of the rennet coagulation.

Table 2. C o m p a riso n  o f  the relative rates o f  release o f  N P N  soluble i n  12 %  T C A  fr o m  
unhea ted  a n d  heated casein-fd-lactoglobulin  m ix tu re s  w hen  treated w ith  rennet u n d er  
id en tica l cond itions

Optical density a t 750 nm

3 3 6  P .  A .  M o r r i s s e y

Time of Unheated, Heated, Increase in NPN, %
rennet action, mean of mean of t

min duplicates duplicates U nheated Heated

0 0-1464 0-166 — —

5 0-2577 0-2432 76 46-5
10 0-296 0-2696 102-1 62-4
20 0-314 0-299 114-4 80-1
30 0-330 0-322 125-4 93-9

E ffec t o f  casein-fd-lactoglobulin  in terac tion  on the en zym ic  stage a n d  
on the ca lc iu m  p re c ip ita tio n  stage o f  coagula tion  w ith  rennet 

The influence of heat on the enzymic stage of the rennet coagulation of milk is best 
examined under conditions which allow it to be isolated from the succeeding calcium 
precipitation stage. Measurement of the rate of release of NPN  soluble in 12 %  TCA 
appeared to provide a method of doing this. The NPN values shown in Table 2 and 
expressed in terms of optical density and of the percentage increase in NPN  were 
obtained by the method of McGann & Pyne (1960), which employs the colorimetric 
procedure of Lowry, Rosebrough, Parr & Randall (1951). The results confirm a 
further finding of Kannan & Jenness (1961), namely that the presence of serum 
protein during the heating of milk significantly retards the rate of rennin attack on 
the caseinate. The results of further somewhat similar experiments (not included 
here) in which /c-casein was heated in presence and absence of serum protein also 
confirmed this finding.

The effect of heat-induced casein-/?-lactoglobulin interaction on the second stage 
of rennet coagulation was determined by the method of Pyne & McHenry (1955).
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A  2-5% solution of calcium caseinate buffered with 10 mM/1 sodium maleate was 
brought to the calcium ion concentration needed to give the unheated caseinate 
system a second stage coagulation time of between 60 and 120 sec at 29 °C. (The dura
tion of the second stage was taken as being the approximately constant value which 
is eventually attained for the coagulation time at 29 °C following completion of the 
first stage at 0-2 °C. This first stage was usually complete in 45-60 min at 0-2 °C after 
addition of 2 %  of commercial rennet solution.) When the caseinate-/?-lactoglobulin 
solution was not heated the presence of the serum protein appeared to have at most 
only a very slight influence on the duration of the second stage (Table 3). But when 
the solution was heated the second stage of the coagulation was greatly retarded and, 
moreover, retarded to a relatively greater degree than the first stage, no doubt owing 
to the reduced sensitivity to calcium ions of the ‘ para-caseinate ’ when present in the 
form of a complex with /Mactoglobulin. This disproportionate retardation of the 
second stage of the coagulation— the stage implicated in the development of rennet 
hysteresis— can obviously account, in part at least, for the increased hysteresis 
shown by heated caseinate-/?-lactoglobulin systems— including of course milk.

Table 3. E ffe c t o f  heat trea tm en t in  presence a n d  absence o f  se ru m  p ro te in  on  
the second stage r e n n in  coagula tion  o f  ca lc iu m  caseinate system s

Second-stage coagulation time a t  29 °C, sec
___________________________________________A___________________________________________

U nheated Heated

T he rennet hysteresis of heated m ilk

No 0-5 % No 0-5 %
serum serum serum serum

protein protein protein protein
60 76 46 190

108 107 87 224
60 70 50 175

110 102 80 185

T im e  order o f  ca se ina te-ft-lac tog lobu lin  in terac tion  a n d  
d isp lacem en t o f  ca lc iu m  p h ospha te  eq u ilib r iu m

It  is uncertain whether casein-/?-lactoglobulin interaction mainly precedes or 
mainly follows the heat-induced displacement of calcium phosphate equilibrium to 
which the hysteresis phenomenon is essentially due, and indeed whether the order in 
which these reactions occur has any significance in relation to the degree of hysteresis 
which develops.

The following experiment, in which advantage was taken of the ability of N EM  to 
interrupt the casein-/?-lactoglobulin interaction, appears to indicate that the casein- 
/Mactoglobulin interaction largely precedes deposition of calcium phosphate on the 
caseinate. Samples of milk were withdrawn at varying time intervals after initiation 
of the heating process (at 85 °C) and cooled rapidly in ice to room temperature. They 
were then treated by addition of 3 mM /1 NEM, stirred for 20 min, again brought 
rapidly to 85 °C and held at that temperature for the remainder of the 30 min.

The results are shown in Table 4 and indicated that for marked inhibition of 
hysteresis to occur the N EM  had to be added within 2 min of the commencement of 
heating at 85 °C. The greater part of the interaction between casein and /Macto- 
globulin would thus appear to be complete in about 2-3 min at 85 °C and accordingly
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to precede the greater part of the changes of phosphate equilibrium which charac
terize the development of hysteresis. Once induced, the casein-/?-lactoglobulin 
reaction appears to be relatively irreversible under normal conditions. Thus, rennet 
hysteresis can be fully re-developed in the same heated milk even in presence of 
subsequently added N EM  by reheating it to 85 °C.

Table 4. R a p id i ty  o f  K -casein-fi-lactog lobulin  in terac tion  a t 85 °C

R ennet clotting time 
35 °C,sec

Measured Measured
H eating procedure immediately 180 m in later

(I) Skim-milk: heat a t 85 °C for 30 m in; no NEM 162 286
(2) Skim-milk: bring to  85 °C, immediately cool, add NEM and 78 100
continue heating

(3) Skim-milk: heat a t  85 °C for 1 min, immediately cool, add NEM 105 142
and continue heating

(4) Skim-milk: heat a t 85 °C for 2 min, immediately cool, add NEM 136 195
and continue heating

(5) Skim-milk: heat a t 85 °C for 3 min, immediately cool, add NEM 183 261
and continue heating

(6) Skim-milk: heat a t 85 °C for 4 min, immediately cool, add NEM 186 297
and continue heating

(7) Skim-milk-f N EM ; heat a t  85 °C for 30 min 78 86

Table 5. E ffec t o f  se ru m  sa lt va ria tio n s  on  the rennet coagu lab ility  o f  s k im -m ilk

R ennet clotting time a t  35 °C, sec

Raw Heated

Serum salt (mM) Measured
r _______ A_________ 'i Measured 180 min

Ca +  Mg Inorganic P Citrate immediately later
10 11-5 7*5 130 192 473
11-2 11-5 7-5 70 95 143
13 11-5 7-5 35 46 61
14 11-5 7-5 27 32 35
11-2 10 7-5 66 95 132
11-2 12 5 7-5 65 97 137
11-2 13 5 7-5 59 100 136
11-2 11-5 6 63 56 65
11-2 11-5 8-5 95 130 424
11-2 11-5 9-5 124 310 829

Figures in bold type represent experimental variations in  concentration around the reference values 
established for a milk exhibiting only slight hysteresis (see below).

Soluble m ilk  sa lts in  re la tion  to hysteresis

Morrissey & Pyne (1966) noted that individual milks differed greatly in their 
capacity to display rennet hysteresis. These differences appeared in some cases to be 
due to differences in the serum salt conditions rather than in the /?-lactoglobulin 
content of the milks, since milks showing marked hysteresis wrere frequently found to 
lose this characteristic when dialysed against milks exhibiting only slight hysteresis. 
These latter showed, conversely, an increase in rennet hysteresis.

In  an attempt to isolate the precise salt compositional conditions which favour 
development of rennet hysteresis, the dialysate of a milk exhibiting only slight
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hysteresis was analysed for the major soluble constituents thought likely to be in
volved, namely soluble calcium plus magnesium, phosphate and citrate. The milk 
was then modified in its soluble salt composition by dialysing it against various syn
thetic salt solutions adjusted over a range of compositions in respect of each of these 
3 components.

Typical sets of results are shown in Table 5. They indicate that lowering the cal
cium ion concentration of the milk, whether by decreasing the level of calcium plus 
magnesium or by increasing the level of citrate, favoured the development of hys
teresis. The effect of varying the phosphate concentration, however, appeared to be 
slight. These results, taken in conjunction with those relating to the influence of 
/Mactoglobulin noted earlier, would appear to indicate that hysteresis is favoured 
both by a relatively high /Mactoglobulin content and by a relatively low calcium ion 
concentration. Perhaps the same reason applies in both cases, namely that the pre
sence of /Mactoglobulin or of low calcium concentration caused the second or calcium 
coagulation stage to be retarded relative to the first. However, certain exceptions to 
this generalization can occur. Thus, some low hysteresis milks were found to respond 
to increase in soluble calcium with an increased display of hysteresis. This matter will 
be dealt with in the Discussion.

The rennet hysteresis of heated m ilk

DISCUSSION

The present investigation confirms in essentials the views originally put forward 
by Pyne (1945), namely that the rennet hysteresis of milk is due to the relatively slow 
reversal of a heat-induced transfer of calcium phosphate from serum to casein 
micelles, a transfer which sensitizes them in their rennet-altered condition to preci
pitation by calcium ions. The presence of soluble phosphate is essential for the forma
tion of this calcium phosphate and is thus a s in e  qua  n o n  for the development of 
rennet hysteresis. Hysteresis can occur on the other hand in the complete absence of 
/Mactoglobulin, but the degree of its manifestation unquestionably increases pro
gressively with rise in /Mactoglobulin content. The effect of /Mactoglobulin appears 
to be to create, as a result of heat-induced interaction with caseinate, a caseinate/ 
/Mactoglobulin complex which not only reacts more slowly with rennet, but 
which, in its rennet-altered form, displays also a lower sensitivity to calcium ions 
than does calcium para-caseinate. A  retardation of both stages of renneting is thus 
produced, but it appears to be relatively greater in the second stage than in the first. 
The resultant relatively greater prolongation of the second stage thus increases the 
proportion of the total renneting time taken up by variations in the duration of the 
second stage, i.e. by those variations which are at the basis of the hysteresis pheno
menon proper.

The explanation of rennet hysteresis put forward by Kannan & Jenness (1961), 
namely that “the interaction of /Mactoglobulin with the caseinate micelles makes the 
coagulability more critically dependent on the concentration of colloidal phosphate” 
cannot, however, be ruled out as being at least a contributory factor. The order in 
which the 2 reactions involved take place, namely casein-/Mactoglobulin interaction 
and heat-induced formation of colloidal calcium phosphate in solution, suggests that 
much of the calcium phosphate formed during heating will in fact be deposited on an 
already constituted caseinate//Mactoglobulin complex. And it is indeed possible that
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the calcium sensitivity of this complex when renneted may be more greatly in
fluenced by its calcium phosphate content than is calcium para-caseinate which has 
not interacted with /Mactoglobulin.

The differing hysteresis behaviours of the various ‘artificial milk’ preparations A, 
B  and C, of which C alone displayed the phenomenon to any marked extent, is 
perhaps attributable to the differing methods employed in preparing them. McGann 
& Pyne (1960) have suggested that the micelles in milk may possess something of the 
nature of a double calcium salt of phosphate and caseinate. It  is not altogether sur
prising, therefore, that the method of preparing the complex which best displays 
rennet hysteresis, namely neutralization of an alkaline calcium caseinate by a primary 
phosphate, is that which is most likely to give precisely this type of association. The 
alternative methods of preparation employed in which the calcium phosphate is 
formed under somewhat acid and in neutral conditions, respectively, may on the 
contrary lead to formation of phosphate precipitates which are merely physically 
protected by the caseinate.

As regards the influence of the salt composition of milk on hysteresis, it may seem 
strange that lowering the soluble calcium content led to increased rennet hysteresis 
in most milks which had been equilibrated against artificial sera, while raising it in
creased (at least in a limited number of samples) the hysteresis shown by certain low 
hysteresis milks. In  seeking an explanation it must be borne in mind that hysteresis 
originates solely in those changes in the duration of the second stage of renneting 
which arise from reversible heat-induced changes of phosphate equilibrium. However, 
the degree of hysteresis which is exhibited in any particular case is determined by 2 
factors, (1) the extent of this change of phosphate equilibrium— which depends 
chiefly on the salt composition of the milk serum— and (2) the /Mactoglobulin content 
of the milk. Somewhat low soluble calcium tends in general to cause a retardation of 
the second stage of the rennet coagulation relative to the first and thereby to accen
tuate the hysteresis, and this is probably the more general case, especially where the 
/Mactoglobulin content of the milk is normal or fairly high. On the other hand, raising 
the calcium concentration, and thus increasing the extent of the heat-induced 
changes of calcium phosphate equilibrium, may be the only way in which a milk low 
in /Mactoglobulin can be made to show a marked degree of hysteresis. Admittedly 
this treatment may result in an all-round shortening of the second stage of the coagu
lation relative to the first. Nevertheless, the greater degree of calcium phosphate 
precipitation involved may more than compensate for this and may allow the hys
teresis observed to become more evident by bringing about an increase in the differ
ence in the second-stage coagulation times of the milk measured immediately follow
ing heating and some hours later.

As to the mode of action of /Mactoglobulin in retarding renneting and in bringing 
about an increased development of rennet hysteresis, any conclusions must neces
sarily be somewhat speculative. The retardation of the enzymic stage of renneting 
following interaction of casein with /Mactoglobulin may be due to a reduced accessi
bility of the casein to rennet during the first stage of renneting. Retardation of the 
second or calcium precipitation stage may be due to a parallel blocking or rendering 
less accessible to calcium those groups of the rennet-altered casein which, when cross- 
finked by calcium, lead to coagulation. Such a reduced propensity of the para-caseinate
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for calcium cross-linking could perhaps also render the system more critically depen
dent on the content of sensitizing colloidal phosphate which the micelles had acquired 
during the heating.

The helpful advice and criticism of Professor G. T. Pyne throughout this work is 
gratefully acknowledged.

The rennet hysteresis of heated m ilk
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T he h eat s ta b ility  of m ilk  a s  affected by v a r ia tion s  
in pH and m ilk  sa lts
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D a iry  C h em istry  D ep a rtm en t, U n ivers ity  College, C ork, I r i s h  R e p u b lic  

(Received 14 M a rch  1969)

S u m m a r y . The maximum and minimum heat stability exhibited by most milks over 
a relatively narrow range of pH values is shown also by synthetic colloidal calcium 
caseinate-calcium phosphate systems and even by simple caseinate systems, pro
vided all possess adequate contents of /?-lactoglobulin, soluble calcium and phosphate. 
The phenomenon is not, however, dependent on the presence of the characteristic 
micellar structure of the casein of milk. The minimum stability observed, usually 
around pH 6-9, is the most characteristic feature of the phenomenon and arises from 
heat induced deposition of calcium phosphate on a caseinate//?-lactoglobulin com
plex. This reaction, which tends to occur to a marked degree at relatively high pH 
values and calcium ion concentrations, sensitizes the complex to precipitation by 
calcium ions. The precise pH values at which the maximum and minimum stabilities 
occur can vary depending on the salt composition of the serum, since the latter can 
influence the solubility of calcium phosphate.

Despite numerous investigations, recent reviews (Rose, 1963, 1965) suggest that 
factors concerned in the heat coagulation of milk and the coagulation mechanism are 
still not completely understood. Nevertheless, since the pioneer work of Sommer & 
Hart (1919, 1922, 1926) the salt composition— or perhaps soluble-salt composition 
(Pyne & McHenry, 1955; Pyne, 1958, 1959)— has been generally accepted as exer
cising an important influence on the heat stability of milk. The heat stability of most 
individual milks can also be greatly altered by quite small changes of pH (Rose, 
1961 a). When a maximum stability was observed it was usually found by this author 
to occur between pH 6-5 and 6-7 and the accompanying minimum stability at 
around pH 6-9. Such milks— the majority— were later classified by Tessier & Rose
(1964) as type A, while milks showing an approximately linear relationship between 
pH and heat stability over the pH range 6-3-7-5 were classified as type B. These 
variations in stability appeared to be related in the first instance to the /Macto- 
globulin content of the milk (Rose, 1961?)), but a role in the phenomenon was later 
assigned also to x-casein by Tessier & Rose (1964). According to these latter authors 
it is the /c-casein//?-lactoglobulin ratio of the milk rather than the /?-lactoglobulin 
content which primarily determines the shape of the pH/heat-stability curve. Rose
(1962) also concluded that if the major inorganic salts influenced the heat stability 
of milk they did so only in the presence of /j-laetoglobulin. This conclusion seemed to 
be at variance with certain observations on the role of the milk salts made earlier
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in this laboratory. It  was therefore decided to re-examine the influence of the milk 
salts, both colloidal and dissolved, on the heat stability of milk in the light of the 
studies of Rose and his colleague.

EXPERIMENTAL MATERIALS AND METHODS

Experimental materials and methods in general, unless otherwise stated, were those 
already described (Morrissey, 1969).

p H -a d ju s te d  m ilk s . The pH of milk was altered by slow addition, with constant 
mechanical stirring, of either OT n -HC1 or NaOH to furnish approximate pH values 
in the range 6-4-7-5. All adjusted samples were held for 3 h before determination of 
pH and heat stability.

H eat-coagu la tion  tim e . This was determined by the method of Pyne & McHenry
(1955).

RESULTS

P hospha te  as a fa c to r  in  the p H  I hea t-stab ility  rela tion

Rose (1962) noted that removal of colloidal phosphate from milk eliminated the 
minimum usually observed in the heat stability curve around pH 6-9. Preliminary 
experiments on colloidal phosphate-free milks (CPF milks) confirmed the results of 
Rose in this regard. Removal of colloidal phosphate greatly increased heat stability 
at all pH values, and did in fact bring about a loss of the characteristic maximum and 
minimum values in the pH/heat-stability curve. However, the coagulation times of 
the CPF milks were considerably longer than those of the corresponding whole milks 
and may have been so long as to obscure the operation of the factors primarily 
implicated in the production of the pH/heat-stability relation observed by Rose in 
normal milk. The experiment was therefore repeated on a. CPF milk, the soluble 
calcium content of which had been raised by dialysis against calcium-enriched milk 
(milk to which 10-12 ml OT M-CaCl2/l had been added, followed by readjustment of 
the pH to its original value). The CPF milk so treated was now found to have taken 
on some of the characteristics of type A  milk. The stability curve was displaced 
towards the alkaline side compared with that for normal milk, minimum stability 
being generally observed to occur in the pH range 7-2-7-5. The results indicated, 
however, that soluble calcium content plays a role in determining the characteristic 
shape of the pH/heat-stability curve observed with CPF milk, and that the initial 
presence of colloidal calcium phosphate (as in milk) is not essential for the develop
ment of this feature.

Marked reduction in the soluble phosphate content of a milk (a condition con
veniently attained by the phosphate-reducing dialysis technique of McGann & Pyne,
1960) was also found to be accompanied by changes in its pH/heat-stability pattern. 
Thus, reduction in phosphate content (mainly in soluble phosphate) from 57 to 
28-6 mg P/100 ml caused a progressive shift in the position of the maximum and 
minimum stabilities towards the alkaline side. Figure 1 shows the curves obtained 
with subsamples of a milk examined after 4 and 16 h dialysis. The calcium content 
of the artificial serum against which the dialysis was conducted was raised slightly 
to compensate for some slight losses of colloidal phosphate during dialysis of the milk.

If, however, soluble phosphate is removed completely— this can be done most con
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veniently with CPF milk— the pH/stability pattern entirely changes. Thus, equili
brium dialysis of CPF milk against an artificial milk-type serum in which phosphate 
had been replaced by the equivalent amount of maleate produced a system in which 
the characteristic type A  properties of the CPF milk were replaced by those of type B. 
These results suggest that for the development of the characteristic maximum and 
minimum in the pH/heat-stability curve of milk not only is the presence of /?-lacto- 
globulin essential as Rose (1961 b) had shown, but so also is the presence of soluble 
phosphate.

H eat stability of m ilk

Fig. 1. Effect of soluble phosphate depletion on the pH /heat-stability characteristics of milk.
O , Control; • ,  4-h phosphate-reducing dialysis; A> 16-h phosphate-reducing dialysis.

In flu e n c e  o f  p H  on the heat s ta b ility  o f  syn the tic  m ilk  

The synthetic milk whose preparation is described by Morrissey (1969) was found 
on examination to exhibit type A stability, i.e. to develop on slight changes of pH a 
maximum and minimum stability which closely resembled those of normal type A 
milk (Fig. 2). From this finding and that obtained with the calcium-enriched CPF milk 
already described, it is clear that the occurrence of type A features in milk is not 
dependent on the presence of the characteristic micellar structure of its calcium 
caseinate-calcium phosphate.

The contrary opinion expressed by Rose (1963), namely that removal of colloidal 
calcium phosphate from milk disrupts a micellar caseinate structure that he thought 
essential for the development of the normal pH/heat-stability features, was based on the 
observation (Rose, 1962) that synthetic milk, prepared by reprecipitation of colloidal 
calcium phosphate by alkali neutralization of an acidified type A milk, failed to 
display the type A characteristics of the parent milk. But the properties of a synthetic 
milk depend greatly on the method of preparation used (Morrissey, 1969), and it is
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possible that the product prepared by Rose (1962) possessed too high a heat stability 
to display type A  features under the experimental conditions employed. It  will be 
remembered that CPF milk failed to display these features until its high stability 
had been appreciably reduced by addition of calcium salts.

Fig. 2. The relation between pH  and heat stability of a synthetic caseinate-phosphate milk.

E ffec t o f  in terchang ing  m ilk  sera on the p H /hea t-stab ility  curves  
o f  various m ilk s

Interchanging milk sera by dialysis of a small volume of one milk against large 
volumes of another tends as a rule to shift the pH/stability pattern of the dialysed 
milk towards that of the milk against which it has been dialysed. Thus, a type A 
milk dialysed against another type A  milk tends to exhibit the pH values for maximum 
and minimum stability characteristic of the latter (Fig. 3). A  type A milk dialysed 
against a type B  tends to lose its characteristic type A  minimum stability. A  type B 
dialysed against a type A  tends to acquire a minimum stability around pH 6-9 
(Fig. 4). The results suggest, in agreement with the findings of Rose (19616), that 
important factors controlling the pH/heat-stability pattern of milk are present in 
solution.

However, a certain number of milks fail to respond in this fashion. Clearly not all 
stability differences between milks can be ascribed to differences in milk serum com
position alone; differences in /Mactoglobulin content or rather in /Mactoglobulin/x- 
casein ratio must also operate as Tessier & Rose (1964) have noted. Bearing in mind 
that type A behaviour isfavoured both by high /Mactoglobulin content (Rose, 19616) 
and by high soluble calcium (see below) the following explanation could possibly 
account for the behaviour observed when the sera of these milks were interchanged. 
Thus, dialysis of type A  milk high in /Mactoglobulin and somewhat low in soluble
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calcium against a type B  milk low in /Mactoglobulin and high in soluble calcium 
might well reinforce the type A  characteristic of the former, and dialysis of the same 
type B milk against the same type A  milk reinforce those of the type B  milk .

In flu e n c e  o f  d iva len t ca tions on the p H  ¡heat-stab ility  curve

In  order to determine more precisely the extent to which salt factors, and in 
particular variations in divalent cation concentration, may influence the pH/heat- 
stability characteristics of normal milk, a number of type A  milks were modified in 
their soluble salt systems by dialysis against salt solutions in which the phosphate 
and citrate levels were maintained at their approximately average milk values of 10 
and 9 mii/I, respectively, while soluble calcium and magnesium taken together, 
([Mg]/[Ca] =  0-35) were made to vary from 10-5 to 13-5 mM/1.

H eat stability of m ilk

Fig. 3. Effect of interchanging (by dialysis) milk sera from type A milks on the pH /heat- 
stability curve. O , Milk no. 1; • ,  milk no. 1 dialysed against milk no. 2; A , milk no. 2; 
milk no. 2 dialysed against milk no. 1.
Fig. 4. Effect of interchanging (by dialysis) milk sera from Type A and Type B milks on the 
pH /heat-stability  curve. O .T y p eA m ilk ; • .  type A milk dialysed against type B m ilk ; A ,ty p e  
B milk; type B milk dialysed against type A milk.

The results for one such milk are shown in Fig. 5. They indicate that a moderately 
high concentration of soluble calcium in combination with soluble phosphate and 
/Mactoglobulin is essential for the development of the characteristic pH-sensitive 
variations in heat stability, with its marked minimum at pH 6-9 or higher. Changes in 
the level of divalent cations determined mostly the type of classification (A or B) and
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gave rise to marked changes in the coagulation time at the pH of minimum stability. 
They did not greatly affect the coagulation time at the pH of maximum stability. 
These results demonstrate the importance of high soluble calcium and magnesium— a 
condition normally associated with low soluble phosphate— for the development of a 
minimum heat stability at pH 6-9 or higher, and are thus consistent with earlier 
findings of Rose (1961a) that the maximum heat stability was significantly correlated 
negatively both to the ratio of soluble calcium to soluble inorganic phosphate and the 
ratio of ionic calcium to soluble inorganic phosphate. Here again, a few milks 
were found which, while responding in the above manner to slight reductions 
in the level of calcium and magnesium used, behaved quite differently when these 
reductions were more marked, developing a new minimum which was, however, 
definitely displaced towards the alkaline side.

Fig. 5. Effect of altering the divalent cation content on the pH /heat-stability characteristics 
of milk. Figures beside curves indicate concentrations, in im i/l, of calcium +  magnesium.

In flu e n c e  o f  other fa c to rs

(a) C ond itions u n d er w h ich  the com plex  o f  casein  a n d  ¡3-lactoglobulin  is  fo rm ed . 
Much the same pH/heat-stability patterns were obtained whether the casein//?- 
lactoglobulin complex was formed by heating a solution of the 2 proteins at pH 7-0 
prior to adjusting the pH to the various values of the range studied, or in the usual 
way by heating the mixture at the various pH values. This finding does not appear to 
offer any support for the suggestion of Rose (1963), by way of explanation of the 
influence of pH on heat stability, that the extent to which the caseinate//?-lacto- 
globulin complex is formed in heated milk may be pH-dependent.

Thus, when solutions of sodium (or calcium) caseinate and /?-lactoglobulin were
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adjusted to pH 7-0, heated at 90 °C for 10 min, cooled, converted into a calcium 
caseinate-calcium phosphate ‘milk’ as described elsewhere (Morrissey, 1969), and 
equilibrated against bulk-milk by dialysis, this synthetic milk then displayed much 
the same type of maximum and minimum heat stability curve at the various pH 
values 6-6-7-5 as was observed in systems which were not preheated. The sole 
difference of note was that the maximum and minimum points were found to be 
shifted somewhat further towards the alkaline side in the systems which had been 
preheated (Fig. 6).

H eat stability of m ilk

Fig. 6. The pH /heat-stability  characteristics of a  calcium caseinate-phosphate ‘m ilk’ pre
pared from a  sodium caseinate-^-lactoglobulin solution which had been preheated a t  90 °C for 
10 min. 0> Preheated solution; • ,  control (not preheated).

(b) I tiflu en ce  o f  sa lts o f  the a lka li m etals. Additions of relatively small concen
trations of potassium chloride and sodium chloride (10 and 20 mM/1, respectively), 
to milks were found to stabilize slightly some individual milks and destabilize 
others. These differences appeared to arise from marked changes in the shape 
of the pH/heat-stability curves, which in general suffered a displacement of their 
maximum and minimum stabilities towards more alkaline values. Very definite 
destabilization above pH 7-0 was observed especially when the concentrations of 
potassium chloride and sodium chloride exceeded 20 and 30 mM/1, respectively. 
Potassium chloride was in general more effective than sodium chloride in altering the 
stability pattern.

22 D airy Res. 30
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D IS C U S S IO N

The results obtained in the present work suggest that the minimum stability 
usually shown by milk at around pH 6-9 is due to precipitation of calcium phosphate 
on a caseinate//?-lactoglobulin complex which is thereby rendered more sensitive to 
the action of cations— calcium in particular.

Contrary to suggestions in the literature, neither the initial colloidal phosphate 
content of the milk nor the characteristic micellar structure of caseinate as it occurs 
in milk seems to play a role of any importance in this phenomenon; nor does the pH 
at which the formation of the casein ate//?-] actogl obulin complex occurs. Thus, CPF 
milk which has been raised to a sufficiently high calcium ion concentration to confer 
on it an average coagulation time typical of normal milk, and synthetic milks con
taining /?-lactoglobulin, exhibit the same pH/stability pattern as normal milk. The 
heat-induced casein-/?-lactoglobulin interaction which lies at the basis of (and under 
suitable serum salt conditions gives rise to) this typical pH/stability pattern with a 
type A  minimum in the pH 7-1-7-3 region occurs independently of the pH at which 
the heating is conducted, and of the presence of milk salts. This is clear from the 
experiment described above in which an approximately neutral sodium caseinate-/?- 
lactoglobulin solution, appropriately heated and subsequently converted into a 
synthetic milk by addition of the necessary salts, introduction of colloidal phosphate 
and other compounds, was found to display the typical pH/stability pattern of normal 
milk. This pattern, with its marked maximum and minimum, cannot therefore be 
attributed {pace Rose, 1963) to pH-dependent differences in the degree of interaction 
of casein and /?-lactoglobulin. This leaves then as the factors involved in the develop
ment of the typical pH/stability of normal milks only the /^-lactoglobulin content of 
the milk and the milk serum salts.

As to the role of these salts, the following points have been established. The 
typical pH/stability (Type A) relation of milk is lost if the phosphate of the serum is 
entirely replaced by another anion (e.g. by maleate); the pH values at which the 
minimum and maximum stabilities occur are displaced towards the alkaline side if the 
soluble phosphate content is reduced; the minimum stability is either brought into 
existence or, if already present, is accentuated if the soluble calcium content of the 
milk is increased. These findings are all consistent with the view that the minimum 
heat stability of milk encountered about pH 6-9 is due to heat-induced precipitation 
of calcium phosphate on a caseinate//?-lactoglobulin complex (likewise formed as a 
result of the heating), which is thereby sensitized to the coagulating action of calcium 
salts.

The curves shown in Fig. 5 make it clear that the characteristic portion of the 
typical pH/heat stability curve of milk is the marked minimum which occurs at pH 
6-9 or higher. The maximum stability observed at pH values greater than 7-0 has no 
independent existence but arises from the presence of the neighbouring minimum. 
In  the absence of the complicating deposition of calcium phosphate, heat stability 
would increase steadily with increase in pH. The minimum stability may be regarded 
as arising from the marked tendency of the serum calcium phosphate, at pH 6-9 or 
higher, to form a precipitate of colloidal calcium phosphate which is deposited on 
the caseinate//?-lactoglobulin complex and greatly increases its sensitivity to precipi
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tation by calcium ions. It is the superimposition of this destabilizing effect of a cal
cium phosphate precipitation at about pH 6-9 on the stabilizing effect of increasing 
pH which gives rise to the maximum which immediately precedes the minimum 
stability.

The effect of added sodium chloride and potassium chloride in shifting the minimum 
stability of a milk to a somewhat higher pH value than 6-9 is perhaps ascribable to 
the increased solubility of calcium phosphate in the presence of these salts, a pheno
menon noted by Rose & Tessier (1959) in another connexion. In these conditions, a 
somewhat higher degree of alkalinity, i.e. a higher pH value, may be required to 
ensure the degree of precipitation of calcium phosphate needed to minimize the 
stability. The somewhat greater effectiveness of potassium salts as compared with 
sodium salts in altering the stability of milk is perhaps to be accounted for by its 
greater cation exchange efficiency, a point also made by Rose & Tessier (1959).

The phenomenon observed here may also account for the results obtained with a 
few milks which, while responding to slight reductions in the levels of calcium and 
magnesium by showing type B  features, developed a new minimum when these 
reductions were more marked. The reductions in the concentrations of these divalent 
cations could likewise increase the [Na + K]/[Ca +  Mg] ratio.

The helpful advice and criticism of Professor G. T. Pyne throughout this work is 
gratefully acknowledged.

Heat stability of m ilk
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(Received 11 F eb ru a ry  1969)

s u m m a r y . Batch methods applicable on a large scale are described for the purification 
of crude k -  and /5-casein. if-Casein, dissolved in urea-containing buffer, was freed from 
Os- and /5-caseins by treatment with calcium phosphate gel and recovered in about 
60%  yield. /5-Casein was freed from most impurities by adsorption on to calcium 
phosphate gel at pH 7-8 in the presence of urea and elution with 6 M-urea-n-NH40H  
at 4 °C. The recovery was about 50%.

As expected from the solubilities of their calcium salts (Waugh, 1961), x-casein is 
not adsorbed on calcium phosphate gel at room temperature and neutral pH, as- 
casein is strongly adsorbed and not readily eluted and /5-casein is adsorbed but can 
be eluted at low temperature and high pH. This observation forms the basis of the 
methods described in the present paper for removal of the main casein contaminants 
from crude preparations of k -  and /5-caseins. Thus, treatment of crude x-casein with 
calcium phosphate gel removes as- and /5-caseins, and /5-casein can be freed from k - 

casein by adsorption onto the gel and from as-casein by subsequent elution. It  is 
necessary to carry out the complete procedures in the presence of urea in order to 
prevent the formation of casein complexes.

Previously N. J. Berridge (personal communication) had shown that /c-casein 
could be purified by chromatography in a hydroxyapatite column. The present work 
is a development of this, calcium phosphate gel being used in preference to hydr
oxyapatite because of its greater convenience ; hydroxyapatite is relatively difficult 
to prepare, does not retain its activity on storage and does not adsorb as- and /5- 
caseins sufficiently strongly for batchwise application.

E X P E R IM E N T A L

M a teria ls

B u ffe r . Unless otherwise indicated, the buffer solution used contained 0-05 m 
potassium phosphate buffer at pH 6-8, 0-005 m -KCI, 4-5 M-urea and 0-013 M-2-mer- 
captoethanol.

C a lc iu m  p h ospha te  gel. Calcium phosphate gel was prepared as described by Colo- 
wick (1955). It  was suspended in water and the concentration of the suspension 
determined from the weight of a known volume dried at 100 °C. Just before use, the 
required amount of gel, calculated on a dry-weight basis, was recovered by centri
fugation and resuspended in buffer.



C rude casein  fra c tio n s . Casein fractions were prepared from the milks of individual 
genetically typed Friesian cows from the Institute herd. For each fraction the milk 
from a cow producing only the required genetic variant was chosen. Crude /c-casein 
A  was prepared by the method of Zittle & Custer (1963) except that the ethanol pre
cipitation was omitted. Crude /¿-casein A  was prepared by the method of Aschaffen
burg (1963). as-Casein B  was prepared as described by Zittle, Cerbulis, Pepper & 
Della Monica (1959) except that the final precipitation step was carried out 3 times 
instead of twice.

M ethods fo r  p u r ific a tio n  o f  crude k - a n d  (d-casein

K-Casein. Crude /c-casein was dissolved in buffer to a concentration of about 2%  
and dialysed against the same buffer. To this solution was added calcium phosphate 
gel suspended in buffer (1 g gel/g protein) and the mixture was stirred at room 
temperature for 30 min. The gel was removed by centrifugation and the supernatant 
liquid treated with a further 3 batches of gel in the same manner. The 4 batches of gel 
were then combined and washed twice with buffer (17-5 ml/g gel) by stirring for 
15 min followed by centrifugation. The washes and the supernatant liquid recovered 
after the final gel treatment were combined, freed from urea by dialysis against water 
and the /c-casein recovered by precipitation at pH 4-6.

fi-C ase in . A  2 %  solution of crude //-casein in buffer was treated with 4 batches of 
calcium phosphate gel (1-5 g gel/g protein) as described for /c-casein. The 4 batches 
of gel were then combined and washed 3 times with buffer (12 ml/g gel) by stirring 
for 10 min followed by centrifugation. The washes and the supernatant liquid re
maining after the final gel treatment were either discarded or, if required for analysis, 
dialysed against water to remove urea and the casein recovered by precipitation at 
pH 4-6. //-Casein was eluted from the gel with 6 m -urea-s-NH40H  at 4 °C. The gel 
was suspended in the eluting solution (15 ml/g gel) and the mixture cooled to 4 °C 
and stirred for 30 min at this temperature. The gel was recovered by centrifugation 
and eluted with a further 2 lots of 6 M-urea-N-NH4OH in the same way. The eluents 
were combined, freed from urea by dialysis against water and the //-casein precipi
tated at pH 4-9. The product was freed from small amounts of calcium phosphate by 
solution in water at pH 7-8 and reprecipitation at pH 4-9.

A n a ly tic a l m ethods

D eterm in a tio n  o f  p ro te in . The protein content of casein solutions was determined 
spectrophotometrically assuming Æ/ggo = 10-0 for as-caseinB (Zittle, 1961), E \f§ =  12-2 
for crude and purified /c-casein A  (Zittle & Custer, 1963) and = 4-8 for crude and 
purified //-casein A  (Zittle & Walter, 1963). Recoveries of protein after carrying out 
purification procedures were based on spectrophotometric determination.

Starch-gel electrophoresis. Analytical electrophoresis was done with starch gels at 
pH 8-6 containing urea and dithiothreitol, as described by Cheeseman (1968).

C a lc iu m  p re c ip ita tio n  a n d  stab iliza tion  tests. The extent of precipitation of //-casein 
by various levels of CaCl2 was determined as described by Zittle & Walter (1963). 
The degrees of stabilization of as- and //-casein by /c-casein were determined by the 
methods of Zittle (1961) and Zittle & Walter (1963), respectively.

R e n n e tin g  o f  K-casein. A  4 %  solution of purified /c-casein in water at pH 6-5 was
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incubated at 30 °C with Chr. Hansen cheese-making rennet at 1:350 dilution. After 
100 min the enzyme was destroyed by addition of N-NaOH to raise the pH value to 
above 9. For electrophoresis the protein was solubilized by addition of urea to the 
mixture.

Purification  of [3- and K-caseins 3 5 5

BESULTS

P u rific a tio n  o f  K-casein

The starch-gel electrophoretic patterns of crude and purified /c-casein are shown in 
Plate 1(a). This indicates that all of the Og-casein and most of the //-casein were 
removed during the purification procedure. However, minor casein components of 
low mobility were not entirely removed. These conclusions are confirmed by the 
electrophoretic pattern obtained after treatment of purified k-casein with rennet.

The recoveries of protein after purification in 3 separate experiments are shown in 
Table 1.

Table 1. Recoveries o f  K-casein a fter p u r ific a tio n

Initial Amount of
am ount of purified

crude /c-casein
/c-casein, recovered, Recovery,

E xp t no. g g 0//o
1 7-7 6 0 78
2 6-0 3-6 60
3 8-0 4-0 50

Table 2. Recoveries o f  [3-■casein a fter p u r ific a tio n

Initial Amount of
am ount of purified

crude //-casein
//-casein, recovered, Recovery,

E xpt. no. g g 0//o
1 10-3 4-0 39
2 9-0 4-5 50
3 4-0 1-6 40
4 2-5 1-6 64

P u rific a tio n  o f /3-casein

The starch-gel electrophoretic patterns of the supernatant liquid remaining after 
gel treatment of crude //-casein, the buffer washes and the gel eluents are shown in 
Plates 2(a) and (6). The electrophoretic patterns of crude and purified //-casein are 
compared in Plate 1(b).

The recoveries of protein from the purification procedure are shown in Table 2 
for 4 separate experiments.

P roperties o f  p u r ifie d  casein  fra c tio n s

Purified /c-casein stabilized as-casein against precipitation by 10mM-CaCl2; at a 
ratio of /c-casein/as-casein of 0-12, 90 %  of the as-casein remained soluble.

With purified //-casein the extent of precipitation by 10 mM-CaCl2 and the extent 
of stabilization by purified /c-casein were determined. The results obtained with 2 
different preparations of purified //-casein are compared with those of Zittle & Walter



(1963) in Table 3. Starch-gel electrophoresis indicated that preparation 2 was slightly 
less pure than preparation 1 in that it contained a little more material with the 
mobility expected for temperature-sensitive casein.
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Table 3. P re c ip ita tio n  o f  p u r ifie d  /2-casein  by  C aC l2 and  
sta b iliza tio n  by p u r ifie d  K-casein

E xten t of precipitation (%) by 10 mM-CaCla 
R atio of /c-casein//?-casein required for complete 

stabilization
E xten t of stabilization (%) a t /c-casein//?-casein =

Preparation Preparation
Results of 
Zittle &

1 2 W alter (1963)

86 81 78
0-25 0-20 0-15

73 87 99

DISCUSSION

The methods described above allowed the removal of the major casein contami
nants from crude preparations of /c- and /2-casein, but neither of the products was 
completely pure. The purified /c-casein contained minor casein components of low 
electrophoretic mobility, probably temperature-sensitive and y-caseins, which were 
not adsorbed by calcium phosphate gel. The purified /2-casein contained unidentified 
material forming about 4 electrophoretic bands close to that of /2-casein as well as 
very small amounts of material with a mobility in the region expected for temperature- 
sensitive casein (Groves, McMeekin, Hipp & Gordon, 1962).

The purified /c-casein stabilized both ccs- and /2-caseins against CaCl2 precipitation. 
With as-casein the results agreed quantitatively with those obtained by Zittle (1961). 
Different batches of /2-casein, however, differed both among themselves and from the 
/2-casein used by Zittle & Walter (1963) in the ratio of /c-casein required for stabili
zation and the extent of precipitation by 10 mM-CaCl2. It  is not clear whether these 
variations arose from slight changes in structure resulting from the relatively drastic 
procedure used in elution of //-casein from the gel or from differences in purity between 
samples.

Most of the published methods for the purification of crude k - and /2-caseins involve 
either chromatography or gel filtration (for /c-casein see Hill, 1963; Yaguchi, Davies 
& Kim, 1968 ; Cheeseman, 1968 ; for /2-casein see Groves et a l. 1962 ; Gamier, Ribadeau- 
Dumas & Mocquot, 1964; Gehrke, Freeark, Oh & Chun, 1964; Thompson, 1966) and, 
although they may often yield highly purified products, they are usually time- 
consuming and applicable to only relatively small amounts of material. The advantages 
of the methods now described are that they are applicable on a large scale (the main 
limiting factor being the size of centrifuge available), and that they use only simple 
apparatus and techniques.

I  thank Dr N. J. Berridge for suggesting the use of calcium phosphate and for his 
continued interest and encouragement, and Miss M. A. Raithby for excellent 
technical assistance.
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E X P L A N A T I O N  O F  P L A T E S  

P l a t e  1

Starch-gel electrophoretic patterns, (a) The purification of xr-casein A by calcium phosphate gel treat
ment. Samples : 1, milk ; 2 ,  crude xr-casein ; 3, purified /c-casein ; 4, purified xr-casein after rennet treatment.
( 6 )  The purification of /?-casein A by calcium phosphate gel treatment. Samples: 1, milk; 2 ,  crude /?- 
casein: 3, purified /7-casein.

P l a t e  2

Starch-gel electrophoretic patterns of the various stages of /7-casein A purification by calcium phos
phate gel treatment, (a) Samples: 1, crude /7-casein; 2, supernatant remaining after treatment with cal
cium phosphate gel; 3, 4, 5 ,  first, second and third gel washes. (b) Samples: 1, crude /?-casein; 2 ,  first gel 
eluent; 3, second gel eluent.
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S tu d ies  on the m ech a n ism  of g e l form ation  in  the  
C alifornia m a s t it is  te s t  reaction *

By G. NAGESWARARAOt and J. B. DERBYSHIRE J
Department of Veterinary Science, University of Wisconsin, 

Madison, Wisconsin, U.S.A.

(Received 1 May 1969)

s u m m a r y . The effects of various factors on gel formation in the California Mastitis 
Test (CMT) were studied to obtain information on the mechanism of the reaction. 
Death of the leucocytes in milk, produced either by storing the milk at 5 °C or by 
freezing and thawing, markedly reduced the viscosity of the gel formed by the milk 
with CMT reagent. Samples of skim-milk to which leucocytes were added gave in
creasingly viscous gels with CMT reagent as the pH was increased to 10-0. Soluble 
casein increased the viscosity of the gel formed by leucocytes with CMT reagent. The 
viscosity of the gel was decreased by the addition of CaCl2 and NaCl. On microscopic 
examination the gel formed in the CMT appeared as an irregularly arranged fibrillar 
network containing DNA. Deoxyribonuclease I  rapidly eliminated the gel-forming 
property of leucocyte nuclei with CMT reagent, and EDTA inhibited this enzyme 
activity. Crude protease, trypsin, papain and bacterial protease decreased the gel
forming property to different degrees. The presence of EDTA with these enzymes 
resulted in the formation of a viscous, ropy gel before the addition of CMT reagent. 
I t  was concluded that at least a part of the protein of the DNA-protein complex 
of leucocyte nuclei, in addition to the native polymer of DNA, was necessary for 
gel formation in the CMT reaction.

The California Mastitis Test (CMT) was developed by Schalm & Noorlander (1957) 
for the detection of mastitic milk. The test was based on the reaction between anionic 
surfactants, such as alkyl aryl sulphonates at 3-5 % concentration, with milk of high 
cell content. The reaction varied from the formation of a slight precipitate of amor
phous material to the development of a viscid gel. Several workers have studied the 
mechanism of gel formation, but their results are somewhat conflicting. Carroll & 
Schalm (1962) found tha t nucleated cells produced a typical CMT reaction when

* Paper NS 597. Published with the approval of the Director of the Wisconsin Agricultural Experiment 
Station. Supported by a research grant (EF-00370) from the Division of Environmental Engineering and 
Food Protection of the Department of Health, Education and Welfare, Washington, D.C., and by the 
Research Committee of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation. This study forms part of a thesis submitted by the senior author to the University of Wisconsin 
in partial fulfilment of the requirements for the Ph.D. degree.

f Present address: Endocrine Laboratories, Madison, Wis. 53701.
J Visiting Professor from the Institute for Research on Animal Diseases, Compton, England.
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added to normal milk whereas non-nucleated cells did not. These workers also reported 
that the formation of gel in the CMT was prevented by treatment of the milk with 
deoxyribonuclease I, but not by treatment with ribonuclease and trypsin. Christ (1962) 
contended that proteins reacted with the detergent, becoming either precipitated, 
denatured or bound into a protein-detergent complex. I t  has also been demonstrated 
(Dounce & Monty, 1955) that a small amount of deoxyribonuclease I can cleave 
much of the DNA from the residual protein in gellable nuclei without causing 
extensive depolymerization of DNA but destroying the gel-forming power of the 
nuclei. Bernstein (1956) believed that the gel structure of DNA-protein gels was 
determined by intermolecular association bonds in which proteins were the primary 
participants. Scruggs & Ross (1964) showed that the viscosity of DNA gels is affected 
bv the presence of proteins and univalent and divalent cations.

The primary object of the work reported in this paper was to determine more 
precisely the mechanism of gel formation in the CMT on milk. This has been done by 
studying the influence of various factors on the viscosity of the gel formed in the 
CMT reaction. An attem pt was also made to determine the microscopic appearance 
of the gel.

M A T E R I A L S  A N D  M E T H O D S

Determination of viscosity
Fisher electroviscometer (Fisher Scientific Co., New York). The samples to be tested 

were warmed to 25 + 2 °C. Approximately 50 ml of milk sample and 50 ml of CMT 
reagent (‘ Mastest solution ’, Norden Laboratories, Lincoln, Nebraska) were mixed in a 
sample cup and attached to the viscometer with the X-l bobbin in place. The reaction 
mixture was equilibrated in the water bath for about 5 min, and then the viscosity 
was noted 20 sec after starting the viscometer motor, at which time the viscosity 
reading reached a peak.

Brookfield viscometer (Brookfield Engineering Laboratories, Stoughton, Massa
chusetts). Depending upon the viscosity of the sample, either spindle 1 or 2 was used, 
with a speed of 60 rev/min. Equal quantities of milk and CMT reagent were mixed 
in a round, 250 ml capacity 14-5 x 5 cm glass jar. The highest viscosity reading was 
noted for each sample.

California mastitis test

About 1-5 ml of sample was swirled with an equal volume of CMT reagent in each 
cup of a paddle (‘CMT Testep’, Norden Laboratories, Lincoln, Nebraska). The CMT 
sccre was recorded as recommended by Schalm & Noorlander (1957). In a negative 
reaction the mixture forms a liquid with no evidence of precipitation. A score of 1 
indicates precipitation but no gel formation; scores of 2 and 3 represent slight and 
distinct gel formation; t  indicates a trace of precipitate, respectively. Catalase tests 
were conducted by an inverted tube method described by Nageswararao, Blobel & 
Derbyshire (1965). Leucocyte counts and tests for leucocyte viability by trypan 
blue staining were performed as previously described (Nageswararao et al. 1965).
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Eight milk samples with leucocyte counts ranging from 1 x 105 to 6 x 106 cells/ml 
were obtained from individual cows. The viscosity of each sample with CMT reagent 
was determined with the Fisher electroviscometer within 2 h after milking. The 
samples were then held at 5 0 C for 5 days and retested daily. At each time interval, 
catalase activity and the proportion of viable leucocytes were also estimated.

Effect of freezing and thawing of milk on the viscosity of the gel formed with C M T  reagent

Five milk samples with leucocyte counts ranging from 1 x 106 to 4 x 106 cells/ml 
were obtained from individual cows. Each sample was divided into 2 equal portions. 
One portion was used as a control and the other was rapidly frozen in a solid C02 
and alcohol mixture, and then rapidly thawed in a 25 °C water bath. The freezing and 
thawing procedure was repeated once, and 100 ml were retained after each cycle of 
freezing and thawing. Total leucocyte counts, the proportion of live leucocytes and 
the CMT score were estimated on each control and treated sample. The viscosities 
after treatment with CMT reagent were determined with the Fisher electroviscometer.

Isolation of leucocytes

Milk was collected from cows with mastitis selected from the University of 
Wisconsin dairy herds. This milk was centrifuged in 50 ml-size conical glass centri
fuge tubes at 400 x g  for 15 min at 0-2 °C. The sediment was suspended in chilled 
0-15 M-NaCl solution and washed once and then the cell clumps were dispersed by 
homogenizing in tissue grinders (Corning Glass Works, Corning, New York) of 150 y  
clearance. The leucocyte suspension was then washed once more in 0-15 M-NaCl 
solution.

Effect of pH  on the viscosity of the gel formed with C M T  reagent

Raw skim-milk obtained from a dairy plant was centrifuged at 2000 x g  for 20 min 
at 5 °C. The fat and sediment layers were discarded, the resulting skim-milk was 
warmed to 25 ± 2 °C and divided into several portions of 200 ml each. To different 
portions of skim-milk either citric acid or NaOH was added, and the pH was adjusted 
to 6-0, 6-4, 6-6, 6-8, 7-0, 8-0, 9-0, 10-0, 11-0 or 12-0. Equal numbers of leucocytes were 
added to each sample, and then CMT reagent was added and viscosity was estimated 
with the Brookfield viscometer. Three experiments were conducted, in which low, 
medium and high viscosity gels were obtained by adjusting the numbers of leuco
cytes added to the samples. Viscosity was also determined on control skim-milk 
samples to which no leucocytes had been added, and the viscosity readings on these 
were used to correct the values obtained for the samples containing leucocytes.

Effect of casein, CaCl2, NaCl and E D T A  on the viscosity of the gel formed by leucocyte 
suspensions with C M T  reagent

Skim-milk was prepared as described above. Casein solution was prepared by 
adding 2-5 g of casein and 1-0 ml x-NaOTI to 95 ml of water, with vigorous stirring. 
When the casein had dissolved, the pH was adjusted to 6-6 with 1 n-HCI, and the

Effect of storing milk at 5 °C on the viscosity of the gel formed ivith C M T  reagent
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solution was divided into several portions. To some of these portions of casein solution 
lactose was added to a concentration of 5%. To different portions of casein plus 
lactose, of water and of skim-milk, 0-3 or 0-6 % of CaCl2 or 0-3 or 0-6 % of NaCI were 
added. To one portion of skim-milk EDTA was added to a concentration of 2%. 
The pH of all the above preparations was adjusted to 6-6. Each was divided into 2 
portions to one of which leucocytes were added. The viscosity of each preparation 
with and without leucocytes was determined with the Brookfield viscometer after 
the addition of CMT reagent. These experiments were conducted with samples which 
gave gels of low, medium and high viscosity depending upon the numbers of leuco
cytes which were added.

Microscopic appearance of the gel formed with GM T reagent

Milk samples containing several millions of leucocytes, and leucocytes obtained 
from milk and suspended in 0T5 M-NaCl, were prepared for microscopic examination 
by the following method. Each sample was mixed with an equal volume of CMT 
reagent, and the gel which formed was fixed with 10% formalin, embedded in 
paraffin and cut into sections of 7 or 15 p  thickness. Another preparation of the gel 
was rapidly frozen and cut into 5, 10 or 15 // sections which were fixed with acetone. 
The sections were stained by the haematoxylin-eosin and Feulgen methods (McManus 
and Mowry, 1960).

Isolation of nuclei

Leucocyte nuclei were prepared by a procedure, based on that described by Dounce
(1955), which has been described in detail elsewhere (Nageswararao & Derbyshire,
1969).

Effect of enzymes on the gel-forming property of nuclei preparations

Nuclei suspensions in water of pH 6-6 were prepared to give a CMT score of 3, and 
equal volumes of suspension were distributed in 50 ml Erlenmayer flasks. To one group 
of flasks, 40 % EDTA of pH 6-6 was added to give concentrations of 0-2, 1-0 or 2-0 % 
and the volume in the other group was similarly adjusted with water. The following 
enzymes were added to different groups of EDTA-treated and untreated nuclei 
suspensions: 10 mg crude protease (Nutritional Biochemicals Corp., Cleveland, Ohio); 
5, 10 or 20 mg of 2 x crystallized trypsin (Nutritional Biochemicals Corp., Cleveland, 
Ohio); 10 or 20 mg of 2 x crystallized papain (Nutritional Biochemicals Corp., Cleve
land, Ohio); 10 or 20 mg of bacterial protease (Bacterial Protease, Crystallized B 
Grade, Calbiochem, Los Angeles, California) or 1 mg of 2 x crystallized deoxy
ribonuclease 1 (Nutritional Biochemicals Corp., Cleveland, Ohio) for each 10 ml of 
nuclei suspension. Nuclei suspensions without added enzymes were included as 
controls. All the suspensions were incubated in a water bath at 37 °C. Samples were 
taken at 15, 30, 60 and 90 min and the CMT score was determined.
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R E S U L T S

E ffe c t  o f  s to r in g  m i l k  o n  the v is c o s ity  o f  the  gel fo r m e d  w ith  C M T  rea g en t

The results are presented in Table 1. The viscosity of the gel formed by the samples 
with CMT reagent decreased day by day and the proportion of live leucocytes de
creased from 81% immediately after milking to 26% by the fifth day. The 0 2 
liberated in the catalase test did not decrease significantly.

E ffe c t  o f  fr e e z in g  a n d  th a w in g  o f  m i l k  o n  the v is c o s ity  o f  the gel fo r m e d  w ith  C M T  rea g en t

Two cycles of rapid freezing and thawing did not destabilize milk. I t  will be seen 
from Table 2 that after freezing and thawing once, the total leucocyte count decreased 
to almost half that of the control milk, and the proportion of live leucocytes decreased 
from more than 50 % to 10 or 15 %. The CMT score decreased from 3 to T  and the 
viscosity reading also decreased after one freezing and thawing. The total leucocyte 
count and the viscosity of the gel formed with CMT reagent were further decreased 
after a second freezing and thawing.

Table 1. E ffe c t  o f  s to r in g  m i l k  a t 5 °C  o n  the v is c o s ity  o f  the gel fo r m e d  w ith  C M T  
rea g en t, a n d  o n  the 'p ro p o rtio n  o f  liv e  leucocy tes  a n d  ca ta la se  a c t iv i ty  o f  the m i l k  (m ea n  
v a lu e s  o f  8 sa m p le s )

No. of days at 5 °C

0 1 2 3 4 5
Relative viscosity* 18-9 16-5 15-4 12-8 11-4 10-7
Proportion of live leucocytes, % 81 70 51 35 33 26
Catalase activity (02 produced, %) 48-6 51-0 48'0 47-0 49-6 48-6

* Determined by Fisher electroviscometer.

Table 2. E ffe c t  o f  fr e e z in g  a n d  th a w in g  o f  m i lk  o n  the v is c o s ity  
o f  the gel fo r m e d  w ith  C M T  reagen t

Experiment CMT Relative Total Live
no. Treatment score viscosity* leucocytes x 104 leucocytes, %

1 Control 3 2 1 0 568 50
After first freezing and T 14-0 304 10
thawing

After second freezing and T 130 285 10
thawing

2 Control 3 28-0 1007 52
After first freezing and T 12-5 498 15
thawing

After second freezing and T 9-5 425 12

* Determined by Fisher electroviscometer.

E ffe c t  o f  p H  o n  the v is c o s ity  o f  the gel fo r m e d  w ith  C M T  reagen t

The viscosity obtained by the addition of CMT reagent to skim-milk with added 
leucocytes was much lower at pH 6-0 and 6-4 than at pH 6-6. Between pH 8-0 and 
10-0 the viscosity increased markedly with pH. At pH 11-0 and 12-0 the viscosity 
decreased significantly. These results are summarized in Table 3.
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Effect of casein, CaCl2, NaCl and E D T A  on the viscosity of the gel formed by leucocyte 
suspensions with GM T reagent

The results are summarized in Table 4. Casein solution gave a more viscous gel 
with CMT reagent than did either skim-milk or water containing the same number 
of leucocytes. Addition of lactose to the casein solution did not increase the viscosity 
of the gel. The viscosity of the gel formed by the skim-milk suspensions was about 
the same as that formed by the aqueous suspensions when the leucocyte counts were 
medium or high. With low leucocyte counts the viscosity of the gel formed by the 
skim-milk suspension was approximately twice that of the gel formed by the aqueous 
suspension. Skim-milk containing 2 % EDTA gave a more viscous gel than that

Table 3. Effect of p H  of milk on the viscosity of the gel 
formed with G M T reagent

(NT = not tested.)
Viscosity*

pH of f---------------------- A-------- "i
pH of reaction Experiment. Experiment Hxperiment
milk mixture It n 3Î
60 6-25 49 26-8 10-3
6-4 6-7 57 34-5 13-5
6-6 6-8 67 38-4 131
6-8 6-8 NT 35-7 14-2
7-0 7-0 63 31-8 14-6
8-0 8-0 83 35-1 18-5
9-0 8-8 90 47-6 18-1

10-0 10-0 110 55-7 20-0
11-0 1 1 0 64 57-6 14-6
12-0 11-5 50 NT NT

* Determined by Brookfield viscometer. Values are corrected for viscosity of control skim-milk with 
CMT reagent.

f Spindle 2, 60 rev/min.
{ Spindle 1, 60 rev/min.

Table 4. Effect of casein, CaCl2 and E D T A  on the viscosity of the gel 
formed by leucocytes with G M T reagent*

(NT = not tested.)
Experiment

Suspending medium It 2t 3t 4Î
Water 9 25 56 137
Water+ 0-3 % CaCI2 12 37 60 98
Water + 0-6 % CaCl2 NT NT 4 2
Skim-milk 16 30 51 140
Skim-milk + 0-3 % CaCl2 NT NT 41 NT
Skim-milk+ 0-6% CaCl2 9 NT 17 40
Skim-milk + 2 % EDTA NT 52 78 161
Casein 2-5 % + 5 % lactose 25 NT 75 178

* Determined by Brookfield viscometer. The values are corrected for the viscosity of control samples, 
f Spindle 1, 60 rev/min.
J Spindle 2, 60 rev/min.



365

formed by water or skim-milk containing equal numbers of leucocytes. The viscosity 
of the gel formed in the casein solution closely corresponded with that formed by 
skim-milk containing 2 % EDTA, in the presence of equal numbers of leucocytes.

The presence of 0-3 or 0-6% NaCI in water, skim-milk or casein solution slightly 
decreased the viscosity of the gel formed with CMT reagent. When 0-3 % CaCla was 
present in water, the viscosity of the gel formed was slightly higher in the presence 
of small numbers of leucocytes but considerably decreased when large numbers of 
leucocytes were present. In  the presence of 0-6% CaCl2 both skim-milk and water, 
containing leucocytes, formed white broken clots and precipitate after the addition 
of CMT reagent.

Microscopic appearance of the gel formed with C M T  reagent

The gel appeared as an irregularly arranged fibrillar network (Plates 1, 2) and 
Feulgen-positive material could be seen when the leucocyte count of the samples was 
very high. If  the cell count in the milk or leucocyte suspension was less than 2 x 107 
cells/ml, no distinct fibrillar network could be seen in formalin fixed sections, and in 
frozen sections the gel could be detected only with difficulty by the Feulgen stain.

Table 5. Effect of deoxyribonuclease 1 and proteases on the gel-forming 
property of nuclei suspensions with C M T  reagent (viscosity expressed as C M T  score)

Time of incubation at 37 °C, min

Gel form ation  in  C M T  reaction

Treatment 15 30 60 90
Control 3 3 2 2
Control+ 1 % EDTA 3 3 3 3
Control+ 0-2 % EDTA 3 3 3 3
Deoxyribonuclease I 0 0 0 0

1 mg/10 ml 
Deoxyribonuclease I 3 3 3 3

1 mg/10 ml+1 % EDTA 
Protease (crude) T T 0 0

10 mg/10 ml 
Protease (crude) 1* T 0 0

10 mg/10 ml + 1 % EDTA 
Trypsin 20 mg/10 ml 2f p* 0* 0

+ 0-2 % EDTA 
Papain 20 mg/10 ml 2f It Tf 0*

+ 0-2 % EDTA 
Bacterial protease p* 0 0 0

20 mg/10 ml + 0*2 % EDTA
* Viscous before the addition of CMT reagent, 
t Ropy before the addition of CMT reagent.

Effect of enzymes on gel formation by nuclei with C M T  reagent

The results of this study are summarized in Table 5. The nuclei suspension without 
either EDTA or enzymes showed only a slight decrease in the gel-forming property 
with CMT reagent during incubation at 37 °C, as indicated by the decrease in CMT 
score from 3 to 2. When 2-0, 1-0 or 0-2 % EDTA was added, the gel-forming property 
was maintained even after incubation for 90 min. Deoxyribonuclease I  completely 
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eliminated gel formation in less than 15 min, and the addition of 2-0 or 1-0 % EDTA 
completely prevented this activity of deoxyribonuclease I.

The addition of crude protease made the nuclei suspension slightly viscous in 
15 min without the addition of CMT reagent, and the gel-forming property with 
CMT reagent was eliminated after treatment with the protease for 30 min. Similar 
results were obtained with the crude protease in the presence of EDTA except tha t 
the viscosity of the suspension before the addition of CMT reagent was slightly higher. 
Trypsin decreased the gel-forming property of the nuclei suspension but did not 
eliminate it. During the treatment with trypsin the nuclei suspension showed various 
degrees of viscosity before the addition of CMT reagent. Papain eliminated the gel
forming property of nuclei in less than 60 min. In  the presence of 1-0 or 2-0 % EDTA, 
trypsin and papain caused the formation of a very viscous, ropy or stringy gel by 
the nuclei suspension before the addition of CMT reagent. This gel was digested 
slowly, but did not disappear even after 90 min of incubation. The action of trypsin 
or papain on the nuclei suspension in the presence of 0-2% EDTA also produced a 
somewhat ropy gel, but the gel-forming property of the nuclei with CMT reagent was 
eliminated in less than 60 min by trypsin, and in less than 90 min by papain. Bacterial 
protease eliminated the gel-forming property of nuclei with CMT reagent in the 
absence of EDTA, and in the presence of 0-2% EDTA, in 30 min. The reaction 
mixture showed various degrees of viscosity during the initial stages of bacterial 
protease action. In the presence of 1-0 % EDTA the reaction mixture formed a thick 
gel without the addition of CMT reagent, and the gel-forming property with CMT 
reagent was not eliminated even after 90 min of incubation.

G. N a g e sw a r a r a o  a n d  J . B . D e r b y s h ir e

DISCUSSION
Our studies on the effect of holding milk at 5 °C, and freezing and thawing of milk 

indicated a close correlation between the presence of live leucocytes and the ability 
of milk to form a gel with the CMT reagent. This finding is of practical significance in 
the use of the CMT in the detection of mastitis by the examination of bulk milk 
samples. Holding of milk at 5 °C results in gradual death of the leucocytes, which is 
accompanied by a decrease in the viscosity of the gel formed with CMT reagent. Thus, 
if bulk milk were held for several days before testing, the CMT score would not be 
expected to represent the total leucocyte count accurately. This is in general agree
ment with the findings of Postle & Blobel (1965), who compared CMT scores with 
leucocyte counts on bulk milk. We also confirmed in this study tha t holding milk for 
several days did not significantly decrease 0 2 liberation in the catalase test.

I t  was clear from our studies that the presence of soluble casein considerably in
creased the viscosity of the gel formed by leucocyte suspensions with CMT reagent. 
Leucocytes suspended in milk at the normal pH range and leucocytes suspended in 
water produced gels of similar viscosity with CMT reagent. At the normal pH of milk, 
little of the casein in milk is in solution, but at higher pH values, at which more 
viscous gels are produced, solubility of the casein would be increased. The addition 
of EDTA to milk containing leucocytes increased the viscosity of the gel formed, 
probably due to chelation of calcium by EDTA resulting in solubilization of casein.

The microscopic examination of stained preparations of CMT gels yielded relatively
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little information other than an indication of the presence of DNA in the fibrillar net
work. When the leucocyte count was less than 2 x 107 cells/ml the gel structure was 
not maintained on formalin fixation, and insufficient DNA was present to detect by 
staining and microscopic examination.

Our studies with enzymes indicated that either deoxyribonuclease I or proteolytic 
enzymes could eliminate the gel-forming property of nuclei with CMT reagent. The 
formation of gel during the course of action of proteolytic enzymes may indicate that 
the gel is formed spontaneously after removal or exposure of some parts of the protein 
of the nuclei. The increase in the viscosity of the nuclei suspension in the presence of 
EDTA during the action of proteolytic enzymes indicates that possibly Na+, present 
in EDTA or a chelating agent like EDTA, either enhances gel formation or enters into 
combination with polymers of DNA-protein complexes to form a thick gel. Deoxy
ribonuclease I eliminated the gel formation of nuclei with CMT reagent in a short time 
because breaking a few bonds in the DNA polymer is enough to prevent gel formation 
(Dounce & Monty, 1955), whereas proteolytic enzymes may have to digest most of the 
proteins to small peptides to accomplish the same result. I t  could be possible that 
the location of the protein that enters into gel formation is such that it could not 
be readily attacked by proteolytic enzymes which have specificity for particular 
amino acids. We conclude that the native polymer of DNA and a protein com
ponent of the DNA-protein complex of nuclei are necessary for gel formation in the 
CMT. We postulate the mechanism of gel formation by milk containing leucocytes 
with CMT reagent to consist of the liberation of DNA-protein complexes from the 
leucocyte nuclei by the surfactant, followed by spontaneous gel formation by the 
DNA-protein complexes. Cations and chelating agents may have the role of linking- 
polymers of DNA-protein complexes in the gel formation.

We wish to thank Dr D. T. Berman for his interest in this study and Mrs A. 
Martinovich and Dr L. Wipf for their assistance.

Gel fo rm ation  in  G M T  reaction
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EXPLANATION OF PLATES 
P l a t e  1

Section of formalin-fixed gel 7 /t thick formed by m:lk containing 5 x 107 leucocytes/ml. Stained by 
Feulgen method and recorded by phase-contrast illumination, x 500.

P l a t e  2

Section of frozen gel 10 ¡i thick formed by leucocyte suspension of 2 x 107 cells/ml. Stained by Feulgen 
method and recorded by phase-contrast illumination, x 500.
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The effects of dietary palmitic and stearic acids on milk 
yield and composition in the cow

B y  W. STEELE
H a n n a h  D a ir y  R e se a rc h  I n s t i tu te ,  A y r ,  S c o tla n d  

[R ece ived  12 M a y  1969)

summary. The effects of the isocaloric replacement of starch in the concentrate by 
either 5 or 10% ‘stearic acid’ (85% pure) or by 10% ‘palmitic acid’ (85% pure) on 
the yield and composition of milk were investigated in a feeding experiment with 
12 cows in mid-lactation. The concentrate mixtures were given with a high-roughage 
diet that supplied 4-4 kg of hay and 2-7 kg of sugar-beet pulp/day.

The inclusion of 5 % ‘ stearic acid ’ in the concentrate mixture resulted in increases 
in the yields of milk, milk fat, solids-not-fat (SNF) and lactose and a reduction in the 
content of protein in the milk, whereas, when the level of ‘stearic acid’ in the con
centrate w as increased to 10 %, there was an increase in only the yield of milk and a 
reduction in the contents but not in the yields of SNF and protein in the milk. The 
inclusion of 10 % ‘palmitic acid’ in the concentrate mixture also reduced the contents 
of SNF and protein in the milk but produced increases in the yields of milk, milk fat 
and lactose and also in the content of fat in the milk.

None of the dietary treatments resulted in any changes in the concentration of 
blood glucose.

When stearic or palmitic acid was added to the diet of the cow there were large 
increases in the output of milk fat (Steele & Moore, 19686), in spite of the fact that 
these acids were included in a diet that already contained enough fat to supply the 
mammary gland with the fatty acids which are known to be derived directly from the 
blood (Barry. Bartley, Linzell & Robinson, 1963). Therefore, it was decided to investi
gate whet her the increase in milk fat output would be greater when these fatty acids 
were given with a very low-fat diet. In addition, an attempt was made to determine 
whether these increases could be maintained over a longer period and, if so, whether 
the longer periods would allow any changes in milk output to be shown more clearly.

EXPERIMENTAL 
E x p e r im e n ta l  a n im a ls

Twelve Ayrshire cows, which had calved on average 61 days before the beginning 
of the experiment, were used. Eight of them were in their first lactation and the other 
4 had completed more than 1 lactation. During the experiment the cows were housed 
in a byre and yoked in stalls equipped for individual feeding. The cows were exercised 
in a concrete yard for 2 h each day. They were milked at intervals of 15 and 9 h. 
Their daily rations were given in 3 portions each day and water was given a d  lib .
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E x p e r im e n ta l  d ie ts

The cows were given 4-4 kg of a mature hay and 2-7 kg of sugar-beet pulp/day. 
The compositions (percentages of the dry matter) of the hay and sugar-beet pulp, 
respectively, were as follows: crude protein, 6-8, 11-9; crude fibre, 34-0, 16-6; ether 
extract, 1-8, 1-4; ash, 6-6, 6T; nitrogen-free extractives, 50-8, 64-0. Four different 
concentrate mixtures were given to the cows. Although the actual amounts for each 
cow varied with milk yield (see below), the mean daily intakes (kg) of each of the 
constituents of the basal (low-fat) concentrate mixtures were: barley, 2-72; starch, 
1-54; decorticated extracted groundnut meal, 1-23; blood meal, 0-23; molasses, 0-23; 
minerals, 0-23. The other 3 concentrate mixtures supplied the same intakes of each 
of the constituents as the low-fat concentrate except that part of the starch was 
replaced by an isocaloric amount of fatty acids. In 2 of the concentrate mixtures, 
‘stearic acid’ made up 5 and 10 % of the weight of the concentrates and in the third, 
‘palmitic acid’ made up 10 % of the weight. Thus, the mean daily intakes (kg) of the 
3 types of concentrate mixtures were 6T8 for the low-fat concentrate mixture, 5-72 
for the concentrate mixture containing 5% added fatty acids and 5-25 for the con
centrate mixture containing 10 % added fatty acids. The fatty acids were obtained 
from Prices (Bromborough) Ltd, Wirral, Cheshire, and were 85 % pure. The total 
fatty  acid contents (g/100 g dry matter) of the hay, sugar-beet pulp and the low-fat 
concentrate were 0-54, 0-47 and 0-93%, respectively.

The intakes of hay and sugar-beet pulp were kept constant throughout the experi
ment. The amount of concentrate given to each cow at the beginning of the experi
ment was calculated according to the average yield of milk produced in the 2 weeks 
before the experiment began. Thereafter, the amounts of concentrates were adjusted 
at the beginning and 2 weeks after the beginning of each period. This adjustment was 
made for each cow according to the average change in the yield of all the cows.

E x p e r im e n ta l  d e s ig n

The experimental design was three 4 x 4  Latin squares which were balanced for 
carry-over effects. The duration of each experimental period was 35 days and the 
change-overs between treatments were made gradually over 4 days. The 4 adult cows 
were randomly assigned to the treatment sequences of one of the squares and the 8 
first-lactation cows were randomly assigned to the treatment sequences of the other 
2 squares.

S a m p l in g  a n d  m e th o d s  o f  a n a ly s is

A 2-day composite sample of milk was taken on days 16 and 18 and another 2-day 
composite sample on days 23 and 25; one 4-dav composite sample was taken on days 
30-33 of each period. Fat and SNF contents were determined on these samples as 
described previously (Steele & Moore, 1968«.). The contents of protein (N x 6-38) and 
lactose were also determined on these samples by the micro-Kjeldahl and Wahba
(1965) methods, respectively.

Two samples of blood were taken from the subcutaneous abdominal vein on the 
26th day of each period and the concentrations of glucose in the samples of plasma 
were determined by the method of Bergmeyer <fc Brent (1963). The first blood sample
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was taken at 06.00 h, i.e. before the animal had been given the first daily feed, and the 
second sample was taken at 14.00 h, i.e. 2 h after the second portion of the daily 
ration had been given.

S ta t is t ic a l  tr e a tm e n t o f  re su lts

The results were analysed statistically by methods outlined by Cochran & Cox 
(1957).

D ieta ry  fat a nd  m ilk  com position

RESULTS
The different experimental treatments had no significant effects on the weights of 

the cows during the experiment: the mean weights (kg) of the cows when they were 
given the low-fat concentrate mixture, the concentrate mixture containing 5% 
‘stearic acid’, that containing 10 % ‘stearic acid’ and that containing 10 % ‘palmitic 
acid’ were, respectively, 440, 438, 441 and 439; S.E.M., ±2-3.

Table 1. M e a n  d a i ly  y ie ld s  a n d  the c o m p o s it io n  o f  the m i lk  
p r o d u c e d  b y  the cow s o n  d a y s  30-33 o f  each  p e r io d

Dietary treatments

Diet with concentrate mixture containing
Diet with
low-fat X 0/° /o 10 % 10 %

concentrate ‘ stearic ‘stearic ‘ palmitic
mixture acid’ acid’ acid ’ S.E.M.

Milk yield, kg 13-6 14.8*** 14-2*** 2 4 *6* * * ± 0-11
Milk fat yield, g 546 585* öö-7 661*** ± 17-7
Milk fat content, % 4-01 3-95 3-92 4-53*** + 0-097
SNF viele!, kg 119 1 -29** 1-23 1-22 ±0-034
SNF content, % 8-75 8-72 8-66* 8-36*** ±0-039
Lactose yield, g 614 683*** 650 667** ±18-9
Lactose content, % 4-51 4-61 4-58 4-57 ±0-057
Protein yield, g 448 464 442 450 + 13-3
Protein content, % 3-29 3-24*** 3* 11*** 3-08*** ±0-045
*, **, ***, Significantly different (P < 0-05, P < 0-01, P < 0-001, respectively) from the values

obtained with the unsupplemented ration.

Table 2. M e a n  co n c e n tra tio n s  o f  g lucose  i n  the p la s m a  o f  the cow s,
mgr/100 m l

Dietary treatments

Diet with concentrate mixture containing
Diet with t--------------------A-------
low-fat X 0/ ° /o 10 0/ 1 u /o 10 %

concentrate ‘ stearic ‘ stearic ‘palmitic
mixture acid ’ acid’ acid’ S.E.M.

Sample taken at 52-8 52-6 54-0 52-7 ±2-04
06.00 h

Sample taken at 53-8 54-7 54-6 53-1 ±2-32
14.00 h

Analysis of the two 2-day composite samples taken on days 16 and 18 and on days 
23 and 25 showed that treatment effects on the yield of milk fat were evident in the 
early part of each experimental period and were maintained until the end of each
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period. However, treatment effects on the yields of milk and SNF developed slowly 
during each experimental period and did not reach maximum values until the end of 
the fourth week. Therefore, the results given in Table 1 for milk yield and composition 
are mean values for the 4-day composite samples taken on days 30-33 of each period.

The inclusion of 5 % ‘ stearic acid ’ in the concentrate mixture resulted in increases 
in the yields of milk, milk fat, SNF and lactose and a reduction in the content of 
protein in the milk, whereas when the level of ‘stearic acid’ in the concentrate 
mixture was increased to 10%, there was an increase in only the milk yield and a 
reduction in the contents, but not in the yield, of both SNF and protein in the milk. 
The inclusion of 10 % ‘ palmitic acid ’ in the diet also reduced the contents of SNF and 
protein in the milk, but produced increases in ~he yields of milk, milk fat and lactose 
and also in the content of fat in the milk.

The results in Table 2 show that the concentration of plasma glucose was unaltered 
by dietary treatment and that there were no differences in plasma glucose concen
tration between the samples taken at 06.00 h and at 14.00 h.

DISCUSSION
Blood glucose is known to be the precursor of milk lactose (Reiss & Barry, 1953) 

and, although the diets that contained added fatty acids resulted in an increased 
output of milk lactose, none of them altered the concentration of blood glucose. I t  
has been shown in previous experiments (Steele & Moore, 19686) that an increased 
uptake by the udder of long-chain fatty acids from the blood produced a marked 
reduction in the yields of fatty acids in the milk fat that are derived by de n o vo  
synthesis from acetate and /bhydroxybutyrate. Thus, a proportion of the acetate 
taken up by the mammary gland could be utilized for the synthesis of adenosine 
triphosphate which in turn could be utilized in the synthesis of milk lactose (Storry 
& Rook, 1961). Since milk is isotonic with blood (Rook, Storry & Wheelock, 1965) 
the increase in milk lactose would thus enable a corresponding increase in milk out
put to occur.

In spite of the fact that the control concentrate mixture used in the present experi
ment were of low-fat content (cf. Steel & Moore, 19686), the increases in the milk fat 
output which were observed when ‘stearic acid’ constituted 5% of the concentrate 
or when ‘palmitic acid’ constituted 10% (Table 1) were of the same magnitude as 
those previously observed (Steele & Moore, 19686). The difference in the magnitudes 
of the responses obtained with the 2 acids, which cannot be explained by the different 
levels of intake, can be accounted for by the difference in the digestibilities of these 
2 acids (Steele & Moore, 1968c), palmitic acid being more readily absorbed than 
stearic acid. However, the absence of a significant increase in milk fat output when 
‘stearic acid’ constituted 10% of the concentrate mixture does not agree with pre
vious findings (Steele & Moore, 19686). No explanation for this difference can be 
offered at present, but the main differences between the present and previous 
experiments (Steele & Moore, 19686) are that different breeds of cows were used and 
that the control (low-fat) ration used in the present experiment contained very much 
less fat than that used previously.
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The effects of dietary palmitic and stearic acids on 
milk fat composition in the cow

B y  R. C. NOBLE, W. STEELE a n d  J. H. MOORE
H a n n a h  D a ir y  R e se a rc h  I n s t i t u t e , A y r ,  S c o tla n d

(R ece ived  12 M a y  1969)

Summary. The effects of the isocaloric replacement of starch in a low-fat concentrate 
mixture by either 5 or 10 % ‘stearic acid’ (85 % pure) or 10% ‘palmitic acid’ (85 % 
pure) on the yield and composition of milk fat were investigated in a feeding experi
ment with 12 cows in mid-lactation. The concentrate mixtures were given with a high- 
roughage diet that supplied daily 4-4 kg of hay and 2-7 kg of sugar-beet pulp.

The inclusion of 5 or 10%  ‘stearic acid’ in the concentrate mixture decreased the 
concentrations and yields of 10:0 ,12:0 , 14:0, 14:1, 16:0 and 16:1 in the milk fat but 
increased the concentrations and yields of 18:0 and 18:1. When the concentrate 
mixture contained 10 % ‘stearic acid’ the decreases in the yields of the shorter chain 
acids and the increases in the yields of 18 :0 and 18:1 in the milk fat were more pro
nounced than when the concentrate mixture contained 5% ‘stearic acid’. The in
clusion of 10%  ‘stearic acid’ in the concentrate mixture also decreased the concen
trations of 6 :0 and 18 :2 in the milk fat. The inclusion of 10 % ‘ palmitic acid ’ in the 
concentrate mixture decreased the concentrations of 6:0, 8:0, 10:0, 12:0, 14:0, 
14:1, 18:0 and 18:2 in the milk fat but increased the concentrations of 16:0 and 
16:1. This dietary treatment also reduced the yields of 6:0, 10:0, 12:0, 14:0 and 
18:2 but increased the yields of 4 :0, 16:0 and 16:1 in the milk fat. The inclusion of 
5% ‘stearic acid’ or 10% ‘palmitic acid’ in the concentrate mixture increased the 
yield of total milk fat.

The inclusion of 10% ‘palmitic acid’ or 10% ‘stearic acid’ in the concentrate 
mixture increased the relative proportions of propionic and iso-butyric acids in the 
rumen liquor but decreased the proportions of ^.-butyric and valeric acids. The in
clusion of ‘ stearic acid ’ at the level of 5 % in the concentrate mixture increased the 
relative proportions of iso-butyric and iso-valeric acids but decreased the proportion 
of butyric acid in the rumen liquor.

In a previous investigation (Steele & Moore, 1968 c) it was shown that when the 
diet of the cow was supplemented with 600 g/day of palmitic or stearic acids there were 
large increases in the yields of palmitic and palmitoleic acids or of stearic and oleic 
acids in the milk fat. The increased yields of C16 and C18 fatty acids were accompanied 
by decreased secretions of C10, C12 and C14 fatty acids in the milk fat. These changes 
occurred in spite of the fact that the palmitic or stearic acid was added to a basal diet 
that already supplied 450 g of total fatty acids (mainly C16 and C18 acids) per day; 
the yield of total fatty acids in the milk of the cows during the experiment was also
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about 450 g/day. Thus, only about 57 % of the total fatty acids in the supplemented 
diets was derived from the added stearic or palmitic acids. To elucidate further these 
changes, an investigation has been carried out in which the fatty acids were incor
porated into a basal diet of low-fat content. The basal diet supplied 96 g of total 
fatty acids/day, and in the high-fat diets about 85 % of the total fatty acids was 
derived from the added stearic or palmitic acids.

R . C. N o b l e , W . S t e e l e  a n d  J . H . M oore

EXPERIMENTAL 

E x p e r im e n ta l  a n im a ls

The experimental animals were 12 Ayrshire cows that had calved on average 61 
days before the beginning of the experiment. Details of the housing and manage
ment of the animals have been given elsewhere (Steele, 1969).

E x p e r im e n ta l  d ie ts

Throughout the experiment each cow was given 4-4 kg of a mature hay and 2-7 kg 
of sugar-beet pulp/day. Four different concentrate mixtures were given. The control 
(low-fat) concentrate mixture was formulated so that when the cows were given this 
ration their daily intake of total fatty acids was less than 100 g. The other 3 con
centrate mixtures Avere made up by isocaloricaliy replacing starch in the low-fat con
centrate mixture by either 5 or 10% ‘stearic acid’ or by 10% ‘palmitic acid’. The 
fatty acids were obtained from Price’s (Bromborough) Ltd, Wirral, Cheshire.

The fatty acid contents and compositions of the various dietary components and 
added fatty acids are given in Table 1. Further details of the diets have been given 
elsewhere (Steele, 1969). As described by Steele (1969), the amounts of concentrate 
mixtures given to each cow during the experiment were adjusted for milk yield.

Table 1. T o ta l  f a t t y  a c id  co n ten ts  a n d  f a t t y  a c id  c o m p o s itio n s  o f  
the  d ie ta r y  c o n s titu e n ts

Fatty acid 
composition 

(wt percentages 
of the total) Hay

Sugar-beet
pulp

Control 
concentrât o 

mixture
‘ Stearic 
acid’

‘Palmitic
acid’

16:0 30-3 26-3 23-4 7-7 85-4
17:0 9-9 4-0 6-1 0-4 0-9
18:0 5-9 14-4 8-3 85-4 10-5
18:1 8-8 131 33-0 2-5 1-2
18:2 23-7 31-9 27-5 31 1-7
18:3 20'5 4-6 1-5 0-5 0-1

Total fatty acid 0-54 0-47 0-93 99-1 99-4
content (g/1 0 0 g dry 
matter)

The experimental design
E x p e r im e n ta l  d e s ig n  

was three 4 x 4  Latin squares which Attere balanced
carry-over effects. The duration of each experimental period was 35 days and the 
change-overs between treatments were made gradually over 4 days.
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S a m p l in g  a n d  m e th o d s  o f  a n a ly s is

One 4-day composite sample was obtained from the milk produced by each cow 
on the last 4 days of each period. The concentrations of total fat in these samples were 
determined by the method described previously (Steele & More, 1968 a). A sample of 
the fat that had been extracted from the milk with chloroform-methanol (2:1, v/v) 
was hydrolysed by the method of Hutton & Seeley (1966). The proportions of the 
various fatty acids were then determined by gas-liquid chromatography with an 
instrument fitted with dual flame ionization detectors and a temperature programmer 
(Pye-Unicam Ltd, Cambridge, England). The separations were carried out in glass 
columns (0-64x214 cm) packed with a stationary phase of Carbowax 20 M tere- 
phthalic acid on a support of Chromosorb G (Perkin-Elmer Ltd, Beaconsfield, 
England).

On the last day of each period, samples of rumen liquor were taken from each cow 
by stomach tube (Steele & Moore, 19686). The proportions of the individual volatile 
fatty acids in the samples of rumen liquor were then determined according to the 
method of Cottyn & Boucque (1968).

S ta t is t ic a l  tr e a tm e n t o f  re su lts

The results were analysed statistically by the methods outlined by Cochran & Cox 
(1957).

RESULTS
The mean weight percentages and yields of the major fatty acids in the milk fat 

produced in the last 4 days of each experimental period are given in Tables 2 and 3. 
When ‘stearic acid’ constituted either 5 or 10% of the concentrate mixture there 
were significant decreases in the concentrations and yields of 10:0, 12:0, 14:0, 14:1, 
16:0 and 16:1 in the milk fat; there were large increases in the concentrations and 
yields of 18:0 and 18:1. These effects were more pronounced when ‘stearic acid’ was 
included at the higher level in the concentrate mixture. The inclusion of 10% 
‘stearic acid’ in the concentrate mixture decreased the concentrations of 6:0 and 
18:2 in the milk fat. When the cows were given the concentrate mixture containing 
10% ‘palmitic acid’ there were significant decreases in the concentrations of 6:0, 
8:0, 10:0, 12:0, 14:0, 14:1, 18:0 and 18:2 and significant increases in the concen
trations of 16:0 and 16:1 in the milk fat. The inclusion of 10% ‘palmitic acid’ in 
the concentrate mixture also decreased the yields of 6:0, 10:0, 12:0, 14:0 and 18:2 
but increased the yields of 4:0, 16:0 and 16:1. When the cows were given the con
centrate mixtures containing either 5% ‘stearic acid’ or 10% ‘palmitic acid’ the 
yields of total milk fatty acids were significantly increased.

The concentrations of the total steam-volatile fatty acids and the relative pro
portions of the individual acids in the rumen liquor of the cows during the last day 
of each experimental period are given in Table 4. The effects of the various dietary 
treatments were small. The inclusion of either 10% ‘palmitic acid’ or 10% ‘stearic 
acid’ in the concentrate mixture resulted in increases in the concentrations of pro
pionic, iso-butyric and iso-valeric acids and decreases in the concentrations of ̂ -butyric 
and «-valeric acids. The inclusion of 5 % ‘stearic acid’ in the concentrate mixture re-
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suited in increases in the concentrations of iso-butyric and iso-valeric acids and a 
decrease in the concentration of /¿-butyric acid. None of the dietary treatments had 
any effect on the concentrations of total volatile fatty acids in the rumen liquor.

Table 2. M e a n  w e ig h t p e rcen ta g es  o f  the m a jo r  f a t t y  a c id s  i n  the m i lk  
f a t  p r o d u c e d  d u r in g  the la s t 4 d a y s  o f  each  p e r io d

Dietary treatments

Diet Diet with concentrate mixture containing
with (------------------------------ A---------------------------

low-fat 5% 10 % 1 0 %
Fatty concentrate ‘ Stearic ‘ Scearie ‘Palmitic
acids mixture acid’ acid’ acid’ S.E.M.

4:0 3-0 3-0 3-2 2-9 ± 0-10
6:0 1-8 1-6 1-5* I.3*** + 0-07
8:0 1-4 13 1-2 1.9*** ± 0-11

10:0 2-8 1 .g*** 1.4.*** ± 0-10
12:0 3-3 2*4.*** l.(j*** ± 0-10
14:0 13-2 10-8*** g»l*** ±0-37
14:1 2 0 1.2*** 1.5*** ± 0-12
16:0 36-4 2(y9*** 23 .9*** 4.9 .3*** ±0-92
16:1 31 2-j*** g.9*** ±0-2.5
18:0 4-2 11-1*** 125*** 3-3* + 0-38
18:1 16-2 26-5*** 28-7*** 14-9 + 0-88
18:2 2-0 1-8 1-8* j .3*** + 0-16

*, ***, Significantly different (P <  0 -0 5 , P  < 0-0 0 1 , respectively) from the value obtained with the 
unsupplemented ration.

Table 3. M e a n  y ie ld s  (g f d a y ) o f  to ta l a n d  in d iv id u a l  f a t t y  a c id s  i n  the  m i lk  
f a t  p r o d u c e d  d u r in g  the la s t 4 d a y s  o f  each  p e r io d

Dietary treatments
______ A______

Diet Diet with concentrate mixture containing
with f A ------------- 5

low-fat 5 % 10 % 1 0 %
Fatty concentrate ‘ Stearic * Stearic ‘ Palmitic
acids mixture acid’ acid’ acid ’ S.E.M.

4:0 15-5 16-7 16-9 18-0** + 0-84
6:0 91 9-1 8-3 7-9** + 0-44
8:0 7-3 7-0 6-5 6-3 + 0-73

10:0 14-4 11-4*** 9-g*** 8 .9 *** + 0-69
12:0 17-3 13-2*** 10-9*** 10-0*** + 0-75
14:0 68-8 59-7*** 50-8*** 50-0*** + 2-59
14:1 10-5 8-0** 6-5*** 9-2 + 0-75
16:0 189-5 148-5*** 126-8*** 306-6*** + 7-29
16:1 16-3 11-8** 1 1 1 ** 31-8*** + 1-62
18:0 22-1 61-5*** 66-5*** 20-4 + 2-75
18:1 84-2 146-6*** 152-5*** 91-8 + 6-25
18:2 10-4 10-0 8-8 7-8** + 0-93
Total 516 554* 528 625*** 16-8

*, **, ***, Significantly different (P < 0*05, P  < 0-01, P  < 0-001, respectively) from the value 
obtained with the unsupplemented ration.
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Table 4. M e a n  co n c e n tra tio n s  (m -e q u iv . /100 m l)  o f  to ta l vo la tile  f a t t y  a c id s  a n d  the  
m e a n  re la tiv e  p r o p o r t io n s  (m o la r  p e rc e n ta g e s  o f  the to ta l) o f  the in d iv id u a l  vo la tile  f a t t y  
a c id s  in  the r u m e n  liq u o r  o f  the coivs d u r in g  the  la s t d a y  o f  each  p e r io d

Dietary treatments

Diet Diet with concentrate mixture containing
with ,--------------------A---------- --------- ^

low-fat 5% 10 % 1 0 %
concentrate ‘ Stearic ‘ Stearic ‘ Palmitic

mixture acid’ acid’ acid’ •S.E.M.

Acetic 69-4 70-1 69-9 69-9 + 0-46
Propionic 15-2 15-6 16-2** 17-0*** ±0-39
iso-Butyric 0-50 0-58* 0-61** 0-62** + 0037
n-Butyric 13-8 12-8* jo.2*** 11.3*** + 0-44
¿so-Valeric 0-23 0-33** 0-35** 0-33** + 0-037
n-Valeric 0-86 0-80 0-77* 0-75** + 0-040
Total 9-6 10-2 10-3 9-6 ±0-39

:|c ■%. 4= tfc Significantly different (P < 0-05, P < 0-01, P < 001, respectively) from the values
obtained with the unsupplemented ration.

DISCUSSION
The finding that the yields of the milk fatty acids of medium chain length (C10, 

C12 and C14 fatty acids) were reduced when the diet of the cows was supplemented 
with either palmitic or stearic acids (Table 3) confirms the results of earlier experi
ments (Steele & Moore, 1968c). Also in agreement with the results of these earlier 
experiments, the decreased yields of the milk fatty acids of medium chain length 
were not related to a reduced synthesis of acetate and butyrate by the rumen micro
organisms (Table 4). Moore & Steele (1968) have suggested that an increased uptake 
by the mammary gland of long-chain fatty acids from the blood triglycerides leads 
to increased concentrations of long-chain fatty acids or fatty acyl CoA derivatives 
in the mammary gland. Increased concentrations of fatty acids or fatty acyl CoA deri
vatives inhibit acetyl CoA carboxylase (Howanitz & Levy, 1965; Smith & Dils, 
1966; Hibbitt, 1966) which catalyses the rate limiting step in fatty acid synthesis 
in the bovine mammary gland (Ganguly, 1960). An increased uptake by the 
mammary gland of 16:0 or 18:0 from the blood triglycerides would therefore 
reduce the secretion of those fatty acids that are synthesized from acetate in the 
mammary gland by the malonyl CoA pathway (Moore & Steele, 1968). However, 
there was no indication that the addition of stearic acid to the diet of the cow 
decreased the yield of butyric acid in the milk fat (Table 3). Moreover, the inclusion 
of 10 % ‘palmitic acid’ in the concentrate mixture resulted in a small but significant 
increase in the yield of butyric acid in the milk fat (Table 3). Similar findings have 
been reported by Storry, Rook & Hall (1967). A possible explanation of the different 
effects of dietary long-chain fatty acids on the secretion of butyric acid and on the 
secretion of the other fatty acids that are synthesized from acetate in the mammary 
gland of the cow may be found in the work of Kumar, Singh & Keren-Paz (1965). In 
experiments with the supernatant fractions of the mammary glands of lactating 
rabbits, Kumar et a l. (1965) showed that avidin markedly inhibited the synthesis of 
the C6 to C16 fatty acids when acetate, acetoacetate, butyrate or /Miydroxybutyrate
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were used as substrates. On the other hand, avidin had little effect on the synthesis 
of butyrate when acetate, acetoacetate or /?-hydroxybutyrate were used as sub
strates. Thus, it appeared tha t in the mammary gland of the rabbit the synthesis of 
butyrate from acetate does not involve the carboxylation of acetyl CoA. If  the same 
mechanism exists in the mammary gland of the cow, then the inhibition of acetyl 
CoA carboxylase by increased concentrations of long-chain fatty acids or fatty acyl 
CoA derivatives should not reduce the synthesis of butyrate from acetate. Since the 
inhibition of acetyl CoA carboxylase does not decrease the rate of synthesis of 
butyrate from acetate but decreases the rate of synthesis of the C6 to C16 fatty acids 
from butyrate (Kumar et a l. 1965) then under those conditions there should be a 
tendency for butyrate to accumulate in the mammary gland. This may account for 
the fact that the secretion of butyric acid in the milk fat was actually increased when 
the cows were given the concentrate mixture containing 10% ‘palmitic acid’.

When the cows were given the concentrate mixture containing 10 % ‘stearic acid’, 
the total yield of the major C18 fatty acids (18:0 plus 18 :1) in the milk fat was in
creased hy 113 g/day, and 60 % of this increase was accounted for by the increased 
yield of 18:1. On the other hand, when the cows were given the concentrate mixture 
containing 10% ‘palmitic acid’, the total yield of C16 fatty acids (16:0 plus 16:1) in 
the milk fat was increased by 133 g/day, but only 12 % of this increase was accounted 
for by the increased yield of 16:1. These findings are consistent with those of Bicker- 
staffe & Annison (1968), who incubated 18:0 or 16:0 with the microsomal fraction 
obtained from mammary tissue of lactating goats; at similar substrate concen
trations, the extent of desaturation of 16:0 was only about 20% of that of 18:0.

The results for the effect of dietary palmitic acid on the yields of 18:0 and 18:1 in 
the milk fat (Table 3) do not agree with the results of the previous experiment (Steele 
& Moore, 1968c) in which it was shown that the inclusion of 10% of ‘palmitic acid’ 
in the concentrate mixture markedly decreased the yields of 18:0 and 18:1 in the 
milk fat. These differences are probably due to the fact that the fatty acid content 
of the basal diet used in the previous investigation (Steele & Moore, 1968c) was con
siderably greater than that of the basal diet used in the present investigation. The 
addition of palmitic acid to the diet that already contained considerable amounts 
of fatty acids would not be expected to affect the concentration of triglycerides in the 
plasma to any great extent. Under these conditions, the increase in the concentration 
of 16:0 in the plasma triglycerides would be accompanied by decreases in the con
centrations of 18:0 and 18:1 in this plasma lipid fraction. Thus, the total concen
trations of 18:0 and 18:1 circulating in the plasma as triglycerides would decrease 
and the amounts of these two C18 fatty acids taken up by the mammary gland would 
also decrease. The addition of palmitic acid to the low-fat diet would he expected 
to increase the concentration of plasma triglycerides, and although they would con
tain increased concentrations of 16:0 and decreased concentrations of 18:0 and 18:1, 
the total concentrations of 18:0 and 18:1 circulating in the plasma as triglycerides 
would not necessarily be decreased. The amounts of 18:0 and 18:1 taken up by the 
mammary gland from the plasma triglycerides would thus be unaltered.

In experiments with sheep, Steele & Moore (1968d) obtained digestibility coeffi
cients of 82 and 53 % for 16:0 and 18:0, respectively. When these values were applied 
to the results of the previous experiments with cows (Steele & Moore, 1968 c) it was

R . C. N o b l e , W . S t e e l e  a n d  J . H . M oobe
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found that when 10% of ‘palmitic acid’ was included in the concentrate mixture, 
the increased yield of 16:0 plus 16:1 in the milk fat was equivalent to 27% of the 
supplementary 16:0 in the diet that had been absorbed. When 10% o f ‘stearic acid’ 
was included in the concentrate mixture, the increased yield of 18:0 plus 18:1 in the 
milk fat was equivalent to 28 % of the supplementary 18:0 in the diet that had been 
absorbed. From the results of the present experiment (Table 3) it can be calculated 
that the increased yield of 16:0 plus 16:1 in the milk fat was equivalent to 39% of 
the supplementary 16:0 in the diet tha t had been absorbed, and that the increased 
yield of 18:0 plus 18:1 in the milk fat was equivalent to 36 % of the supplementary 
18:0 in the diet that had been absorbed. The fact that these values are greater than 
the corresponding values obtained from the previous experiment (Steele & Moore, 
1968 c) is, no doubt, a reflexion of the lower fatty acid content of the basal diet used 
in the present experiment.

The authors thank Miss E. K. Skinner for her skilled technical assistance.
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T he re la tio n sh ip s b etw een  d ietary  fa tty  ac id s, p la sm a  lip id  
co m p o sitio n  and m ilk  fat secretion  in the cow

By J. H. MOORE, W. STEELE and R. C. NOBLE 
H a n n a h  D a ir y  R e se a rc h  I n s t i tu te ,  A y r ,  S c o tla n d

(.R ece ived  12 M a y  1969)

summary . The effects of the isocaloric replacement of starch in a low-fat concentrate 
mixture by either 5 or 10% ‘stearic acid’ (85% pure) or by 10% ‘palmitic acid’ 
(85 % pure) on the composition of the plasma lipids were investigated in a feeding 
experiment with 12 cows in mid-lactation. The concentrate mixtures were given with 
a high roughage diet that supplied daily 4-4 kg of hay and 2-7 kg of sugar-beet pulp. 
A study was made of the relationships between the compositions of the plasma and 
milk lipids.

The inclusion of 10% ‘stearic acid’ or 10% ‘palmitic acid’ in the concentrate 
mixture increased the concentration of total plasma fatty acids. Irrespective of 
dietary treatment, about 40 % of the total plasma fatty acids occurred in the chole- 
steryl ester fraction, 54 % in the phospholipid fraction, 3 % in the triglyceride 
fraction and 3 % in the unesterified fatty acid fraction. There was a positive curvi
linear relationship between the concentration of unesterified fatty acids in the plasma 
and the yield of total milk fatty acids.

In  the plasma triglycerides, the concentrations of 16:0 and 16:1 were decreased 
and the concentration of 18:0 was increased when the concentrate mixture con
tained ‘ stearic acid ’ ; the concentration of 16:0 was increased and the concentrations 
of 18:0, 18:1 and 18:2 were decreased when the concentrate mixture contained 
‘palmitic acid’. Similar changes were observed in the compositions of the plasma 
unesterified fatty acids when the cows were given the different diets.

In the plasma cholesteryl esters, the concentration of 16:0 was decreased and the 
concentrations of 18:3 and 20:4 were increased when the concentrate mixture con
tained stearic acid; the concentrations of 16:1, 18:3 and 20:4 were increased and 
the concentration of 18:2 was decreased when the diet was supplemented with 
palmitic acid. The addition of stearic acid to the diet increased the concentration 
of 18:0, 18:1 and 18:3 in the plasma phospholipids but decreased the concentrations 
of 16:0, 18:2, 20:3 and 20:4. When the diet contained palmitic acid the concen
trations of 16:0, 16:1, 18:1 and 18:3 in the plasma phospholipids were increased but 
the concentrations of 18:0, 18:2 and 20:3 were decreased.

The major fatty acid circulating in the plasma of the cows was 18:2, which accounted 
for about 45 % of the total plasma fatty acids. Only about 0-7 % of the total plasma 
18:2 occurred in the plasma triglycerides.

The results are discussed in relation to the changes in the composition of the milk 
fatty acids produced by the cows when they were given the experimental diets.

24-2
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In the previous paper Noble, Steele & Moore, (1969) described an experiment in 
which a study was made of the effects of dietary palmitic and stearic acids on milk 
fat composition in the cow. In  this experiment blood samples were taken from the 
cows on the various dietary treatments. The plasma lipids have now been analysed 
and the results of these analyses are reported together with a discussion of the 
relationships between the compositions of the plasma and milk lipids.

J . H . M o o r e , W . S t e e l e  a n d  R . C. N o b le

EXPERIMENTAL
Full details of the cows, experimental diets and procedui’es have been given by 

Steele (1969). Briefly, 12 Ayrshire cows were each given 4-4 kg of hay and 2-7 kg of 
sugar-beet pulp/day. Four different concentrate mixtures were given; one of these 
was of low-fat content, and when the diet containing this concentrate mixture was 
given to the cows their daily intake of total fatty acids was less than 100 g. The other 
3 concentrate mixtures were made up by isocalorically replacing starch in the low-fat 
concentrate mixture by either 5 or 10% ‘stearic acid’ (85% pure) or by 10% 
‘palmitic acid’ (also 85% pure). The fatty acid contents and compositions of the 
various dietary components and added fatty acids have been given by Noble et a l.
(1969). The amounts of concentrate mixture given to each cow were adjusted for 
milk yield. The experimental design was three 4 x 4  Latin squares which were 
balanced for carry-over effects. The duration of each experimental period was 35 
days and the change-overs between treatments were made gradually over 4 days. 
One 4-day composite sample was obtained from the milk produced by each cow on 
the last 4 days of each period. Blood samples were taken from the subcutaneous 
abdominal vein on the 26th day of each period. The milk fat was extracted and 
analysed as described by Noble et a l. (1969). The lipids were extracted from the 
samples of plasma by the method of Nelson & Freeman (1959) and the plasma lipids 
were analysed by the methods described by Moore, Noble & Steele (1968). The results 
were analysed statistically by the methods outlined by Cochran & Cox (1957).

RESULTS
The concentrations of the total plasma fatty acids and of the fatty acids contained 

in the various lipid fractions in the plasma of the cows given the different diets are 
presented in Table 1. The concentrations of the total fatty acids in the plasma of the 
cows when they were given the concentrate mixture containing 10% ‘stearic acid’ 
or 10% ‘palmitic acid’ were significantly higher than the concentrations observed 
when they were given the unsupplemented diet. Although the inclusion of 10 % 
‘stearic acid’ or 10% ‘palmitic acid’ in the concentrate mixture tended to increase 
the concentration of triglyceride fatty acids in the plasma, none of the treatment 
differences in plasma triglyceride concentration reached the 5 % level of significance. 
There were no significant differences in the concentrations of unesterified fatty acids 
in the plasma of the cows when they were given the various experimental diets, but 
again there was a tendency for the diets supplemented with fatty acids to result 
in slightly high concentrations of plasma unesterified fatty acids. Similarly, the 
inclusion of stearic acid or palmitic acid in the concentrate mixture tended to
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increase the concentration of phospholipid and cholesteryl esters in the plasma but 
only when the concentrate mixture contained 10 % ‘palmitic acid’ did the increases 
reach the 5 % level of significance. There were no marked changes in the composition 
of the plasma lipids and, irrespective of dietary treatment, about 40 % of the total 
plasma fatty acids occurred in the cholesteryl ester fraction, 54 % in the phospho
lipid fraction, 3 % in the triglyceride fraction and 3 % in the unesterified fatty acid 
fraction. Nevertheless, as the concentration of total fatty acids in the plasma in
creased, there were slight decreases in the proportion of the total plasma fatty acids 
tha t occurred in the unesterified form.

D ie ta ry  fat a nd  p la sm a  lip id  com position

Table 1. M e a n  co n c e n tra tio n s  (m g ¡1 0 0  m l)  o f  to ta l p la s m a  f a t t y  a c id s  a n d  o f  the f a t t y  
a c id s  p r e s e n t  i n  the in d iv id u a l  l ip id  f r a c t io n s  o f  the  p la s m a  o f  the cow s o n  each  d ie ta r y  
tr e a tm e n t

Diet Diet with concentrate mixture containing
with f------------ ________A.___ ------------------- 8

low-fat 5 % 10 % 10 %
concentrate ‘ Stearic ‘ Stearic ‘ Palmitic

mixture acid ’ acid’ acid’ S.E.M.

Total fatty acids 92-8 127 148* 176** + 24-4
Triglyceride fatty acids 3-26 3-29 4-59 5-76 + 1-18
Unesterified fatty acids 3-86 4-47 4-26 4-73 + 1-02
Phospholipid fatty acids 47-4 72-7 78-7 93-0* + 14-9
Cholesteryl ester fatty 38-3 47-0 60-5 73-1* ± 12-8
acids
*, **, Significantly different (P  < 0-05, P  < 0*01, respectively) from the value obtained with the 

unsupplemented diet.

Table 2. M e a n  w e ig h t p e rcen ta g es  o f  the m a jo r  f a t t y  a c id s  i n  the p la s m a  
tr ig ly c e r id e s  o f  the  cow s o n  each  d ie ta r y  tre a tm e n t

Dietary treatments

Diet Diet with concentrate mixture containing
with (--------------- --------------- A------------- 1

low-fat 5 % 10 % 10 %
Fatty concentrate ‘ Stearic ‘ Stearic ‘Palmitic
acids mixture acid’ acid’ acid’ S.E.M .

16:0 30-0 25-8* 4 7 .6*** + 2-05
16:1 5*6 4-0** 4-1* 5-9 + 0-56
18:0 21-5 33-7*** 36-8*** 16-5** + 1-86
18:1 20-6 20-3 18-9* 15-5*** + 0-84
18:2 12-7 8 -6* 10-5 8-2** ±1-33

*, **, ***, Significantly different (P  < 0 - 0 5 ,  P  < 0 - 0 1 ,  P  < 0 * 0 0 1 ,  respectively) from the value 
obtained with the unsupplemented diet.

The fatty acid compositions of the plasma triglycerides of the cows on the different 
dietary treatments are given in Table 2. The inclusion of 5 or 10 % ‘ stearic acid ’ in the 
concentrate mixture significantly decreased the concentrations of 16:0 and 16:1 and 
significantly increased the concentration of 18:0. Perhaps rather surprisingly, the 
concentration of 18:1 in the plasma triglycerides was not increased when the cows 
were given the concentrate mixture containing 5% ‘stearic acid’. Moreover, when
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the concentrate mixture containing 10 % ‘stearic acid’ was given, there was a small 
but significant decrease in the concentration of 18:1 in the plasma triglycerides. The 
addition of 10 % ‘palmitic acid’ to the diet resulted in a marked increase in the con
centration of 16:0 in the plasma triglycerides and significant decreases in the 
concentrations of 18:0, 18:1 and 18:2; there were no significant changes in the 
concentration of 16:1.

Table 3. M e a n  w e ig h t p e rcen ta g es  o f  the  m a jo r  f a t t y  a c id s  i n  the p la s m a  u n e s te r ifie d  
f a t t y  a c id s  o f  the cow s o n  each d ie ta r y  tre a tm e n t

Dietary treatments

J . H . M o o r e , W . S t e e l e  a n d  R . C. N o b le

Diet Diet with concentrate mixture containing
with

n 0/ ° /o 10 % 10%low-fat
Fatty concentrate ‘ Stearic ‘ Stearic ‘ Palmitic
acids mixture acid’ acid ’ acid’ S.E.M .

16:0 27-9 24-2** 22-3*** 42*9*** ±1-08
16:1 3-51 2-9 2-8 3-6 + 0-42
18:0 25-9 37-0*** 4.Q.4 *** 22-8* ± M5
18:1 30-5 26-7** 23-2*** 22-1*** + 1-42
18:2 7-4 5-2** 5-7* 4-6** ±0-71

** *** Significantly different (P  < 0-05, P  < 001, P  < 0-001, respectively) from the vi
obtained with the unsupplemented diet.

The compositions of the unesterified fatty acids in the plasma of the cows are given 
in Table 3. When the cows were given the concentrate mixture containing 5 or 10 % 
‘stearic acid’ the concentration of 18:0 in the unesterified fatty acids was markedly 
increased but the concentrations of 16:0, 18:1 and 18:2 were decreased. The addition 
of 10 % ‘palmitic acid’ to the concentrate mixture resulted in a pronounced increase 
in the concentration of 16:0 in the unesterified fatty acids and significant decreases 
in the concentrations of 18:0, 18:1 and 18:2. Comparison of the results in Tables 2 
and 3 shows that irrespective of dietary treatment there were consistent differences 
in the compositions of the fatty acids in the plasma triglycerides and unesterified 
fatty acids. The plasma triglycerides contained higher concentrations of 16:0, 16:1 
and 18:2 but lower concentrations of 18:0 and 18:1 than the plasma unesterified 
fatty acids. In  the plasma triglycerides, the 18:0/18:1 ratios were consistently higher 
and the 16:0/16:1 ratios were considerably lower than the corresponding ratios in the 
plasma unesterified fatty acids. Nevertheless, the effects of diet on the fatty acid 
compositions of the plasma triglycerides and unesterified fatty acids showed close 
similarities. Thus, there appeared to be rectilinear relationships between the con
centrations of 18:0, 16:0, 16:1 and 18:2 in the plasma triglycerides and the corre
sponding concentrations of these fatty acids in the plasma unesterified fatty acids 
(Figs. 1 and 2).

The fatty acid compositions of the plasma cholesteryl esters are given in Table 4 
Although the concentration of 16:0 in the plasma cholesteryl esters was significantly 
decreased by the inclusion of 5 or 10% of ‘stearic acid’ in the concentrate mixture, 
the concentration of 16:0 in this plasma lipid fraction was not altered significantly 
when the concentrate mixture contained 10 % of ‘palmitic acid’. On the other hand.
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when the cows were given the concentrate mixture containing palmitic acid, there 
was a pronounced and highly significant increase in the concentration of 16:1 in the 
plasma cholesteryl esters. The concentrations of 18:0, 18:1 and 20:3 in the plasma 
cholesteryl esters were unaffected by dietary treatment but the concentrations of

D ieta ry  fat and  p la sm a  lip id  com position

in plasma unesterified fatty acids in plasma unesterified fatty acids
(weight percentages of total adds) (weight percentages of total acids)

Fig. 1 Fig. 2
Fig. 1. Relationship between the concentrations of 16:0 (#) and 18:0 (O) in the triglycerides 
and unesterified fatty acids in the plasma of cows given different diets.
Fig. 2. Relationships between the concentrations of 18:2 (®) and 16:1 (O) in the triglycerides 
and unesterified fatty acids in the plasma of cows given different diets.

Table 4. M e a n  w e ig h t p e rcen ta g es  o f  the m a jo r  f a t t y  a c id s  p r e s e n t  i n  the  
p la s m a  ch o les te ry l esters  o f  the cow s o n  each  d ie ta r y  tre a tm e n t

Dietary treatments

Diet Diet with concentrate mixture containing
with f-------------- ---------- A------ ------------------ ^

low-fat 5 % 10 % 10 %
Fatty concentrate ‘ Stearic * Stearic * Palmitic
acids mixture acid’ acid’ acid ’ S.E.M.

16:0 6-2 5-0*** 4-2*** 5-8 + 0-30
16:1 3-8 4-6 4-4 13-2*** + 0-55
18:0 0-9 0-9 0-9 0-9 + 0-27
18:1 5-6 6-2 6-4 5-7 ±0-35
18:2 69-2 66-8 68-4 56'8*** -f-1-39
18:3 4-4 6-5*** 0.7*** ±0-36
20:3 1-0 0-9 1-0 0-9 ±0-11
20:4 2-2 2-8** 2-9** 2-6* ±0-22
** *** Significantly different (P  < 0-05, P  < 0-01, P  < 0-001, respectively) from the value

obtained with the unsupplemented diet.
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18:3 and 20:4 were significantly increased when the cows were given the concentrate 
mixtures with added fatty acids. The 18:2 content of the cholesteryl esters was 
significantly decreased when the cows were given the diet supplemented with 
palmitic acid.

J . H . M o o r e , W . S t e e l e  a n d  R . C. N o b le

Table 5. M e a n  w e ig h t p e rcen ta g es  o f  the m a jo r  f a t t y  a c id s  p r e s e n t  i n  the p la s m a  
p h o s p h o l ip id s  o f  the cow s o n  each  d ie ta ry  tre a tm e n t

Dietary treatments

Diet Diet with concentrate mixture containing
With r A ----------------------------------------------^

low-fat 5% 10  % 1 0 %
Fatty concentrate ‘  Stearic ‘ Stearic * Palmitic
a c i d s mixture acid’ acid ’ acid5 S . E . M .

16:0 15-9 14-7** 24.4*** 23*1*** ±0-37
16:1 1 0 0-8 0-9 2 0 *** ± 0-11
18:0 24-9 28*3*** £7-7*** 2P0*** ±0-39
18:1 131 15-8*** 16-2*** 16-9*** ±0-56
18:2 30-2 2 7 * 7 * * 07 .9** 25-3*** ±0-77
18:3 1 1 1-3* 1-4* 1-4* + 0-11
20:3 4-6 3-8*** 3 .4*** 3-6*** + 0-18
20:4 31 2-7* 2-6** 2-8 + 0-18
22:5 M 1 1 1 - 0 * 0-9** + 0-07
22:6 0-2 0-3 0-2 0-2 ±0-03

Significantly different (P <  0-05, P <  001, P < 0-001 , respectively) from the value
obtained with the unsupplemented diet.

Table 6. M e a n  to ta l c o n c e n tra tio n s  (mgr/100 m l)  o f  in d iv id u a l  f a t t y  a c id s  in  
the  p la s m a  o f  the  cow s o n  each  d ie ta r y  tre a tm e n t

Dietary treatments

Diet Diet with concentrate mixture containing
with ,--------------------A--------------------i

low-fat 5% 10 % 1 0 %
F atty concentrate ‘ Stearic ‘Stearic ‘Palmitic
acids mixture acid ’ acid ’ acid’
16:0 12-0 15-0 15-9 30-5
16:1 2-2 3-0 3-6 12-0
18:0 13-9 23-7 25-8 22-2
18:1 10-2 16-3 1S-5 21-8
18:2 41-5 52-1 64-1 65-7
18:3 2-2 4-0 5-1 6-2
20:3 2-5 3-2 3-2 4-0
20:4 2-3 3-3 3-8 4-5
22:5 0-5 0-8 0-8 0-9
22:6 0-1 0-2 0-1 0-2

The fatty acid compositions of the plasma phospholipids are given in Table o. In 
the plasma phospholipids, the 16:0, 18:2, 20:3 and 20:4 contents were significantly 
decreased and the 18:0, 18:1 and 18:3 contents were significantly increased when 
the cows were given the diets supplemented with stearic acid. When the diet was 
supplemented with palmitic acid, the concentrations of 16:0, 16:1, 18:1 and 18:3 
in the plasma phospholipids were significantly increased and the concentrations of
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18:2, 20:3 and 22:5 were significantly decreased. Although the different dietary 
treatments brought about considerable changes in the concentrations of 16:0 and 
18:0 these 2 saturated fatty  acids together accounted for about 44% of the major 
fatty acids in the plasma phospholipids of the cows on each diet.

The total concentrations of the individual fatty acids in the plasma of the cows 
are given in Table 6, from which it may be seen that 18:2 was the major fatty acid 
circulating in the plasma of the cows on each dietary treatment. This essential fatty 
acid accounted for about 45 % of the total plasma fatty acids, but it should be noted 
that only about 0-7 % of the total plasma 18:2 occurred in the plasma triglycerides.

D ie ta ry  fat a nd  p la sm a  lip id  com position

DISCUSSION
Allowing for the differences in experimental conditions, the concentrations and 

fatty acid compositions of the various lipid fractions in the plasma of the experi
mental cows were similar to those reported by other investigators (e.g. McClymont & 
Vallance, 1962; Duncan & Garton, 1963; Storry & Rook, 1965).

Comparison of the yields of total milk fatty acids by the cows on the various 
dietary treatments (Noble et a t. 1969) with the results given in Table 1 showed that 
the yield of total milk fatty acids was not related to the concentration of total plasma 
fatty acids or the concentrations of fatty acids circulating in the plasma as trigly
cerides, phospholipids and cholesteryl esters. The fatty acids in the plasma phospho
lipids and cholesteryl esters cannot be taken up by the mammary gland but those in 
the plasma triglycerides can be utilized for milk fat synthesis (Barry, Bartley, 
Linzell & Robinson, 1963; Annison, Linzell, Fazakerley & Nicholls, 1967). Although 
a relationship between the concentration of plasma triglycerides and the secretion 
of fatty acids in the milk might thus have been expected, it must be remembered that 
only a proportion of the total milk fatty acids is derived from the plasma trigly
cerides (e.g. Annison et a t. 1967) and tha t only a proportion of the total plasma trigly
cerides (those present in the chylomicrons and low-density lipoproteins) can donate 
fatty  acids to the mammary gland for milk fat synthesis (Barry et a t. 1963). How
ever, there appeared to be a positive curvilinear relationship between the yield of 
total milk fatty  acids and the concentration of unesterified fatty acids in the plasma 
of the cows given the different diets (Fig. 3). This relationship is not easy to explain 
for, although it has been established that the plasma unesterified fatty acids are in 
equilibrium in the mammary gland with a pool of unesterified fatty  acids derived 
from the plasma triglycerides (West, Annison & Linzell, 1967), there is no evidence 
for a net uptake of unesterified fatty acids from the plasma by the mammary gland 
(McClymont & Vallance, 1962; Barry et a l. 1963; Hartmann & Lascelles, 1964; 
Kronfeld, 1965; Annison et a l. 1967). In non-lactating animals, some plasma un
esterified fatty acids may arise from the hydrolysis of lipoprotein triglycerides by 
lipoprotein lipase in the blood (Havel, 1958) but the greater part is derived from 
adipose tissue triglycerides (Annison, 1964). However, it is unlikely that the changes 
in the concentrations of unesterified fatty acids in the plasma of the cows in the 
present experiment are due to the effects of the different dietary treatments on the 
release of unesterified fatty acids from the adipose tissue triglycerides. In non- 
lactating ruminants, increased concentrations of plasma unesterified fatty acids due



to increased release from adipose tissue triglycerides are associated with decreased 
concentrations of glucose and acetate in the blood (Annison, 1960; Lindsay, 1961). 
The concentration of glucose in the plasma of the experimental cows was unaltered 
by dietary treatment (Steele, 1969) and it is most unlikely that there were any 
alterations in the concentrations of acetate in the blood (Noble et a l. 1969). Moreover, 
the weights of the cows remained constant during the experiment (Steele, 1969). The 
increased yield of total milk fatty acids was associated with an increased uptake of 
blood triglycerides by the mammary gland (Noble et a l. 1969), and, due to the action 
of lipoprotein lipase in the mammary tissues (McBride & Korn, 1963; Robinson,

3 9 0  J .  H .  M o o r e , W .  S t e e l e  a n d  R .  C .  N o b l e

Yield of total m ilk fatty acids,

g/day
Fig. 3. Relationship between the yield of total milk fatty acids and the concentration of 

unesterified fatty acids in the plasma of cows given different diets.

1963; Barry et a l. 1963; Schoefl & French, 1968), this would result in increased con
centrations of unesterified fatty acids in the mammary gland (Moore & Steele, 1968). 
Since the plasma unesterified fatty acids are in equilibrium with the unesterified 
fatty acids in the mammary gland (West et a l. 1967) the increased concentration of 
unesterified fatty acids in the plasma (Table 1, Fig. 3) may simply be a reflexion of 
the increased pool size of unesterified fatty acids in the mammary gland.

When the diet of the cow is supplemented with 18:0 or fats containing high pro
portions of 18:0, the concentration and yield of 18:1 in the milk fat is increased 
(Steele & Moore, 1968a, b, c; Noble et a l. 1969). Although the mammary gland con
tains an enzyme system that desaturates 18:0 to 18:1 (e.g. Lauryssens et a l. 1960; 
Annison et a l. 1967; Bickerstaffe & Annison, 1968a) it is known that similar enzyme 
systems occur in other tissues such as the liver (e.g. Raju & Reiser, 1967) and small 
intestine (Bickerstaffe & Annison, 19686). The desaturation of 18:0 to 18:1 in the 
liver or small intestine could also contribute to the increased concentration and yield 
of 18:1 in the milk fat when cows are given supplementary 18:0 in the diet. How



ever, in the plasma triglycerides of the cows given the concentrate mixture con
taining 5 or 10% ‘stearic acid’, the concentration of 18:1 was unaltered or even 
slightly decreased (Table 2) and the 18:0/18:1 ratio was markedly increased (Table 7). 
I t  can be seen from Table 7 that, irrespective of dietary treatment, the 18:0/18:1 
ratio in the milk fat (mean 0-34) was considerably less than the corresponding ratio 
in the plasma triglycerides (mean 1-43). Since increased desaturation of 18:0 to 18:1

D ietary fat and plasm a lip id  composition  3 9 1

Table 7. C o m p a r is o n  o f  the ra tio s  o f  c e r ta in  f a t t y  a c id s  i n  the p la s m a  
tr ig ly c e r id e s  a n d  m i l k  f a t  o f  the  cow s o n  each  d ie ta r y  tr e a tm e n t

Dietary treatments

Diet Diet with concentrate mixture containing
with r --------- A---------

low-fat 5 % 1 0 % 1 0 %
concentrate * Stearic ‘ Stearic ‘ Palmitic

Ratio mixture acid’ acid’ acid’
18:0/18:1

M ilk  fat 0-26 0-42 0-44 0-22
Plasma triglycerides 1-04 1-66 1-95 1-06

16:0/16:1
M ilk fat 11-7 12-8 11-4 9-46
Plasma triglycerides 5-40 6-42 5-41 8-07

(18:0 +  18:1)/18:2
M ilk  fat 10-2 20-9 25-8 14-0
Plasma triglycerides 3-31 6-28 5-30 3-90

in the liver or small intestine would have been expected to result in increased con
centrations of 18:1 in the plasma triglycerides, it would appear that the increased 
concentrations and yields of 18:1 in the milk fat of the cows given supplementary 
stearic acid (Noble et a l. 1969) were almost entirely due to the desaturation in the 
mammary gland of the increased amounts of 18:0 taken up from the plasma trigly
cerides. In contrast, the 16:0/16:1 ratio (Table 7) in the milk fat (mean 11-4) was 
considerably greater than the corresponding ratio in the plasma triglycerides (mean
6-33). This is presumably a reflexion of the fact that the desaturating enzyme in the 
mammary gland has a relatively low specificity for 16:0 (Bickerstaffe & Annison, 
1968a). Nevertheless, it is clear from the results in Table 4 that there is an enzyme 
system in certain tissues of the cow, possibly the liver, that actively desaturates 
16:0 and that the resulting 16:1 is preferentially incorporated into the plasma chole- 
steryl esters. I t  may be calculated that when the cows were given the control diet the 
concentration of 16:1 circulating in the plasma as cholesteryl esters was 1-5 mg/100 
ml, whereas when the cows were given the diet supplemented with palmitic acid 
the corresponding concentration of 16:1 was 9-7 mg/100 ml.

I t  is often stated tha t the low concentrations of essential fatty acids in the milk 
fat of the cow are due to the efficient hydrogenation of dietary 18:2 in the rumen 
(e.g. Tove & Mochrie, 1963). Although extensive hydrogenation of 18:2 in the rumen 
undoubtedly occurs, the results in Table 6 emphasize that there is no lack of 18:2 
circulating in the plasma of the lactating cow. However, about 99% of this 18:2 
occurs in those plasma lipid fractions that cannot donate fatty acids to the mammary 
gland for milk fat synthesis. The specific distribution of 18:2 amongst the lipid
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fractions in the plasma of the cow must therefore he the major factor that determines 
the low concentration of 18:2 in the milk fat. However, the results in Table 7 suggest 
that other factors may be involved. Since it is now known that all of the C18 fatty 
acids in the milk fat are derived from the blood triglycerides (e.g. Annison et a l. 1967), 
it might have been expected that the (18:0+ 18:1)/18:2 ratio in the blood trigly
cerides would be similar to the corresponding ratio in the milk fat. Unexpectedly, 
the (18:0+ 18:1)/18:2 ratio in the blood triglycerides (mean, 4-8) was markedly less 
than the corresponding ratio in the milk fat (mean, 17-7). This suggests that there is 
also specificity in the distribution of 18:2 amongst the triglycerides of the different 
plasma lipoproteins and that the 18:2 content of the triglycerides in the chylomi
crons and low-density lipoproteins that are taken up by the mammary gland is less 
than the 18:2 content of the total plasma triglycerides.

The authors thank Miss E. K. Skinner and Miss A. Wallace for their skilled 
assistance.
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D ietary  fa tty  a c id s and the p la sm a  p h osp h o lip id s  
of the la c ta tin g  cow

B y  R. C. NOBLE, W. STEELE a n d  J. H. MOORE
H a n n a h  D a ir y  R e se a rc h  I n s t i tu te ,  A y r ,  S c o tla n d

(.R ece ived  12 M a y  1969)

s u m m a r y . Cows were given either a low-fat concentrate mixture or a  concentrate 
mixture tha t contained 5 or 10% ‘stearic acid’ (85% pure) or 10% ‘palmitic acid’ 
(85% pure). The concentrate mixtures were given with a high roughage diet that 
supplied 4-4 kg of hay and 2-7 kg of sugar-beet pulp/day. Blood samples were taken 
from the cows on each dietary treatment and the plasma phospholipids were analysed.

Phosphatidyl choline accounted for 70% of the plasma phospholipids when the 
cows Avere given the low-fat diet and about 86 % of the plasma phospholipids when 
the cows Avere given the diets supplemented with the fatty acids. The inclusion of the 
fatty acids in the concentrate mixtures decreased the relative proportions of the 
plasma phosphatidyl ethanolamine, sphingomyelin and lysophosphatidyl choline but 
the relative proportion of the plasma phosphatidyl serine remained unchanged.

When the diet was supplemented with stearic acid the concentrations of 18:0 
and 16:0 in the phosphatidyl choline were unaltered but the concentration of 18:1 
was increased and the concentration of 18:2 was decreased. When the diet was 
supplemented Avith palmitic acid the concentrations of 16:0 and 18:1 in the phos
phatidyl choline were increased and the concentrations of 18:0 and 18:2 were 
decreased. In  contrast, the inclusion of stearic acid in the diet increased the con
centration of 18:0 in the phosphatidyl serine and decreased the concentration of 
16:0; the concentrations of 18:1 and 18:2 were unchanged. The fatty acid composi
tion of the plasma phosphatidyl ethanolamine was unaffected by dietary treatment. 
The effects of diet on the fatty acid compositions of the phosphatidyl choline and 
lysophosphatidyl choline were similar. Supplementation of the diet with stearic 
acid increased the concentrations of 18:0 and 18:1 in the plasma sphingomyelin and 
decreased the concentrations of 16:0 and 18:2. The addition of palmitic acid to the 
diet increased the concentration of 16:0 in the sphingomyelin but it decreased the 
concentrations of the other constituent fatty acids.

In a previous paper (Moore, Steele & Noble, 1969) it was reported that when cows 
were given a low-fat concentrate mixture or concentrate mixtures supplemented with 
either stearic or palmitic acid, there were changes in the concentration of total phos
pholipids in the plasma and in the concentrations of the C16 and C18 fatty acids in the 
total plasma phospholipids. I t  was of interest, therefore, to determine whether these 
changes were due to the effects of diet on the relative proportions of the individual 
phospholipids in the plasma or whether they Avere due to the effects of diet on the
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concentrations of C16 and C18 fatty acids in the individual plasma phospholipids. 
Accordingly, pooled samples of the total plasma phospholipids obtained from the 
cows on each dietary treatment were fractionated and analysed and the results are 
now reported.

E X P E R IM E N T A L

Detailed descriptions of the experimental cows, diets and procedures have beer- 
given by Steele (1969), Noble, Steele & Moore (1969) and Moore et a l. (1969). Briefly, 
12 cows in mid-lactation were each given 4-4 kg of hay and 2-7 kg of sugar-beet 
pulp/day. Four different concentrate mixtures were given; 1 of these was of low-fat 
content and the other 3 concentrate mixtures were made up by isocalorically re
placing starch in the low-fat concentrate mixture by either 5 or 10% ‘stearic acid 
(85% pure) or by 10% ‘palmitic acid’ (85% pure). The experimental design was 
three 4 x 4  Latin squares which were balanced for carry-over effects and the duration 
of each experimental period was 35 days. Blood samples were taken from the sub
cutaneous abdominal vein on the 26th day of each period. The lipids were extracted 
from the samples of plasma by the method of Nelson & Freeman (1959) and after the 
analyses reported in the previous paper (Moore et a l. 1969) had been carried out, the 
samples of total plasma phospholipids obtained from the cows on each dietary trea t
ment were pooled. The pooled plasma phospholipids were then fractionated and 
analysed by the methods described in detail by Moore & Williams (1963, 1964), 
Noble & Moore (1965) and Moore & Noble (1969).

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

The compositions of the pooled plasma phospholipids of the cows on the different 
diets are given in Table 1 from which it may be seen that phosphatidyl choline was 
the major phospholipid in the plasma of the experimental cows. The results for the 
cows on the low-fat diet are in fair agreement with those of Nelson (1967), who re
ported that phosphatidyl choline accounted for 74-5% of the plasma phospholipids

Table 1. C o m p o s it io n s  o f  the p o o led  p la s m a  p h o s p h o lip id s  o f  the cow s o n  each  d ie ta ry  
tr e a tm e n t. C o n c e n tra tio n s  o f  in d iv id u a l  p h o s p h o lip id s  are exp re ssed  a s p e rcen ta g es  o f  the  
to ta l p la s m a  p h o s p h o lip id s

Dietary treatments

R .  C .  N o b l e , W .  S t e e l e  a n d  J .  H .  M o o r e

Diet Diet with concentrate mixture containing
with f-------------- A --------------,

low-fat 5 % 1 0 % 1 0 %
concentrate ‘ Stearic ‘ Stearic * Palmitic

mixture acid’ acid’ acid’

Phosphatidyl choline 70-4 83-4 88-2 87-2
Lysophosphatidyl choline 5-5 5-2 1-3 1-7
Phosphatidyl ethanolamine 1-9 1-3 0-9 0-9
Phosphatidyl serine 2-4 2-3 2-4 2-4
Sphingomyelin 19-8 8-0 7-2 7-9

of the cow, and those of Dawson, Hemington & Lindsay (1960), who found that 
phosphatidyl choline and lysophosphatidyl choline together accounted for 82%. 
Phosphatidyl choline is the major phospholipid in the plasma of man (Phillips, 1958 ;



3 9 5

Marinetti, Albrecht, Ford & Stotz, 1959; Dawson et a t. 1960; Nelson & Freeman, 
1960; Nelson, 1962; Phillips & Dodge, 1967) and many other species (Dawson et a l. 
1960; Nelson, 1967; Moore & Noble, 1969). The other 2 diacyl phospholipids, phos
phatidyl ethanolamine and phosphatidyl serine, were relatively minor components 
and together comprised only 4-3% of the total plasma phospholipids of the cows 
when they were given the low-fat diet; normal values for man are 5-6-6-4% of 
phosphatidyl ethanolamine plus phosphatidyl serine (Gjone, Berry & Turner, 1959; 
Nelson & Freeman, 1960; Nelson, 1962). The percentages of lysophosphatidyl choline 
and sphingomyelin in the plasma phospholipids of the cows given the low-fat diet 
(5-5 and 19-8, respectively), are of the same order as the corresponding values (8-4 
and 14-9, respectively), reported by Nelson (1967) for cow plasma. When the con
centrate mixture given to the cows was supplemented with 5 or 10% ‘stearic acid’ 
or 10% palmitic acid’ the proportion of phosphatidyl choline in the total plasma 
phospholipids was increased to about 86% and the proportions of phosphatidyl 
ethanolamine and sphingomyelin were decreased. The proportion of lysophosphatidyl 
choline was decreased only when the cows were given the concentrate mixtures con
taining 10% ‘stearic acid’ or 10% ‘palmitic acid’. The proportion of phosphatidyl 
serine in the plasma phospholipids was unaltered by dietary treatment.

Table 2. W e ig h t p e rcen ta g es  o f  the m a jo r  C 16 a n d  C w f a t t y  a c id s  i n  the d ia c y l  
p h o s p h o l ip id s  i n  the p la s m a  o f  the cow s o n  each  d ie ta r y  tre a tm e n t

Dietary treatments

D ietary fat and plasm a phospholipids

Diet Diet with concentrate mixture containing
with r---------------------------- A----------------------------

low-fat 5 % 1 0 % 1 0 %
Fatty concentrate ‘ Stearic ‘ Stearic ‘ Palmitic

Phospholipid acids mixture acid’ acid’ acid’

Phosphatidyl choline 16:0 15-9 15-2 151 24-4
16:1 0-6 0-7 10 10
18:0 28-0 28-1 28-4 20-0
18:1 15-0 18-8 21-6 20-7
18:2 34-7 311 28-5 28-2
18:3 1-2 1-4 1-2 1-3

Phosphatidyl 16:0 20-2 19-6 21-6 21-7
ethanolamine 16:1 4-6 4-8 4-3 4-3

18:0 23-8 24-2 23-4 23-2
18:1 25-3 26-3 25-0 25-6
18:2 18-9 18-0 18-2 17-9
18:3 1-4 1-8 2-3 1-8

Phosphatidyl serine 16:0 15-0 11-8 8-3 19-8
16:1 2-4 2-0 10 2-6
18:0 44-9 48-5 52-2 40-7
18:1 23-8 23-6 23-6 23-0
18:2 10-0 9-9 10-9 9-9

The concentrations of the C1(j and Clg fatty acids in the 3 plasma diacyl phospho
lipids of the cows are given in Table 2. In spite of the changes in dietary treatment, 
16:0 and 18:0 together accounted for about 44% of the total fatty acids in the 
phosphatidyl choline and phosphatidyl ethanolamine and about 60 % of the total 
fatty acids in the phosphatidyl serine. Of the 3 diacyl phospholipids in the plasma of
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the cow, the phosphatidyl serine contained the highest concentration of 18:0 and the 
lowest concentration of 18:2; the phosphatidyl choline contained the highest con
centration of 18:2. A similar pattern of distribution of fatty acids has been reported 
for the diacyl phospholipids in the plasma of man (Phillips & Dodge, 1967) and in the 
plasma of the rabbit (Moore & Noble, 1969). When the concentrate mixture was 
supplemented with either 5 or 10% ‘stearic acid’, the concentrations of 18:0 and 
16:0 in the phosphatidyl choline were unaltered but the concentration of 18:1 was 
increased and the concentration of 18:2 decreased. Presumably some of the additional 
18:0 derived from the diet was desaturated in the tissues (e.g. Raju & Reiser, 1967 ; 
Bickerstaffe & Annison, 1968) and the resulting 18:1 tended to replace a proportion 
of the 18:2 in the /?-position of the phosphatidyl choline (Moore, Williams & West- 
garth, 1965). When the concentrate mixture given to the cows contained 10% 
‘palmitic acid’, the concentration of 16:0 in the plasma phosphatidyl choline was 
increased and the concentration of 18:0 was decreased; again, the concentration of 
18:1 was increased and the concentration of 18:2 was decreased. In  this instance, it 
seems reasonable to suppose that the additional 18:1 was derived from the chain 
elongation in the tissues of the dietary 16:0 (Wakil, 1964), and the desaturation of 
the resulting 18:0. The different dietary treatments had little or no effect on the fatty 
acid composition of the plasma phosphatidyl ethanolamine. In contrast to the

Table 3. W e ig h t p e rcen ta g es  o f  the m a jo r  C 16 and, C 1S f a t t y  a c id s  i n  the ly so p h o s p h a tid y l  
ch o lin e  a n d  s p h in g o m y e lin  i n  the p la s m a  o f  the  cow s o n  each  d ie ta r y  tre a tm e n t

Dietary treatments

R .  C .  N o b l e , W .  S t e e l e  a n d  J .  H .  M o o b e

Diet Diet with concentrate mixture containing
with ,------------------------- *------------------------- ,

low-fat 5 % 1 0 % 1 0 %
Fatty concentrate ‘ Stearic ‘ Stearic ‘Palmitic

Phospholipid acid mixture acid ’ acid’ acid’

Lysophosphatidyl 16:0 31-6 30-9 32-8 38-6
choline 16:1 2-6 2-3 2-1 2-5

18:0 22-5 23-2 21-4 15-4
18:1 20-2 25-2 28-3 26-5
18:2 17-5 12-5 10-0 11-2

Sphingomyelin 16:0 56-0 47-1 40-0 64-4
18:0 16-9 23-2 28-3 14-4
18:1 11-3 18-7 22-7 8-3
18:2 10-3 6-4 4-3 8-5

phosphatidyl choline, the inclusion of 5 or 10% of ‘stearic acid’ in the concentrate 
mixture resulted in an increase in the concentration of 18:0 and a decrease in the 
concentration of 16:0 in the phosphatidyl serine; the concentrations of 18:1 and 
18:2 were unchanged. When the concentrate mixture contained 10% ‘palmitic 
acid’, the 16:0 content of the phosphatidyl serine was increased and the concen
tration of 18:0 was decreased; again, the concentrations of 18:1 and 18:2 were 
un changed.

The concentrations of the C16 and C18 fatty acids in the lysophosphatidyl choline 
and sphingomyelin in the plasma of the cows are given in Table 3. In the lyso
phosphatidyl choline, 16:0 and 18:0 together accounted for about 54% of the total
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fatty acids. I t  seems reasonable to conclude, therefore, that cow plasma contained 
similar proportions of a- and //-lysophosphatidyl choline (cf. Tattrie & Cyr, 1963). 
The lysophosphatidyl choline in the plasma of the cow would thus appear to be 
similar to that in the plasma of man (Williams, Kuchmak & Witter, 1966; Phillips 
& Dodge, 1967) and of the rabbit (Moore & Noble, 1969). The effects of diet on the 
fatty acid composition of the plasma lysophosphatidyl choline were very similar to 
the effects on the fatty acid composition of the plasma phosphatidyl choline (Table 2). 
This similarity is presumably a reflexion of the metabolic relationship that exists 
between these 2 plasma phospholipids. Both are derived mainly from the liver, 
homogenates of which have been shown to catalyse the hydrolysis of phosphatidyl 
choline with the formation of the 2 structural isomers of lysophosphatidyl choline 
(Van Den Bosch & Van Deenen, 1965; Waite & Van Deenen, 1967). As with the 
sphingomyelin in the plasma of man (Hanahan, W atts & Pappajohn, 1960; Nelson, 
1962; Williams et a t. 1966; Phillips & Dodge, 1967) and of the rabbit (Moore & Noble,
1969), palmitic acid was the major saturated fatty acid in the sphingomyelin of cow 
plasma. Supplementation of the diet of the cows with stearic acid increased the 
concentration of 18:0 and 18:1 in the plasma sphingomyelin and decreased the con
centration of 16:0 and 18:2. Supplementation of this diet with palmitic acid in
creased the concentration of 16-0 in the plasma sphingomyelin but it decreased the 
concentrations of the other constituent fatty acids.

The results of this investigation showed that the addition of stearic acid or 
palmitic acid to the diet of the cow influenced both the proportions of the individual 
components of the total plasma phospholipids and the fatty acid compositions of the 
individual plasma phospholipids. The patterns of change in fatty acid composition 
were quite characteristic for certain of the individual plasma phospholipids. This was 
undoubtedly due to the fatty acid specificities of the enzymes that are concerned 
with the synthesis of the various phospholipids in the liver.

The authors thank Miss A. Wallace for her skilled assistance.

D ietary  fat and plasm a phospholipids
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(R ece ived  25 M a y  1969)

s u m m a r y '.  (1) A survey of the composition of the milk of individual cows in 4 com
mercial herds in the West Riding of Yorkshire was undertaken from October 1967 
to May 1968.

(2) In 3 of the 4 herds there was a decline in solids-not-fat (SNF) content through
out the winter feeding period. Milk protein content was at a minimum in January- 
February but in all 3 herds lactose content also declined and in 2 of the herds this was 
the major cause of the fall in SNF content.

(3) The decline in lactose content was the result partly of the characteristic effect 
of an advance in lactation, partly of an increase in the incidence of mastitis through
out the winter period. In all herds there was a significant inverse relationship 
between lactose content and cell count in the bulked milk of individual cows.

(4) In  3 of the herds autumn-calving (October-December) animals showed a 
pronounced fall in milk protein content in the early months of lactation which was 
not observed in summer-calving (July-September) animals. There was no response 
in SNF or protein content to supplementary concentrates offered towards the 
end of the winter-feeding period, whereas with the commencement of grazing in the 
spring there was an immediate increase in both protein and SNF contents.

Rowland (1942-4) observed in some parts of the country during the early years of 
the second world war a decline during the winter period in the solids-not-fat (SNF) 
content of herd bulk milks. Pre-war experience suggested that the SNF content at 
that time should have been high. He attributed the change to the inexperience of 
farmers in the production and feeding of arable crops on which increasing reliance 
was then being placed. A winter decline is still a characteristic feature of the seasonal 
curve for the SNF content of herd bulk milk (Anon, 1967) and from the results of a 
survey Edwards (1958) concluded that this decline may have its origin in inadequate 
energy nutrition. However, recent unpublished observations by members of the 
National Agricultural Advisory Service and advisory personnel of commercial firms 
have suggested that there is little or no improvement in SNF content in response to
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supplementary concentrate feeding at the time of the most marked depression in 
Shi F content. Either energy undernutrition under the conditions which prevail in 
commercial herds throughout the winter period causes irreversible changes in milk 
composition which have not been recognized in experimental studies, or there are 
factors other than energy undernutrition contributing to the decline in SNF content.

Energy undernutrition is known to affect primarily the protein content of milk (see 
Rook, 1961). A survey of changes in compositional quality of the milk of cows in 
commercial herds throughout the winter period has therefore been undertaken to 
determine the contribution of deficiencies in protein and lactose contents to the 
winter decline in SNF content, and the response in SNF content to the feeding of 
supplementary concentrates towards the end of the winter-feeding period.

J .  A .  W r i g h t , J .  A .  F .  R o o k  a n d  J .  J .  P a n e s

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

E x p e r im e n ta l  p ro ced u re

The survey was undertaken over the period October 1967-May 1968. Four Friesian 
herds, 3 within a 20-mile radius of Leeds and a fourth on the Yorkshire-Lancashire 
border, were selected. The creamery records for all 4 herds in the 3 previous years 
showed a pronounced fall in SNF content of the bulk milk from autumn to late 
winter. Details are given in Table 1.

Calving dates and lactation numbers were recorded. Herds were subjected to their 
usual management routine. Farm foods on offer during the winter-feeding period 
and until the commencement of grazing in the spring were as follows :

F o r  m aintenance F o r  p roduction

H e rd  A — hay, chopped swedes or m angolds. R o lled , hom e-grown barley  p lus balancer m eal
(4 lb/gal m ilk  produced).

H e rd  B — hay, or h a y  p lus brewers’ grains. Sugar beet p u lp  (3 lb) p lus m aize germ  m eal {1 lb),
or purchased barley  m ix tu re  (4 lb) fo r  the firs t 
gal, and  da iry  concentrates (4 lb  fo r each a d d i
t iona l gal m ilk  produced).

H e rd  C— hay, or h ay  p lus kale, silage or m angolds. Crushed hom e-grown oats (4 lb) fo r the firs t gal,
and  da iry  concentrates (3 lb  fo r each add itiona l 
gal m ilk  ¡produced).

H e rd  D — hay. R o lled , hom e-grown barley  p lus balancer m eal
(4 lb) fo r the  firs t gal, d a iry  concentrates (4 lb  
fo r each add itiona l gal m ilk  produced).

An assessment of the actual level of feeding was considered impracticable and 
chemical analyses of the feedstuffs offered were not undertaken.

From the second week of March each herd was divided into 2 groups, balanced as 
closely as possible for milk yield and composition, lactation stage and number. The 
animals in one group were given supplementary proprietary dairy concentrates 
(starch equivalent, 63; protein equivalent, 10-5) at a rate of 6 lb per head per day 
for a period of 6 weeks, or until cows were turned out to grass in the spring.

Farms were visited at one evening’s and the following morning’s milking once a 
fortnight throughout the period of the survey. The milk from each cow was weighed 
and a representative sample taken for chemical analysis. At the morning milking an 
additional sample was taken into a sterile bottle for bacteriological examination.
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M e th o d s  o f  a n a ly s is

A weighted composite sample of morning and evening milk was prepared for 
each cow at each sampling occasion. I t  was analysed for fat content by the Gerber 
method (British Standards Institution, 1955), for total solids gravimetrically (British 
Standards Institution, 1951), for nitrogen by the Kjeldahl technique and for lactose 
by the chloramine-T method (British Standards Institution, 1963). SNF content 
was calculated by difference.

Cell count was determined by a standard method (Anon, 1968) except that dupli
cate milk films were examined. Bacterial content was determined by plating a 
standard loopful of fresh milk on 5 % sheep blood agar and also on Edward’s medium. 
The plates were incubated at 37 °C and examined after 24- and 48-h incubation.

Table 1. D e ta ils  o f  the  h erd s  u n d e r  in v e s tig a tio n

M ax im um  and m in im um  values fo r the S N F  content ( %) 
o f herd b u lk  m ilks  du ring  the w inter-feeding period

Average 1964--5 1965-- 6 1966-7 Average
herd
size

A A la c ta tion  no., 
1967-8Fa rm M ax. M in . M ax . M in . M ax.

'i
M in .

A 15 8-67 8-39 8-71 8-33 8 ’8 8 8-47 3-4
(Oct.) (Feb.) (Oct.) (May) (Oct.) (Jan.)

B 36 8-76 8-37 8-73 8-49 8-54 8-15 1 - 8
(Oct.) (Apr.) (Oct.) (Feb.) (Oct.) (Jan.)

C 23 8-65 8-39 8-58 8-31 8-64 8 - 1 2 3 0
(Oct.) (Feb.) (Dec.) (Mar.) (Nov.) (Mar. )

D 24 8-55 8-31 8-51 8-30 8-57 8-43 2-9
(Oct.) (Feb.) (Nov.) (Feb.) (Oct.) (Mar.)

R E S U L T S  

H e r d  h u lk  v a lu e s

Herd size and herd average values for yield, and SNF, protein and lactose contents 
are given in Table 2. Shortly after the start of the survey, several animals in herd A 
were sold after calving down, and several others did not calve until the end of the 
winter period. The herd bulk values did not show the expected trend in the SNF 
content of their milk. The other 3 herds were predominantly late-summer and 
autumn calving and there were few changes in the composition of the herds. In all 
3 herds the average values for SNF content showed an erratic but progressive fall 
from October to February. The extreme changes in average SNF contents in the 3 
herds were from 8-68 (November 4) to 8T0 (January 12) in herd B; 8-78 (November
7) to 8-31 (January 26) in herd C and 8-68 (November 28) to 8-30 (February 9) in 
herd I). In all 3 herds, milk protein content was at a minimum in January-February 
but in herds B and C the main cause of the drop in SNF content was a fall in the 
content of lactose. There was no exact correspondence between short-term changes 
in SNF contents and the sum of changes in lactose and protein contents but the trends 
in SNF content reflected those in lactose and protein contents.
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L a c ta t io n  tr e n d s  i n  m i l k  c o m p o s itio n
Average values for milk composition for the months of November, January and 

March for animals in each herd which continued in lactation from the beginning of 
November to the end of March are reported in Table 3. For animals in herds A and C. 
the characteristic increase in protein content with advance in lactation was pro
nounced, whereas animals in herds B and D showed only erratic changes. All herds

Table 2. H e r d  average v a lu e s  f o r  m i lk  y ie ld  a n d  w e ig h ted  h e rd  average v a lu e s  f o r  
S N F ,  p r o te in  (to ta l N  x 6-38) a n d  lactose co n ten ts , together w ith  h erd  n u m b e rs

M o n th  o f sam pling

Fa:-m Oct.* N ov.

A Xo . anim als sampled 15 1 1

H e rd  changes^ + 2 - 6

D a ily  m ilk  y ie ld , kg 10-5 8-4
S X F ,  % 8-58 8-41
Prote in , % 3-19 3-17
Lactose, % 4-40 4-40

B No. o f an im als sam pled 
H e rd  changes!

32 35 
+ 3

D a ily  m ilk  y ie ld , kg 15-2 15-0
S X F ,  % 8-43 8-52
Prote in , % 3-00 2-95
Lactose, % 4-55 4-58

C N o. o f an im als sam pled 24 23
H e rd  changes! + 2 - 3
D a ily  m ilk  y ie ld , kg 9-3 8-7
S N F ,  % 8 - 6 8 8-60
Prote in , % 3-25 3-18
Lactose, % 4-41 4-34

D No. o f an im als sampled 19 2 1

H e rd  changes % 1+

D a ily  m ilk  y ie ld , kg 14-4 13-7
S N F ,  % 8-57 8-58
Prote in , % 302 307
Lactose, % 4-50 4-53

Dec. Jan . Feb . Mar. Apr. M a y t

1 1 1 1 16 13 1 2 14

+ 1 - 1 + 4 - 4 + 7 - 2 + 2 - 5 - 1 — 2
7-7 9-9 1 2 1 14-1 12-5 14-9
8-61 8-83 8-76 8-76 8-72 9-03
3-19 3-45 3-34 3-23 3-19 3-51
4-46 4-49 4-42 4-51 4-38 4-53

34 35 43 43 35 26
- 1 + 2 - 1 + 4 - 2 + 7 - 1 + 2 - 1 1 ) - 9
130 11-9 11-7 12-3 1 2 - 0 16-6
8-43 8 - 2 0 8-33 8-42 8-42 8-64
2-93 2 - 8 8 2-97 3-04 2-96 3-20
4-48 4-37 4-39 4-43 4-48 4-57

2 1 2 2 23 2 0 2 0

+ 2 - 4 + 4 - 3 + 1 - 3 + 1 - 1 + 4 — 2
8 - 6 9-6 9-1 8 -S 8 - 2 8-9
8-50 8-50 8-43 8-39 8-37 8-71
3-25 3-2n 3-16 3-21 3-27 3-42
4-23 4-29 4-25 4-24 4-18 4-31

2 0 23 24 23 23 23
+ 3 - 4 + 3 + 1 + 1 - 2

15-7 15-5 14-7 14-0 14 2 16-1
S-63 8-51 8-33 8-40 8-44 8-69
3-0- 301 2-95 3-04 3-01 3-34
4-55 4-52 4-50 4-47 4-41 4-42

* The  herds were sam pled once o n ly  du ring  Oct. and  M a y  and tw ice m on th ly  from  N ov . to  A p r. 
t  A n im a ls  a t pasture.
{ A n im a ls  added to  or rem oved from  m ilk ing  herd since last sam pling.

show ed the characteristic lactational decline in lactose, and in herds B, C and D there 
was an accompanying increase in the weighted mean cell count. The most marked 
decline in lactose content wras in herd C in which there was the highest average cell 
count and a pronounced increase in count with advance in lactation. In all 4 herds 
an increase in cell count was associated with a decrease in milk lactose content 
(Table 4). The predominant pathogenic bacteria isolated from the herds were: herd 
A, haemolytic staphylococci and S trep to co ccu s  u b e r is ; herd B, haemolytic staphy
lococci and S tr .  a g a la c tia e ; herd C, S tr .  a g a la c tia e  and S tr .  u b e r is ;  herd D, S tr .  
ag a la c t iae .

The average values for milk lactose content in November and March for animals 
from all 4 herds grouped according to lactation number are given in Table 5. The
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Table 3. A v e ra g e  v a lu e s  f o r  m i l k  y ie ld  a n d  S N F ,  p r o te in  a n d  lactose co n ten ts , together  
w ith  a  w e ig h ted  m e a n  cell c o u n t f o r  those cow s i n  each  h e rd  w h ich  lac ta ted  th ro u g h o u t the  
w in te r  p e r io d

M on th

Fa rm Nov. Jan . Mar.

A N o. o f anim als 0 6 6
D a ily  m ilk  yie ld, kg 19-9 16-9 13-4
S N F , % 8-26±0-244 8-38 ± 0-175 8-61 ±0-171
Prote in , % 3-07 ± 0-109 3-25 ± 0-152 3-47 ± 0-106
Lactose, % 4-33 + 0-178 4-39 ±0-160 4-19 ±0-189
W eigh ted  mean cell count, 000s 834 665 391

B No. o f anim als 28 28 28
D a ily  m ilk  yield, kg 15-4 1 1 - 6 1 1 - 1

S N F , % 8-58+ 0-063 8-16± 0-088 8-31 ±0-058
Prote in , % 2-97 + 0-046 2-92 ±0-048 3-08 ±0-017
Lactose, % 4-62 ±0-033 4-36 ±0-044 4-40 ±0-086
W eigh ted  m ean cell count, 000s 169 511 907

C N o. o f  an im als 13 13 13
D a ily  m ilk  y ie ld , kg 1 2 - 6 9-1 5-9
S N F , % 8-73 ±0-082 8 - 6 6  ±0-084 8-75 ±0-130
Prote in , % 3-20 ±0-063 3-39 ±0-057 3-70±0-120
Lactose, % 4-49 ±0-064 4-23 ±0-078 4-09 ±0-089
W eigh ted  m ean cell count, 000s 723 895 1845

D X o . o f an im als 17 17 17
D a ily  m ilk  yie ld, kg 14-5 13-0 11-5
S X F ,  % 8-79 ±0-033 8-53±0-027 8-44 ±0-024
Prote in , % 3-13±0-117 3-09 ±0-072 3-16±0-056
Lactose, % 4-53 + 0-064 4-53 ± 0-051 4-44 ±0-054
W eigh ted  m ean cell count, 000s 234 334 714

Table 4. R e la t io n s h ip  betw een  lactose c o n te n t (%) a n d  cell 
co u n t o f  the m i l k  o f  in d iv id u a l  coivs

Regression o f lactose on cell count 
(lactose =  a + b log. cell coun t x 1 0 -3)

F  arm
No. o f 

observations
Corre la tion
coefficient a b

A 108 0-352 4-81 + 0-08 -0 -152  + 0-039***
B 457 0-168 4-60 + 0-05 -0 -087  + 0.024***
C 2 2 2 0-465 4-74 + 0-06 -0 -191  + 0-025***
D 223 0-376 4-78 + 0-04 - 0 - 1 2 1  + 0 -0 2 0 ***

*** P  < 0 001.

Table 5. T h e  d ec lin e  i n  lactose co n te n t (%) th ro u g h o u t the w in te r  
p e r io d  i n  coios o f  d if fe r e n t la c ta tio n  n u m b e r

La c ta t io n
no.

(Values are

N o . o f 
cows

a mean, w ith  s tandard  error)

Sam pling  date

Nov. Mar.

i 28 4-61 + 0-04 4-40 ±0-04
2 14 4-52 + 0-05 4-24 ±0-07
3 9 4-54 + 0-09 4-33 + 0-10
4 3 4-41 + 0-10 4-29 + 0-12

5 5 4-40 ±0-07 4-18 ± 0-10
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HERD A

HERD B

31 Oct. 9 Jan.

Date o f sampling

9 Mar.

F ig . 1 . Changes th roughout the period o f  w in te r feeding in  the p ro te in  con ten t o f  the m ilk  
of: sum m erca lv in g  anim als (Ju ly-Septem ber), — ; autum n-ca lv ing  an im als (O ctober- 
December), ---. F igures in  parentheses are the num ber o f an im als con tr ibu t ing  to  the 
mean.
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average lactose content decreased with increase in lactation number but there was 
no evidence of a more marked depression with advance in lactation in aged than in 
first lactation cows. The distribution of animals from the individual herds between 
lactation number groups was not, however, even. Two-thirds of the animals in their 
first lactation were in herd B.

E ffe c t  o f  c a lv in g  da te  o n  the tre n d  i n  p r o te in  co?itent 

Though herd mean values for milk protein content did not show a pronounced fall 
throughout the winter period, important differences in trends were observed between 
summer and autumn calving animals (Fig. 1). In ail 4  herds, animals calving in Ju ly - 
September showed a slow, progressive increase in the protein content of their milk, 
similar to previously observed trends with lactation from about the third month after 
calving (Rook & Campling, 1965). In herds B and D, however, animals calving 
October-December showed a pronounced downward trend in milk protein content 
until mid-February, only a part of which could he attributed to the normal decreases 
in protein content in early lactation. Moreover, for these 2 herds and for herd C, 
throughout December, January and February the average protein content for the 
milk of autumn-calving animals was consistently lower than that for summer
calving animals at a corresponding stage of lactation. There was no distinction 
between the calving groups in the trends in lactose content.

Table 6. T h e  in c rea se  i n  the y ie ld  a n d  p r o te in  co n ten t o f  m i lk  i n  re sp o n se  to  the fe e d in g  
o f  a n  a d d it io n a l 6 lb o f  co n cen tra tes  p e r  head  p e r  d a y

(Values reported  are the m ean difference, w ith  standard  error, between values fo r cows w h ich  
received the supp lem ent and  a com parable group o f con tro l anim als. T h e  figures in  parentheses 
denote the num bers o f p a irs  o f animals.)

Fo u rth  week o f supp lem entary feeding S ix th  week o f supp lem entary feeding

Y ie ld , Prote in , Y ie ld , P ro te in ,
Fa rm kg/day % un its kg/day % un its

A + 0 - 8  + 0 - 8 + 0-04+ 0 - 1 0  (6 ) +1-3 + 0-7 -0 -1 2  + 0-14 (6 )
B + 1-6 ±0-3*** + 0-07 + 0-04 (18) +1-9 ± 0-5** + 0-07 + 0-08 (16)
C — 0-3 + 0-6 + 0-05 + 0-09 (7) 0 -0 + 1 - 0 + 0-01 + 0-08 (7)
D + I T  ± 0 7 - 0 - 0 1  + 0 - 1 0  (1 1 ) + 0 - 8  + 0 - 8 0-00 + 0-05 (11)

** P  < 0-01. *** P  < 0-001.

R e sp o n se s  to  s u p p le m e n ta r y  fe e d in g

The increases in milk yield and protein content in response to the feeding of addi
tional concentrates in March-April are given in Table 6. With the exception of herd 
C, supplementary feeding produced small increases in milk yield and in herd B the 
effect was significant at the end of the foitrth and sixth weeks of supplementary 
feeding. The responses in milk protein content were small and variable, ranging from 
— 0-12 percentage units at the end of the sixth week of supplementary feeding in 
herd A to + 0-07 percentage units at the end of the fourth and sixth weeks in herd B : 
in no instance was the effect significant (P  > 0-05). Supplementary feeding was not 
associated with any change in lactose content.
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D IS C U S S IO N

Three of the 4 herds showed the expected fall in SNF content in the period October- 
February. There was a corresponding slight fall in protein content but there was also 
a fall in the content of lactose, and in 2 of the herds this was the main cause of the 
decline in SNF content. In each of the 3 herds a high proportion of the cows in milk 
at the beginning of the survey continued in lactation until the end of March and part 
of the decline in lactose content would arise from the normal lactational changes. 
However, the presence of known pathogens coupled with an increase throughout the 
winter period in the proportion of animals with a high cell count in their milk 
indicates that an increase in the incidence of mastitis may also have contributed to 
the decline in lactose content. Waite & Blackburn (1957) drew attention to the high 
incidence in commercial herds of animals with sub-clinical mastitis as indicated by an 
unusually high cell count in their milk, but concluded that stage of lactation had little 
effect on the numbers of cells. Recently, however, Waite (1968) has reported in older 
cows an increase from the 58th to the 163rd day of lactation in the number of quarters 
infected and in which the milk lactose content was depressed. He also observed 
in older cows a drop in milk lactose content from about the 80th to the 90th days in 
lactation which was unrelated to udder infection. This may reflect a change with age 
in the lactational curve in lactose content. Such factors may, especially in pre
dominantly autumn-calving herds, be a more common cause of a winter decline in 
SNF content than has previously been recognized.

Though the decline throughout the winter period in the herd average values for 
protein content was much less marked than had been expected, there was evidence 
that in autumn-calving animals (October-Decomber) in herds B, C and I) milk 
protein content was depressed in the first months of lactation: the values for autumn- 
calving animals during January and February were consistently lower than those for 
summer-calving animals (July-September) during October and November. If  it is 
assumed that the most likely cause of this depression was energy undernutrition, 2 
possibilities arise. There may be, through an overestimation of the nutritive value of 
autumn grazing, a tendency in some commercial herds to under-feed autumn
calving animals during the usual ‘ steaming-up ’ period and throughout the first weeks 
of lactation, which may depress milk protein content in the first months of lactation 
(Foot, Line & Rowland, 1963). Alternatively, overestimation of the quality of hay 
or silage on offer could result in a continuing undernutrition throughout the winter 
period, and the effect on milk protein content may be more pronounced in animals in 
early lactation, when milk yield may be maintained at the expense of body reserves, 
than in animals at a later stage of lactation in which the peak in yield has been 
passed.

By mid-February there was in all 4 herds a sharp upward trend in milk protein 
content in autumn-calving animals, probably the result of a lactational trend. This 
preceded the introduction of supplementary feeding which in all herds produced little 
or no change in milk protein content, confirming the reports of advisory workers in 
the field. This lack of response is puzzling in view of an immediate and marked in
crease in protein content observed with the commencement of grazing, an effect 
thought to be related to an improvement in energy nutrition (Rook & Rowland, 1959).
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Increases in milk protein content in response to additional feed energy are, however, 
known to be dependent on a specific increase in the uptake of propionate from the 
rumen (Rook & Balch, 1961). In cattle receiving a diet of spring grass, the mixture 
of acids in the rumen may contain 25 % or more (on a molar basis) of propionic acid, 
a value rarely achieved with diets of hay and proprietary or farm concentrate 
mixtures (Rook, 1964). The addition of supplementary concentrates to a basal diet 
containing a high proportion of poor quality roughage could give little or no increase 
in the production of propionic acid in the rumen and under those circumstances an 
increase in milk protein and SNF contents would not be expected.

This work was carried out under a grant from the Milk Marketing Board, to whom 
we express our thanks. Also, we are indebted to the following, for their help and 
advice: Mr A. H. Adamson and Mr W. E. Buck, National Agricultural Advisory 
Service, Government Buildings, Leeds, 16; Mr W. B. Y. Sinclair and Mr D. R. 
Williams, Veterinary Investigation Centre, Weetwood Lane, Leeds, 16; Mr G. R. 
Lax, Mr J . Chappelow and Mr J. R. Davis, School of Agricultural Sciences, Uni
versity of Leeds.
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S yn th etic  pep tid e and e ster  su b stra te s  for rennin

B y  R. D. HILL
D iv is io n  o f  D a ir y  R esea rch , C .S . I .R .O . ,  M e lb o u rn e , A u s tr a l ia  

(.R ece ived  28 M a y  1969)

s u m m a r y . Rennin hydrolysed the phe-met bond in the peptide H-ser-leu-phe-met-ala- 
OMe (i.e. methyl ester), the amino acid sequence of which is similar to that around the 
phe-met bond attacked by rennin in /c-casein. Rennin did not attack other peptides 
from this sequence not containing serine, and it is suggested that, in both /c-casein and 
the pentapeptide, the enzymic attack is accelerated by the nearby serine side chain. 
Rennin also hydrolysed sulphite esters such as phenyl sulphite ester and some N- 
substituted imidazole compounds such as benzoyl imidazole. Phenyl sulphite esters 
may be suitable substrate for assaying the activity of preparations of rennin.

One of the striking features of the behaviour of rennin (E . C . 3 .4 .4 .3) is the differ
ence between its relatively weak activity in general proteolysis and the rapidity of 
its ‘specific ’ attack upon the rennin-sensitive bond in casein. As a proteolytic enzyme 
it has an optimum at about pH 4 (v id e  Fish, 1957), whereas the specific action on 
casein remains rapid at rather higher pH values. For example, at pH 6-5 and 30 °C, 
and with an enzyme-substrate ratio of 1-20000, the attack on casein in milk can be 
completed in 1 min. The bond split in this attack has been identified as being between 
phenylalanine and methionine residues in /c-casein (Delfour, Jolles, Alais & Jolles, 
1965). In the present work it was established initially that the dipeptide phe-met, 
whether protected or not, was not attacked by rennin. In order to study the reason 
for this difference, a number of peptides simulating parts of the amino acid sequence 
around the phe-met bond in casein were prepared. From work by Jolles, Alais & 
Jolles (1962) and in our own laboratory (R. Beeby, personal communication) this 
sequence is ser-leu-phe-met-ala. A preliminary report on the action of rennin on 
peptides from this sequence has been published (Hill, 1968). This paper contains a 
more complete account of this work, as well as the results of tests on other synthetic 
substrates such as phenyl sulphite esters and N-substituted imidazole compounds.

M a t e r ia l s  a n d  M e t h o d s

All materials were of analytical reagent grade, and amino acids were chromato- 
graphically pure L-amino acids. Pronase was the pure grade, obtained from the Kaken 
Chemical Co., Tokyo, and carboxypeptidase A (E .C . 3.4.2.1), leucine amino pepti
dase (E .C .3 .4 .1 .1 .), and pepsin (E .C .3 .4 .4 .1 .) were the products of the Mann 
Laboratories, New York. Rennin used in these experiments was purified from com
mercial rennet by salt precipitation and chromatography on DEAE cellulose as



described in Hill & Laing (1967). I t  was stored as a stock solution of 0-5 % in m  NaCl 
at pH 5-4 and 3 °C.

Peptides were prepared by coupling N - o -nirrophenylsulphenyl (NPS) amino acid 
dicyclohexylamine (DOHA) salts, using dicyclohexylcarbodiimide (DCCI) as coupling 
agent, with hydrochloride amino acid or peptide esters according to the method of 
Zervas, Borovas & Gazis (1963) ,  except in the case of the peptide containing serine. 
Por this, removal of the NPS-protecting group by the recommended treatment with 
methanolic HC1 led to considerable loss of product, presumably by reaction of the 
liberated o-NPS Cl with the serine hydroxyl. This loss was avoided by treating the 
NPS-protected peptide with thioglycollic acid in pyridine (Fontana, Marchiori, 
Moroder & Scottone, 1966) which liberated the protecting group as an unreactive, 
readily separable disulphide. In these circumstances the serine peptide could be 
prepared without protecting the serine hydroxyl group. The peptide esters phe-met-, 
phe-met-ala-, leu-phe-met-ala-, and H-ser-leu-phe-met-ala-oiie (i.e. methyl ester) were 
prepared in this way. The purity of the peptides was checked by thin layer chromato
graphy (TLC) on silica gel, and the absence of racemization by digesting them with 
pronase and aminopeptidase. These peptides were digested completely by both the 
above enzymes, indicating that racemization had not occurred during preparation of 
the peptides. They chromatographed as single spots in TLC, except for the final penta- 
peptide which contained a trace of serine. Phenyl sulphite ester, and p-chlorophenyl, 
o-bromophenyl and p-br orno phenyl sulphite esters were synthesized by the method of 
Carré & Libermann (1932) .  Phenyl sulphite ester was stored as a 20 % solution in dry 
isopropanol at 3 °C. Acetyl imidazole was prepared by coupling imidazole (2 i u m ) 

with acetic acid (glacial, 2 mM in 10 ml dry methylene chloride using DCCI (2-2 i u m ) 

as coupling agent. This was found to be a more convenient method than that of Boyer
(1952)  and was also used for the synthesis of benzoyl, salicyloyl and cinnamoyl 
imidazole. Reaction was rapid, usually being complete in less than an hour, when the 
product was readily separated by filtration from the precipitated dicyclohexyl urea. 
After removal of solvent i n  va cu o , the product was stored in a desiccator over P 20 B.

For the tests of the action of rennin on the peptides, solutions of approximately 
2 mM in peptide concentration and 0-01 N  in sodium acetate were adjusted to the 
desired pH with acetic acid. They were treated with rennin, approximately 10~6 m , 

at 3 0  °C. The extent of reaction was estimated by assaying the liberated amine 
groups using trinitrobenzenesulphonic acid (TNBS) according to the method of 
Harmeyer, Sallmann & Ayoub (1968) except that the absorbance of the TNBS pro
ducts was measured at 4 3 0  nm, not 360  nm. The progress of the reaction was also 
followed by TLC of the reaction mixture on silica gel in chloroform-methanol (7:3) 
butanol-acetic acid-water (4:1:1), phenol-water (75:25) and propanol-ammonia 
(7:3). Controls were similarly assayed and chromatographed.

The reaction between rennin and the phenyl sulphite esters or the substituted 
imidazole compounds was followed either in a pH stat (Radiometer Titrator 
TTT 1C and Titrigraph SBR 21 c) at pH 3 - 5 - 4  and 30  °C or in the case of the phenyl 
sulphite ester by observing the increase in the absorbance at 2 70  nm and at 25 °C 
as phenol was released by the rennin. Rennin concentrations were about 1 0 ~ 6 m . 

Because of the limited solubility (about 1 0 ~ 4 m ) of these substrates, the solutions in 
the pH stat experiments were unbuffered in order to obtain maximum sensitivity

4 1 0  R .  D .  H i l l
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in detecting the hydrolysis. When the reaction was followed spectrophotometrically, 
the solutions were buffered with glycine-HCl rather than with acetate buffers, as it 
was found that the hydrolysis of phenyl sulphite ester was catalysed by acetate ion. 
In calculating rates of enzymic hydrolysis, allowance was made for the non-enzymic 
hydrolysis determined in control solutions.

u  , , , R E SU L T S
Jrep tide  su b stra tes

For the peptides phe-met-, phe-met-ala-, and H-leu-phe-met-ala-OMe, the rates of 
reaction with rennin were negligible, little or no reaction being detectable by TLC 
or by the TXBS assay after several days at pH 3-7 or 5-9 and 30 °C. In the case of the 
leucine tetrapeptide, the TXBS assay indicated that one bond was split after 40 days 
at room temperature, but it is difficult to assign much significance to this result. By 
contrast, the pentapeptide H-ser-leu-phe-met-ala-OMe was hydrolysed moderately 
rapidly at pH 3-7 and 4-7, the time for half reaction being approximately 4 h at 
pH 3-7 and 3 h at pH 4-7. The reaction was somewhat slower at pH 5-9 (half-time 
12 h) and no reaction was detectable at pH 6-3. The reaction did not follow first 
order kinetics, but after an initial rapid reaction in the first 10-15 min, the rate of 
reaction dropped off rapidly suggesting a possible competitive inhibition of the 
enzyme by products of the reaction. Tests made on portions of the reaction mixture 
showed that the rennin did not suffer any permanent inhibition as it remained fully 
active in coagulating a standard skim-milk substrate (Berridge, 1952). When the 
rennin action was completed, the TXBS assay indicated that one bond only had 
been split by the rennin. This was confirmed by TLC, which showed that the reaction 
mixture contained two peptides (with R F  values in 75:25 phenol-water of 0-80 and 
0-30) in place of the original pentapeptide of R F  0-95. The new C-terminal amino acid 
formed as a result of the rennin action was released by treating the reaction mixture 
with carboxypeptidase A at pH 8. TLC of the products showed that the amino acid 
first released was phenylalanine. This was identified by comparison with standards 
chromatographed on silica gel in butanol-acetic-water (4:1:1), phenol-water (85:15) 
and propanol-ammonia (7:3) (v id e  Brenner, Xiederwieser & Pataki, 1962) in order 
to distinguish between phenylalanine, leucine, and methionine. The initial release of 
phenylalanine showed tha t the bond split was the phe-met bond, and the action by 
rennin was limited to this. As previously stated, all the foregoing peptides were com
pletely digested by pronase at pH 9, and by leucine aminopeptidase at pH 8 and 30 °C.

The value of K m for the action by rennin on the pentapeptide was estimated from 
a series of tests in which the rennin concentration was 10-6 M, the substrate concen
tration ranged from 1-3 x  10~3 M  to 1-7 x  10-4 M, and the initial velocity was taken as 
the average velocity over the first 10 min. Under these conditions, K m was found 
from a Lineweaver-Burk plot (1934) to be 4+2m .M  (Fig. 1), the accuracy of the 
estimate being reduced by the limited solubility of the substrate.

S u b s t i tu te d  im id a zo le  c o m p o u n d s

The first substituted imidazole to be tested was acetyl imidazole, and this did 
show an enhanced rate of hydrolysis at pH 3-7 and 21 °C on the addition of rennin. 
Unfortunately, the rate of non-enzymic aqueous hydrolysis was so rapid that

Synthetic pejptide and ester substrates fo r  rennin
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quantitative work on the enzymic hydrolysis was difficult. Other acyl imidazoles such 
as benzoyl, salicyloyl, isobutyryl and cinnamoyl imidazole were prepared in an effort 
to obtain a material more stable towards aqueous hydrolysis and having a structure 
tha t might favour binding on the rennin. Like acetyl imidazole, the rate of hydrolysis

Fig. 1. Lineweaver-Burk plot for the action of rennin on ser-len-phe-met-ala-OMe. 
Conditions— rennin 10~8 m ,  in 0-01 n  sodium acetate at p H  4-7 and 30 °C.

of benzoyl was enhanced by the addition of rennin. For example, when 22 mg of 
benzoyl imidazole in 2 ml of chloroform was added to 10 ml of water maintained in 
the pH stat at pH 3-7 and 22 °C, and the aqueous phase stirred to maintain a 
saturated solution of benzoyl imidazole, the rate of proton uptake due to the aqueous 
hydrolysis alone was 7-4 x 10 6 moles/h. On adding rennin (0-25 mg) the proton 
uptake was 20 x 10~6 moles/h. The aqueous hydrolysis of the isobutyryl and sali
cyloyl imidazole was inconveniently rapid, while that of cinnamoyl imidazole was 
unaffected by rennin. At pH 3-7 the rennin was not inactivated by the cinnamoyl 
imidazole. Although there were definite effects by rennin on the hydrolysis of the 
acetyl and benzoyl imidazole, the relatively rapid aqueous hydrolysis caused pro
blems of storage and difficulty in obtaining reproducible results.

P h e n y l  s u lp h ite  esters

Reid & Fahrney (1967) have shown that phenyl sulphite esters are good sub
strates for pepsin, and in view of the similarity in specificity between pepsin and 
rennin it seemed possible that rennin also might act upon them. This proved to be 
the case. Of those tested, v iz . phenyl, o-chlorophenyl, o-bromophenyl and p -



bromophenvl sulphite esters, the p-bromophenyl ester formed the best substrate for 
rennin. as it was for pepsin (Reid & Fahrney, 1967).

However, the phenyl sulphite ester was a more convenient substrate than the p -  
bromophenyl sulphite, being more soluble and less prone to form micelles at con
centrations near 10 4 m. Figure 2 shows the course of the reaction at pH 3-7 and 
25 °C between rennin and the ester, together with curves showing the hydrolysis in 
control solutions. The rate of the non-enzymic hydrolysis, while not negligible, is 
small compared with that caused by the enzyme. The rate of the latter was found to 
be directly proportional to rennin concentration in the range 0-25-1 x 10-6 m , and to 
substrate concentration in the range 0-2-1-2 x 10 4 m . As with pepsin, the failure to 
observe Michaelis and Menten kinetics is no doubt due to the value of K m for the

Synthetic peptide and ester substrates fo r rennin  4 1 3

T im e, m in

Fig. 2. Action of rennin on phenyl sulphite ester at p H  3-7 and 25 CC. C , Control adjusted to 
pH  3-7 with HC1 only; 0 ,  control adjusted to pH  3-7 with 0-032 n glycine-HCl; A . as for 0 .  
but containing 0-85 x 10~6 M rennin inactivated by boiling 1 m; A , as for 0 ,  but containing 0-85 
x 10~6 M active rennin. Concentration of phneyl sulphite ester 1-3 x 10-4 m .

reaction being considerably in excess of the limiting solubility (cf. Reid & Fahrney,
1967). At 25 °C, over-all rate constants for the reaction showed a broad optimum in 
the pH range 3-7-4, where optimum proteolytic activity also is shown (Fish, 1957). 
The over-all rate constant in these conditions is 35-40 x 1021. mole-1. m i n 1 and is 
about one third of that foundfor pepsin (Reid & Fahrney, 1967). At pH 4-7 the value 
of the rate constant dropped considerably, to 8 x 1021. mole 1. min A As stated earlier 
the hydrolysis was also catalysed by acetate ion, KCIl3C00_ being 0-7 1. mole-1 , min A 
An acetate ion concentration of about 10-2 M  can therefore cause a rate of hydrolysis 
comparable to that caused by 10 B m rennin.

26 Dairy Res. 36
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DISCUSSIOiT

The work described in this paper was mainly concerned with the nature of the 
rennin-sensitive bond in casein. There were, however, other points of interest, such as 
the desirability of providing a practical synthetic substrate for use in assays of rennin 
activity. At present, these assays are made using reconstituted skim-milk as a sub
strate (Berridge, 1952) so that there is no absolute standard for the measurement of 
activity. Considering the compounds on which rennin was found to act in the present 
study, the phenyl sulphite esters appear to offer the best prospect for developing 
such a standard substrate. Unlike the pentapeptide substrate, they are readily pre
parable, and although sensitive to moisture, can be stored in dry isopropanol, for 
example, at 3 °C for many months without deterioration. The solubility of these 
esters, however, is small, and relatively sophisticated techniques are therefore needed 
to measure the activity of the enzyme. In  order to develop a simple assay for use in 
industry, it would appear desirable to modify the substrate so as to increase its 
solubility or increase the sensitivity of the test. One possible way of obtaining in
creased sensitivity might be to prepare a sulphite ester having as one component 
a fluorescent alcohol, similar to the substrates developed for other enzymes by 
Guilbault (v id e  Guilbault & Sadar, 1968).

Rennin is very similar to pepsin in its specificity (Foltmann, 1966) and the action 
by rennin on the sulphite esters is further evidence of this. Like pepsin, rennin has 
recently been shown to possess an active centre carboxyl group (Stepanov, Lobareva 
& Mal’-Tsev, 1968), while Reid & Fahrney (1967) have presented evidence tha t the 
action of pepsin on the sulphite esters might involve the formation of a mixed anhy
dride between an enzyme carboxyl and the sulphite ester. In this connexion it is 
worth noting that, although the rate constant for the enzymic hydrolysis is about 
6000 times greater than that for the acetate-catalysed reaction, the hydrolysis of the 
sulphite ester is nevertheless appreciably catalysed by acetate ion.

The tests with the substituted imidazoles were undertaken because it was con
sidered that they should form suitable substrates for investigating the role of the 
(possibly) cata-lytically active lysine (Hill & Laing, 1967) in the action of rennin. 
Although enzymic activity could be demonstrated, it appears that a different approach 
to this problem will be needed.

The fact that rennin either does not act, or acts very slowly upon the peptides 
phe-met-, phe-met-ala, and H-leu-phe-met-ala-OMe while reacting readily with the 
peptide H-ser-leu-phe-met-ala-OMe to split the phe-met bond, suggests rather strongly 
that the attack upon this bond is catalysed by the serine side chain. An alternative 
possibility is that the serine is concerned in the binding of the substrate to the enzyme. 
However, in its attack upon the B chain of insulin (Fish, 1957), rennin hydrolyses 
only those bonds adjacent to hydrophobic side chains; these chains and not serine 
are therefore the likely binding sites for the enzyme. Moreover, rennin does not 
appear to possess a catalytically active serine residue (Hill & Laing, 1967) and it is 
therefore possible that the serine in the substrate supplies a function lacking in the 
enzyme.

Although the pentapeptide simulates a part of the sequence in the if-casein, the 
attack by rennin upon the phe-met bond in if-casein is very much (~ 103) faster than



4 1 5

its attack upon the similar bond in the pentapeptide. The effect of the serine must 
therefore be regarded as a part only of the reason for the rapidity of the attack on the 
bond in casein. The value of K m obtained for the action on the pentapeptide sub
strate was 4 mM, while in casein itself the rate of reaction is linear with casein con
centration up to 9% (R . D. Hill, unpublished) or almost 1 mM, assuming 1 mole of 
x-casein/105 g casein. The value of K m for the reaction with casein must therefore 
be somewhat in excess of 1 mM, so that the strength of the binding of the enzyme to 
the pentapeptide substrate must be similar to that of its binding to casein. Better 
binding between enzyme and substrate is therefore an inadequate explanation for 
the rapidity of the action on casein. In  addition, it is necessary to account for the 
fact that the rate of the action on the pentapeptide substrate had dropped to zero 
at pH 6-3, whereas the action on casein is still rapid at pH 6-5 and above. In the pre
liminary report, evidence was presented that an additional catalytic effect may be 
provided by a histidine side chain, and from experiments on fibrinogen it was further 
suggested tha t similar structures might exist near the sensitive bonds in other pro
teins (Hill, 1968). Since this report was published, Jolles, Alais & Jolles (1968) have 
given the amino acid sequence of a tryptic peptide from A'-caseiri, containing the 
phe-met bond. They differ in the position ascribed to the serine residue, but report 
the presence of 2 histidines removed 4 and 7 residues, respectively, from the phe-met 
bond. This is in accord with the suggestion that histidine residues may have a par
ticular role in rendering this bond sensitive to the action of rennin.

I t  is a pleasure to acknowledge the helpful discussions on peptide chemistry with 
Dr F. Stewart, of the C.S.I.R.O. Protein Research Division, Melbourne, and on phenyl 
sulphite esters with Dr T. P. Stein and Dr D. Fahrney of the University of California, 
Los Angeles.

This project was supported in part by U.S. Public Health Service Research Grant 
UI-00271 from the National Center for Urban and Industrial Health, and by C.S.I.R.O. 
Division of Dairy Research, Melbourne.
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T h e in terrela tio n sh ip  of the v isco s ity , fat con ten t and  
tem p eratu re  o f crea m  b etw een  40° and 80 °C

B y  L .  W .  P H I P P S

N a t io n a l  I n s t i tu te  f o r  R e se a rc h  i n  D a ir y in g ,  S h in f ie ld , R e a d in g  

(R ece ived  2 J u n e  1969)

s u m m a r y . The dynamic viscosity coefficients rj of creams containing up to 50% fat 
have been determined at temperatures of approximately 40, 50, 60, 70 and 80 °C. All 
the creams behaved as Newtonian liquids, the shear stress being proportional to rate 
of shear up to the maximum rate used of 100 sec-1. At a given temperature a linear 
dependence of log y  on (r/> + %5/3) was obtained for <j) < 0-4, where <j> is the concentration 
(w/w) of fat. Interpolation formulae have been derived to enable y  to be calculated at 
any temperature between 40 and 80 °C and for any fat content up to 40 %. Formulae 
for the density p  of cream have also been deduced to permit kinematic viscosities 
y ip  to be computed. Nomograms have been constructed to enable y  and p  to be readily 
determined without the use of the interpolation formulae and when slight loss in 
accuracy is unimportant.

IN T R O D U C T IO N

Recent consideration has been given to the physical properties of milk and cream 
at high temperatures, particularly to the flow characteristics and their relation to 
the degree of fat globule disruption which occurs when these fluids pass through a 
homogenizer. To identify laminar, transitional or turbulent flow requires a knowledge 
of a fluid’s viscosity. With cream, the viscosity is highly dependent on the fat con
tent and temperature but no definite relationships have been reported over the ranges 
of these variables appropriate to the present studies.

The form of the relation between the dynamic viscosity coefficient y  of an oil-in
water emulsion and the fraction <p of the dispersed oil phase is not immediately 
apparent, for although several equations have been proposed they have proved of 
limited application (Sherman, 1962). However, the experimental results of Leviton & 
Leighton (1936) on the viscous properties of emulsions containing milk fat are par
ticularly relevant. An extension of an equation applicable to dilute emulsions and 
derived theoretically by Taylor (1932) was found to describe their results, viz:

l0 g e l  =  2 -5 +  /3 +  1/3
Vo V f +  V  o

where y 1 and y 0 are the viscosities of the dispersed oil or fat phase and the continuous 
medium, respectively. The relation is essentially empirical and contains no terms to 
account for the deformation and interaction of fat globules (Schowalter, Chaffey &



4 1 8 L .  W .  P h i p p s

Brenner, 1968). This equation was found to apply to milk-fat emulsions of various 
values of </> up to 0-365 (w/w) and with continuous media consisting of different con
centrations of separated milk. Viscosity measurements were made at one temperature 
(64 °C) only, that is, with r¡f constant, but by varying the composition of the con
tinuous phase, concomitant changes in ?/0 were produced and confirmation was 
obtained of the validity of the factor 2-5 {V f+ ^ V o l5 )l(V f +  Vo) deduced by Taylor.

Curvilinear relationships between the temperature and the viscosity of milk and 
cream may be deduced from the data in the literature but no single mathematical 
equation would appear to apply over wide ranges of temperature.

The present paper describes an investigation into the dependence of the viscosity 
and the density of cream upon its fat content over the range 0-50 % (</> = 0-0-5) and 
upon temperature between 40 and 80 °C. These ranges were chosen so as to be com
parable with those previously used in a study by Goulden & Phipps (1964) of factors 
affecting the homogenization process. The results are presented in the form of 
empirical equations from which viscosity and density values may be interpolated. 
In addition, the equations have been transformed into nomograms to enable rapid 
interpolations to be made.

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

C re a m  sa m p le s . Cream was separated from fresh, bulked milk from the Institute’s 
farm and aliquots were immediately diluted and gently mixed with the separated 
milk in various proportions to give a series of cream samples of different fat contents 
ranging from 0 to about 50 %. These samples were analysed for fat content (w/w) by 
the Gerber method (British Standards Institution, 1955) and for total solids by a 
gravimetric method (British Standards Institution, 1963), the solids-not-fat (SNF) 
being obtained by difference. The SNF percentages of the various separated milks 
were rather higher than the average of 8-7 % for commercial supplies in England and 
Wales (Rook, 1961). However, these differences and the small influence of natural 
variations in SNF attributable to the season, breed of cow and other factors were 
ignored and no allowance was made in the equations that follow for variations in the 
composition of the serum component of the cream samples.

Immediately before determining its viscosity, each cream sample was de-gassed 
under reduced pressure at approximately the temperature selected for measurement; 
this treatment prevented gas bubbles from interfering with the measurements.

V isco m eter . A Couette-type rotary viscometer was used (Fig. 1) consisting of 2 
stainless steel coaxial cylinders, the outer one A (inside diam. 2-16 cm) capable of 
rotation and the inner one B (outside diam. 2-0 cm) suspended by a phosphor-bronze 
torsion wire C (40 swg); the annulus between the cylinders was filled with the fluid to 
be tested. Damping of the suspended cylinder could be controlled by adjusting the 
depth to which a thin, cylindrical Perspex ‘sk irt’ D attached to the suspension was 
immersed in a static trough E of Silicone fluid; further control of damping was 
possible by altering the viscosity (about 10 cP) of the Silicone fluid. The ‘skirt ’ also 
sealed off the interior of the viscometer and prevented continuous evaporation of the 
liquid under test. A pointer attached to the suspension and in register with a fixed 
circular scale F  graduated in degrees indicated the angular deflexion of the inner 
cylinder upon rotation of the outer one.
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The temperature of the viscometer was regulated by the thermostatically con
trolled, independently stirred, oil bath G and the adjustable air heater H. The latter 
was adjusted for each run to equalize the temperature of the air in the enclosed space 
and tha t of the liquid under test, thereby preventing condensation of liquid on the 
under surfaces of the Perspex disk J. Temperatures were measured with calibrated 
copper/constantan thermocouples of 40 swg wires and a vernier potentiometer 
(W. G. Pye Ltd., Cambridge). A thermocouple for measuring the temperature of the 
liquid was cemented with Araldite into the wall of the inner cylinder at about its 
midheight. The wire leads were led through a channel inside the cylinder, out of a 
hole in the stem and bent over to bring their bared ends close to the platform K.

Viscosity, fa t content and temperature of cream

C

F ig . 1. Schem atic d iagram  of viscom eter. N o t  d raw n to scale. A, O uter c y lin d e r; B, inner c y lin d e r; 
c, to rs ion  w ire; D, Perspex ‘ s k ir t ’ ; E, trough; F, scale; G, o il-bath; H, a ir heater; j ,  Perspex d isk;
K, platform.

Temperatures could then be measured at any time that the inner cylinder was 
stationary, whether deflected or not, by connecting the wires to their appropriate 
extension leads from the potentiometer by special clips; the connexions produced no 
extraneous thermoelectric effects. The measurements of fluid temperature were con
sidered accurate to ±0-1 °C.

Uniform speeds of rotation of the outer cylinder of 5-75 rev/min could be obtained 
giving a range of shear rates of approximately 7-100 sec-1. Rotational speeds were 
given directly in rev/min on a TSA 3436 digital frequency meter (Venner Electronics, 
New Malden, Surrey) which was coupled to a photo-electric transducer device (Hird 
Brown Ltd., Bolton, Lancs) monitoring the speed of the drive-motor.

V isc o m e te r  c a lib ra tio n  a n d  v is c o s ity  m e a su re m e n ts . The assembled apparatus was 
brought to thermal equilibrium at the temperature at which viscosities were to be
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measured and calibrated by introducing de-gassed, pre-warmed, distilled water (8-5 
ml) and measuring angular deflexions (degrees) of the suspension for several cylinder 
speeds; the experiment was repeated with a fresh sample of water. The temperature 
of the water in the viscometer was measured before and after each run; changes 
during a run with either water or cream were usually less than 025 °C.

For a deflexion a  corresponding to a rotational speed N  the viscosity // of the liquid 
under test was given by

?/ = K o c jN , (2)
where K  is a constant embodying the torsional constant of the suspension wire and a 
factor which is a function of the geometry of the apparatus. With water, a New
tonian liquid, a plot of a  versus N  at constant temperature was linear. K  was deter
mined by substituting the measured slope (i.e. a/iV) of the best fitting straight line 
to these data into equation (2) together with the appropriate viscosity for water inter
polated from tabulated values (Kaye & Laby, 1956). The average value of K  from the 
2 experiments was taken to be the calibration constant. K  values were reproducible 
to within 1 % up to 60 °C and to 2 % a t higher temperatures.

Calibration was immediately followed by measurements at the same temperature 
on each of the freshly separated, de-gassed creams. Since all cream samples showed 
Newtonian behaviour up to the maximum shear rate possible, a mean value of <x/iV 
was determined for each sample as before and the viscosity coefficients (in cP) 
determined from equation (2),: using the known value of K .  The mean of duplicate 
determinations o f y  was obtained for each filling of the viscometer. Two sub-samples 
of each cream were tested and the 2 results for y  averaged to give the accepted value. 
The absolute accuracy of the measurements is difficult to assess but the variation 
between sub-samples of a cream was within + 3-4 % with only 4 exceptions showing 
discrepancies up to 11 %. The viscosities of 7 or 8 cream samples were measured at 
each of the temperatures 40, 50, 60, 70 and 80 °C.

The customary precautions associated with this type of viscometry were taken to 
minimize errors.

D e n s i ty  m e a su re m e n ts . The density of each de-gassed cream sample was determined, 
using pyknometers of 5 ml capacity, at the temperature at which the sample’s 
viscosity was measured. Duplicate measurements were made and averaged.

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

V is c o s ity  coeffic ien ts

The combined effects of de-gassing and holding at high temperatures produced a 
slight ‘oiling-off’ of the fat in some cream samples but this seemed to have no in
fluence on the results. By introducing pre-warmed cream into the thermally stabilized 
viscometer, the time for thermal equilibration after filling was kept short and effects 
due to the upward settling of fat were minimized. Since prolonged heating might 
change the cream’s protein structure and affect its viscosity (Whitaker, Sherman & 
Sharp, 1927; Caffyn, 1951) measurements were made rapidly; if results were not 
obtained within about 10 min of assembling the apparatus, the experiment was 
abandoned.

Over the range of shear rates available all cream samples at all the temperatures
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exhibited Newtonian behaviour, that is, the shear stress (proportional to deflexion a )  
was directly proportional to the corresponding shear rate (proportional to rotational 
speed N ) .  This contrasts with the non-Newtonian properties of cream of about 50 % 
fat content at 20 °C (Prentice, 1967). Experimental difficulties prevented viscosity 
measurements at the high rates of shear that can occur in a homogenizing valve but 
it would seem reasonable to assume Newtonian behaviour of cream in such circum
stances, provided the temperature is greater than 40 °C and the fat thus in the molten 
state, and to regard the present viscosity values as appropriate at high shear rates, 
too.

Many trial fits, both graphical and numerical, were made of the data to equations 
considered likely to represent the interrelationship of r/ and <f> a t constant tem
perature. The form of the empirical equation (1), omitting the term <f)ul3 which gave 
an over-correction of curvature, was found to give an acceptable fit at all the tem
peratures provided <j> < 0-4. The equation to the straight lines, therefore, may be 
written as

logio V  =  A { f  +  ^ )  +  log10?/0, (3)

where 9/0 (cP) is the viscositj^  of the continuous medium, i.e. the separated milk. The 
slopes A  of the lines and the intercepts log10 % on the axis of log10i/ ((f) = 0) are both

Viscosity, fa t content and temperature of cream

functions of temperature. Regression analyses of the data obtained at each tem 
perature showed A  to be linearly related to the temperature 0  (Eig. 2), the equation to 
the regression line being given by

A  =  1-2876 + 1T07 x 10~4 6, (4)
where 6  is in deg C. The similarities of equations (1) and (3) suggest that their slopes 
might be related, but the magnitude and variations of A  in the present experiments 
appeared to be unrelated to those of the corresponding factor 2-5 ( 7 j f +  2%/5)/
(V f +  Vo)-

The values of log % were found to be inversely proportional to temperature, and 
the regression line between 40 and 80 °C was calculated to be

log10% = 0-7687 (103/ T ) - 2-4370, (5)
where the temperature T  here is in °K. This equation represents the experimental 
data to rather better than ±0-5%; it is also a very good representation of the
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viscosity values for separated milk (8-96% total solids) in the same temperature 
range given by Whitaker et a l. (1927). I t  may be noted that, for a constant value of % 
the variation of the right hand side of equation (3) with temperature is dominated 
by the variation in log10?/0 and as with this term, therefore, there is a linear dependence 
of log109? for cream upon 1/temperature.

Clearly, the viscosity coefficient (in cP) of a cream at a chosen temperature may be 
determined by interpolating values for A  and log10?/0 with equations (4) and (5) and 
substituting these and the appropriate (¡> value into equation (3). The experimental 
results can he reproduced with the equations to within ± 3-6 %.

There are only a few pertinent data in the literature with which to compare the 
above results. For milk, the data obtained by Caffyn (1951) on homogenized milk (no 
fat or SNF percentages given) have been considered. The effects upon the viscosity 
of milk of any fat clustering and of a reduction in fat globule sizes brought about by 
homogenization are likely to be very small at temperatures above 40 °C (cf. Leviton 
& Leighton, 1936, on cream) and may be neglected. Good agreement (within 3%) 
was found between the viscosity values for milk computed with equation (3) at 40,
50,... 80 °C, assuming a fat content of 3-5 % {(¡> =  0-035), and values determined with 
a polynomial expression (Cox, 1952) representing Caffyn’s data. On the other hand, 
agreement is not so good in the case of the figure at 40 °C on whole milk given by 
Spottel & Gneist (1941-3), which is 10 % lower than predicted by equation (3), while 
Tapernoux & Vuillaume’s (1934) value at 40 CC is 4%  higher.

Comparisons with data on cream are less rewarding. The values for the viscosities 
of cream at different temperatures determined by Betseher (1960) must be highly 
suspect in view of the very large differences in the viscous behaviour of cream which 
he found with different instruments. All the viscosity values above 40 °C obtained 
with the one instrument that he favoured (Gardner Mobilometer) were very much 
lower for milk and cream of 10, 25 and 40 % fat content than would be predicted by 
equation (3). Examination of Leviton & Leighton’s (1936) single set of results per
taining to normal cream shows that the continuous medium of skim-milk they used 
(no SNF % given) had a viscosity (0-644 cP) at 64 °C which is about 8 % lower than 
would be given by equation (5). By putting y 0 = 0-644 in equation (3) the anomaly 
is removed but, nevertheless, experimental and predicted viscosities show progres
sively worse agreement with increasing fat percentage. For example, relative to 
estimated values, their measured viscosities of cream containing 9-1, 18-3 and 36-5 % 
(w/w) fat are about 4, 7 and 16% lower, respectively.

I t  would be difficult to find explanations for the numerical discrepancies revealed 
by these various comparisons but undoubtedly different experimental techniques 
would seem to play a large part.

D e n s i ty  v a lu e s

Assuming an average and constant composition for the serum component of the 
cream samples, the density of a cream of fat content </> at a constant temperature 
will be given by

P  =  P 0 - ( P 0 -Pf)< l> ’ (6 )

where p 0 and p f  are the densities of the serum and the milk fat, respectively, appro
priate to the temperature; at all temperatures considered p 0 > p f . As in equation (3)



there are 2 temperature-dependent terms (P o ~ P f) andPo which can be shown to vary 
in a fairly simple way with temperature.

Linear plots of measured values of p(g/ml) versus <p (w/w) at each temperature 
were obtained as predicted by equation (6). Scatter of the results about the best 
fitting lines was attributed mainly to small percentage changes in sample composition 
upon de-gassing and to the fact that the accuracy of the chemical analyses of the 
samples was inferior to that of the method employed for density measurements. 
Consequently, the slopes (p 0 —p f ) of the lines over the limited range of f  values 
covered did not vary monotonically with temperature as might have been expected.
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However, by a very slight re-location of the lines so that they passed through the 
points representing the density values given by Whitaker et a t. (1927) for p f  at 
<p = 1-0 (by extrapolation) and p 0 at f  = 0, convenient relations for (p 0 —p f )  and p 0 
were obtained.

A linear dependence of (P o ~ P f) on 1/temperature was found (Fig. 3) and being 
based on the results of Whitaker et a l. (1927), their tabulated figures at intervals of 
5 deg C have been used in calculating the following equation to the regression line

(p0 - p f ) = 0-1337-0-4755¡6, (7)
where 6  is in deg C.

Whereas p 0 is approximately proportional to 6, a quadratic equation was found to 
fit the data more closely. The following relation was deduced using the method of 
least squares

p 0 =  1-0382-0-0017(6». 1 0 -1)-0-0003(6» .10-1)2. (8)



W ith this equation the figures of W hitaker et al. (1927) for separated milk can be 
reproduced to within + 0-01  %.

Using equation (6 ) in conjunction with equations (7) and (8 ), the experimental data 
for the densities (g/ml) of cream determined in the present investigation may be 
reproduced to within + 0-45 %.

Nomograms
Both equations (3) and (6 ) may be represented by nomograms of Class III , Genus 1 

(Allcock & Jones, 1950), each of 3 loci comprising 2  parallel straight lines and a 
curve. These loci have been computed and are plotted in Figs 4 and 5. Thus, a t the 
expense of a slight loss in accuracy the somewhat tedious calculations required to 
compute 77 or p when applying the equations may be avoided by a single alignment of 
a straight edge across the nomogram in the usual way to connect interrelated 
quantities.

A composite nomogram could be constructed to enable the kinematic viscosit}'
(7)lp) to be read off, bu t this would require a multiple straight edge alignment and 
would be hardly more advantageous than  separate determinations of 7] and p from 
Figs 4 and 5 and a calculation of their ratio.

I  thank Mr F. A. Glover for permitting modifications to, and the use of, his visco
meter. I  am indebted to colleagues in the Experimental Dairy and the Chemistry 
Departm ent for, respectively, supplying milk and carrying out chemical analyses of 
the cream samples, and to  Mr J. Burnett and Mr M. Gowing for their technical 
assistance.
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Fig. 4. Nomogram for computing viscosities of cream. A straight edge placed across the 
diagram passes through the 3 interrelated quantities, viscosity, fat percentage and temperature.
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Density, g/ml.

Fig. 5. Nomogram for computing the densities of cream. A straight edge placed across the 
diagram passes through the 3 interrelated quantities, density, fat percentage and temperature.
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Milk-clotting and proteolytic activities of rennet, and 
of bovine pepsin and porcine pepsin

B y P. F. FO X
National Dairy Research Centre, The Agricultural Institute, 

Fermoy, Co. Cork, Irish  Republic

(Received 3 June  1969)

s u m m a r y . The milk-clotting and proteolytic activities of rennet, bovine pepsin and 
porcine pepsin were compared. The milk-clotting activity of porcine pepsin was 
extremely pH-dependent around pH  6-6 and coagulation did not occur above 
pH 6-68. The clotting activity of bovine pepsin was slightly more dependent on pH 
than  th a t of rennet but no rapid drop-off in activity occurred as with porcine pepsin. 
Temperature influenced the clotting activity of rennet and bovine pepsin similarly 
bu t the behaviour of porcine pepsin was markedly different.

For equal milk-clotting activity, the proteolytic activities of rennet and bovine 
pepsin were approximately equal and substantially lower than  th a t of porcine pepsin. 
Electrophoretic examination showed th a t the proteolysis products of rennet and 
bovine pepsin were similar and quite different from those produced by porcine 
pepsin.

The suitability of bovine pepsin as a rennet substitute is discussed.

Rennet, extracted from the abomasa of young suckled calves, has traditionally 
been used for the coagulation of milk for cheese-making. The characteristic of rennet 
(rennin) which makes it so suitable for cheese manufacture is the high ratio of its 
milk-clotting to proteolytic activity. Rennin exhibits a high degree of specificity 
which results in its very limited ability to  hydrolyse protein substrates (Fish, 1957; 
Bang-Jensen, Foltm ann & Rombauts, 1964).

In  recent years the supply of rennet has decreased while the demand for it  has 
increased. Accordingly, scientists have been actively seeking an enzyme with high 
milk-clotting and low proteolytic activities which could be used satisfactorily as a 
rennet substitute. Most, if not all, proteases are capable of coagulating milk under the 
correct conditions but many break down the curd too quickly and too extensively. 
This does not apply to  pepsin which, either alone but more frequently in admixture 
with rennet, has proved satisfactory and is now widely used in the manufacture of 
Cheddar and other varieties of cheese (Melachouris & Tuckey, 1964; Babel, 1967; 
Chapman & Burnett, 1968).

Pepsin replaces rennin as the principal gastric enzyme of the bovine within a 
relatively short time after birth. Although bovine pepsin in the form of ‘rennet ’ from 
older calves or adult cattle has occasionally been used, the pepsin generally used in
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cheese-making is th a t prepared from the stomach mucosa of the pig. I t  is reasonable 
to assume th a t bovine pepsin is a t least as closely related to bovine rennin as is 
porcine pepsin. This paper reports the results of a preliminary study in which the 
milk-clotting and proteolytic activities of rennet, bovine pepsin and porcine pepsin 
were compared.

EXPERIMENTAL

Enzymes
Rennet. Hansen’s commercial rennet was used, suitably diluted and standardized 

to give a coagulation time of about 6 min in milk a t pH  6-6 and 32 °C.
Porcine pepsin. Powdered porcine pepsin (1:2500) obtained from British Drug 

Houses L td  was used. I t  was dissolved in water a t a concentration such th a t 50 /¿I 
of the resultant solution coagulated 5 ml of milk a t pH 6-6 in about 6 min a t 32 °C.

Bovine pepsin. A crude preparation of bovine pepsin was prepared by the following 
procedure: the mucosal lining of a washed bovine stomach was removed and ex
tracted  in a 10% NaCI solution for 3 days at 3 °C. Insoluble material was removed 
by filtration. The pH  of the filtrate was adjusted to 4-0 a t which a heavy gelatinous 
precipitate formed and was removed by centrifugation. The supernatant was held 
overnight in the cold to activate the pepsinogen. The pH  was then adjusted to 6-0 and 
the solution made to 25 % saturation with (NH4)2S04. The small amount of inactive 
precipitate which formed was removed by centrifugation and discarded. The con
centration of (NH4)2S04 in the supernatant was increased to  50 % saturation. The 
precipitate which formed contained most of the milk-clotting activity. I t  was 
recovered by centrifugation, dissolved in 0-02 m phosphate buffer of pH  6-0, dialysed 
against the same buffer until free from (NH4)2S04 and stored at — 20 °C. As yet, no 
attem pt has been made to quantify the recovery obtained by this procedure.

Measurement of milk-clotting activity
Fresh, skimmed herd milk was used. Unless otherwise specified, the pH  of the milk 

was adjusted to  6-6 if necessary. Coagulation times were determined in a therm o
statically controlled w aterbath using a rocking device similar to th a t used by Sommer 
& H art (1919).

Measurement of proteolytic activity
Sodium caseinate, buffered in 0-1 m sodium phosphate, was used as substrate 

throughout. The caseinate was pasteurized a t 60 °C for 30 min and saturated with 
toluene as a preservative. The enzymes were added a t the levels described above, i.e. 
sufficient to give coagulation times of about 6 min in milk a t pH 6-6 and 32 °C. 
Proteolytic activity a t pH  5-5 and 32 °C was measured by changes in the nitrogen 
soluble in 2 % trichloroacetic acid (TCA), determined by the micro-Kjeldahl method 
(NPN). Changes in the electrophoretic patterns of casein in polyacrylamide gels 
were also used as an index of proteolysis.

Gel electrophoresis
A vertical-gel electrophoresis apparatus (E. C. Apparatus Corp., 220, S. 40th 

Street, University City, Philadelphia, Pennsylvania) was used. Electrophoresis was 
carried out as described by Thompson, Kiddy, Johnston & Weinberg (1964). Samples



for electrophoresis were prepared by mixing equal volumes of incubated reaction 
mixture and 7 m urea sample buffer. Twenty microlitre samples were applied to  the 
gel.

RESULTS

Effect of substrate p H
The pH-dependence of the milk-clotting activity of rennet, bovine pepsin and 

porcine pepsin is shown in Fig. 1. In  agreement with the results of earlier workers 
(Tsugo & Yamauchi, 1959; Ernstrom, 1961), porcine pepsin failed to  coagulate milk 
a t pH  values above 6-68. The milk-clotting activity of bovine pepsin was somewhat

M ilk-clotting and proteolytic activity  4 2 9

Fig. 1. The influence of pH on the milk-clotting activity at 32 °C of: rennet, O ; 
bovine pepsin, ; and porcine pepsin, %.

more pH-dependent than  was th a t of rennet bu t no sharp cut-off point like th a t for 
porcine pepsin was observed. Bovine pepsin was capable of coagulating milk a t a 
fairly rapid rate  up to pH  6-9.

Effect of temperature
The incubation tem perature influenced the milk-clotting activity of rennet, bovine 

pepsin and porcine pepsin a t pH  6-55 as shown in Fig. 2. Activities a t tem peratures 
below 32 °C are not shown as the 3 enzymes behaved similarly below this temperature. 
I t  is apparent th a t rennet and bovine pepsin responded in a very similar manner to 
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changes in the incubation tem perature but the behaviour of porcine pepsin was very 
different. At pH  6-55, porcine pepsin was inactive a t 48 °C and above, whereas rennet 
and bovine pepsin were active a t temperatures up to 55-6 °C.

The tem perature a t which the 3 enzymes became inactive was dependent on the 
pH of the substrate, an inverse relationship applying (Table 1). The inactivation 
tem perature of porcine pepsin was more pH-dependent than th a t of the other 2 
enzymes, which were quite similar.

cc a t 57*1 

4

Fig. 2. The influence of temperature on the milk-clotting activity at pH 6-6 of: rennet, O; 
bovine pepsin, A ; and porcine pepsin, ®.

Table 1. Effect of substrate pH  on the temperature-inactivation of the 
milk-clotting activity of rennet, bovine pepsin and porcine pepsin

Temperature at which the enzymes 
became inactive, °C

Bovine Porcine
PH Rennet- pepsin pepsin
6 65 52-5 48-8 39-9
6-55 55-6 55-6 48-2
6-45 59 57-6 52-6
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Proteolytic activity
A low proteolytic activity to milk-clotting ratio is an essential requirement in an 

acceptable rennet substitute. The proteolytic activity of rennet, bovine pepsin and 
porcine pepsin—standardized to equal milk-clotting activity a t pH 6-6 and 32 °C— 
on casein a t pH  5-5 and 32 °C are summarized in Fig. 3. Rennet showed the least 
proteolytic activity. Bovine pepsin was more active than  rennet initially, bu t after 
about 6 h both enzymes produced NPN  a t approximately equal rates. Porcine 
pepsin was very active initially and continued to liberate NPX at a faster rate than  
either of the other 2 enzymes during the 48-h incubation period.

Incubation time, h

Fig. 3. The proteolytic activity on casein at pH 5-5 and 32 °C of: rennet, O ; 
bovine pepsin, ; and porcine pepsin, Q.

Electrophoretic examination of enzyme-treated casein confirmed th a t for equal 
milk-clotting activity a t pH  6-6 rennet and bovine pepsin degraded casein to approxi
mately the same extent in 24 h a t pH  5-5, but porcine pepsin caused much more 
extensive degradation, especially of the /?-casein (Plate 1). Bovine pepsin and rennet 
did not produce identical polypeptides in all cases but the differences were fairly 
minor a t pH  5-5. At pH  6-5 bovine pepsin was considerably more active than  rennet 
but this is of little importance in cheese ripening, where the pH  value is normally
5-5 or below.

DISCUSSION AND CONCLUSION

Porcine pepsin, usually in admixture with rennet, is now widely used in the m anu
facture of Cheddar cheese. I t  is accepted th a t a half and half mixture of rennet and 
pepsin produces a satisfactory cheese (Melachouris & Tuckey, 1964; Babel, 1967; 
Chapman & Burnett, 1968). Bovine pepsin has received little attention in recent 
years. I t  is generally accepted th a t it produces a cheese of inferior quality to rennet

27-2
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(Davis, 1965) but the relative merits of bovine and porcine pepsin for cheese-making 
have apparently not been investigated. Neither has the possibility of using mixtures 
of rennet and bovine pepsin been studied in detail.

The results of this investigation show th a t bovine pepsin resembles rennet much 
more closely than  does porcine pepsin in many characteristics of importance for 
cheese-making. The extreme pH-dependence of the milk-clotting activity of porcine 
pepsin makes it unsuitable for the coagulation of milk of even moderately high pH 
and this is one of the reasons why mixtures of rennet and porcine pepsin, rather than  
pepsin alone, are used in cheese-making. From casual observation, the pH  of bulk 
herd milk from Irish farms is frequently 6-8 and occasionally values of 6-85 are 
observed. A t these pH  values porcine pepsin contributes nothing to the clotting 
activity of rennet-pepsin mixtures and consequently larger quantities of the half and 
half m ixture are required if an unaltered cheese-making schedule is to  be maintained. 
As the pH  decreases during cheese-making the pepsin becomes active and excessive 
proteolysis is to  be expected. The clotting activity of bovine pepsin was influenced 
more by the pH  of the substrate than  was the clotting activity of rennet. However, 
while coagulation by bovine pepsin may be slowed somewhat a t higher pH  values, 
coagulation will occur a t any pH  which might normally be encountered in bulk 
milk. Mixtures of rennet and bovine pepsin, say 50:50 or 75:25, would approach the 
pH-dependent characteristics of rennet even more closely.

The temperature-dependence of the clotting activity of the 3 enzymes (Fig. 2) has 
little practical significance bu t it  provides further evidence th a t bovine pepsin is 
more closely related to rennet than  is porcine pepsin. This is particularly well demon
strated by the manner in which the inactivation tem perature of the enzymes varies 
with the pH  of the substrate (Table 1).

The most im portant finding to emerge from this investigation is th a t bovine pepsin 
had a lower proteolytic to  milk-clotting ratio than  porcine pepsin. In  fact, the ratio 
for bovine pepsin was not very different from th a t for rennet. The present data are 
in disagreement w ith the results of Melachouris & Tuckey (1964) and of Babel (1967), 
who found th a t cheese made with pepsin had lower NPN values than cheese made with 
rennet. These differences may be explained by the fact th a t Melachouris & Tuckey 
standardized the enzymes a t pH  6-3 and Babel a t pH  6-5, whereas in the present 
study the enzymes were standardized a t pH  6-6. I t  might be argued th a t the con
ditions employed were too severe on porcine pepsin bu t these conditions are reason
able if the conventional Cheddar cheese-making process is to be unaltered (Ernstrom,
1961). Moreover as the pH  is increased from 6-4 to 6-6 the milk-clotting activity of 
bovine pepsin decreases a t a slightly faster rate than  th a t of porcine pepsin and the 
latter should therefore gain more by standardization a t a lower pH  but possibly the 
differences are hardly significant.

Electrophoretic examination of casein following incubation with each of the 3 
enzymes sheds even more favourable light on bovine pepsin (Plate 1). Although not 
identical, the proteolysis products produced by bovine pepsin resembled those pro
duced by rennet more closely than  did those produced by porcine pepsin. The differ
ences between the products produced by rennet and bovine pepsin may or may not be 
significant. The ability of porcine pepsin to degrade /?-casein more quickly than  either 
of the other 2 enzymes m ay be significant, as many enzymes which are very proteo-
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lytic and unsuitable for cheese-making, e.g. ficin, papain, Bacillus subtilis protease, 
Olocast, etc. tend to degrade /?-casein very quickly (Fox, 1968, 1969 unpublished) 
while rennet degrades /?-casein slowly and only to  a limited extent (Lindqvist & 
Storgards, 1962; Ledford, O’Sullivan & Nath, 1966; Fox, 1969). I t  might be inferred 
th a t inability to degrade /?-casein extensively is an essential characteristic of rennet 
and suitable rennet substitutes.

In  the final analysis only a detailed comparison of cheese made with porcine 
pepsin and bovine pepsin will enable one to  decide which is the better rennet 
substitute. However, the data presented in this paper indicate th a t bovine pepsin 
resembles rennet more closely than  does porcine pepsin in many im portant charac
teristics. Other aspects, such as the ease and cost of production or stability on storage, 
may be the deciding factors bu t it  is concluded th a t bovine pepsin deserves careful 
investigation as a rennet substitute.
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EXPLANATION OF PLATE
Gel eleetrophoretograms of whole casein following proteolysis by rennet, bovine pepsin or porcine 
pepsin at pH 6-5 or 5-5 at 32 °C for 24 h. Slots 1 and 8, whole casein controls; 2 and 5, rennet, pH 6-5 and 
5-5, respectively; 3 and 6, porcine pepsin, pH 6-5 and 5-5, respectively: 4 and 7, bovine pepsin, pH 6-5 
and 5-5, respectively.
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The folate-binding protein in milk

B y  J. E. FORD, D. N. SALTER a n d  K. J. SCOTT
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s u m m a r y . The folate in cow’s milk was strongly and specifically bound to a m i n o r  

whey protein (FP), forming a complex of prim ary m  of about 38000, bu t exhibiting 
concentration-dependent reversible aggregation. The binding protein was present in 
excess, and the milk had the capacity to bind about 50 fig added folic acid/1. An 
enriched concentrate of F P  was prepared by ammonium sulphate fractionation—FP  
was precipitated a t between 50 and 60%  saturation—and further purified by 
chromatography in DEAE-cellulose and filtration in Sephadex gel G150. I ts  identity 
as a distinct minor whey protein was confirmed by comparative starch gel electro
phoresis a t various pH  values.

Some properties of the protein are described, and its physiological significance 
discussed.

The folate in cow’s milk occurs predominantly as ( — ) A75-m etbyl-tetrahydrofolate, 
as judged by chromatography and differential microbiological assay. Ford & Salter
(1967) fractionated the proteins of cow’s milk by filtration in Sephadex gel G75 and 
found th a t the folic acid activity was associated with the fractions containing the p- 
lactoglobulin peak. The folate in hum an milk was associated with 2 distinct protein 
fractions, one of which was apparently similar to th a t in cow’s milk. Salter & Ford
(1968) later reported th a t the folate in cow’s milk is specifically bound to  a minor 
whey protein. On lowering the pH  of the whey to 5-0 some free folate was present, 
and at pH  3-6 the folate-protein complex was wholly dissociated; on restoring the 
pH  to 7-0 the folate and protein recombined. Heating for 10 min a t 100 °C released 
the folate and destroyed the binding activity. Ghitis (1966, 1967) found th a t the 
folate in cow’s milk did not adsorb to  charcoal unless the milk had been previously 
boiled or autoclaved, and concluded th a t the vitamin was bound to  a large molecule. 
He distinguished 2 different kinds of folate binding, and demonstrated th a t cow’s 
milk has the capacity to bind added folic acid. Metz, Zalusky & Herbert (1968) and 
Ghitis, Mandelbaum-Shavit & Grossowicz (1969) described a technique for the 
separation of free and protein bound folate by the use of charcoal ‘coated’ with 
dextran or polyvinyl pyrrolidone, and employed it to  investigate further the speci
ficity of the folate binding.

Ford, Salter & Scott (1969) outlined a method for the partial purification of folate- 
protein from rennet whey. The present paper gives a fuller account of the procedures 
employed and describes some properties of the complex.
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MATERIALS AND METHODS

Radioactive folates. Folic acid-2-14C, potassium salt, was purchased from the Radio
chemical Centre, Amersham. Assay with Lactobacillus casei showed the biological 
activity to  be 70 % of the stated folic acid potency. 14C( ± )A5-methyl-tetrahydrofolic 
acid was kindly given to  us by Dr M. A. Foster of the Departm ent of Biochemistry, 
Oxford. I t  was formed by catalytic reduction of methyl-folate and was a m ixture of 
(+ )  and ( — )-stereo isomers. Only one of the isomers is biologically active, and the 
preparation had for L. casei 37-5 % of the activity of an equivalent weight of folic 
acid.

M ilk. The cow’s milk was bulked evening and morning milk from the Institu te  herd 
of Friesian cows. I t  was stored a t 4 °C and processed as soon as possible after milking.

Samples of human milk were obtained from 4 mothers of babies aged about 6 
weeks. The samples (about 25 ml) were obtained by manual expression a t the time of 
the baby’s feeding, usually in the morning. They were collected into 1-oz McCartney 
bottles in each of which had been freeze-dried 1 ml tris-ascorbate buffer of pH  7-3, 
containing 8 mg ascorbic acid. The bottles were filled brimful with milk and tightly 
stoppered, and stored overnight a t 4 °C.

Preparation of the albumin fraction. The method used was th a t of Aschaffenburg & 
Drewry (1957), and it will be helpful to describe it  briefly. Cow’s milk was warmed 
to  40 °C and anhydrous sodium sulphate added slowly, with stirring, to a concentra
tion of 20 g/100 ml. A precipitate formed which contained the cream, the casein and 
the immunoglobulins (Aschaffenburg & Drewry, 1955). The mixture was allowed to 
cool to  room tem perature and filtered through cheesecloth, and the filtrate further 
clarified by centrifugation. Ammonium sulphate (AR) was then added, with stirring, 
to  a concentration of 20 g/100 ml filtrate. The precipitate which formed was recovered 
by filtration and dissolved in the minimum volume of 0-05 M-sodium phosphate buffer 
of pH  7-0, containing 50 mg ascorbic acid/1. The solution was freed from sulphates by 
dialysis for 24 h a t 5 °C against 0-02 M-glycins th a t had been adjusted to  pH  7-5 by 
addition of ammonia, and finally freeze-dried. The overall recovery of milk folate was 
only 19% ; 73%  was lost in the 20%  sodium sulphate precipitate.

Preparation of the rennet whey fraction. To 10 1. cow’s milk a t 37 °C were added 
2 ml 2-mercaptoethanol (ME) and enough orthophosphoric acid solution (10%, v/v) 
to  lower the pH  to 6-2. Commercial cheese-making rennet (1 ml) was then added and 
the mixture incubated for 30 min a t 37 °C, with occasional mashing to  break up the 
curd. The tem perature was then raised to  45 °C and the wrhey filtered off through 
cheesecloth and cooled to 5 °C. Virtually all the milk folate was recovered in this 
filtrate. The whey was brought to  pH  7-0 by addition of 4 N-sodium hydroxide and 
to  it was added cold, saturated ammonium sulphate solution of pH  7-0, to 45 % 
saturation. A precipitate appeared and on standing it formed a surface layer which 
was removed and discarded. A further 2 ml ME were then added, and ammonium 
sulphate to  60 % saturation. The mixture was allowed to stand overnight a t 5 °C and 
centrifuged. The residue was dissolved in 150 ml 0-005 M-sodium phosphate buffer 
of pH  7-2 containing 0-2 ml ME/1, and dialysed for 7 and 16 h against successive 10-1 
volumes of the same buffer.

The overall recovery of folate a t this stage was about 70%. Figure 1 shows th a t



nearly 80%  of the folate activity of rennet whey was precipitated a t ammonium 
sulphate saturation of between 50 and 60 %.

In  some preparations the ME was replaced by ascorbic acid (1 g AA/ml ME) added 
as tris-ascorbate solution of pH  7-2.

Fractionation of ivhey proteins in  anion exchange cellulose. The general procedures 
employed were those described by Yaguchi, Tarassuk & Hunziker (1961). The whey 
preparations were dissolved and dialysed against 0-01 M-sodium phosphate buffer 
of pH  7-0 containing 50 mg ascorbic acid/1. The dialysed solution was applied to  a 
column of DEAE-cellulose (Whatman, grade DE 52) and fractionated by gradient 
elution, or sometimes by stepwise elution, with NaCl in the 0-01 M-phosphate buffer.

Folate-binding protein in  m ilk  4 3 7

Fig. 1. Precipitation of folate-protein with ammonium sulphate.

Two columns were used. In  one the cellulose bed measured 13 cm in length and 5 cm 
in diam., and in the other 45 x 2-5 cm. The shorter column was used for most of the 
preparations. The longer column gave better resolution and was used in the analysis 
of the albumin fraction (see Fig. 4).

Filtration in  Sephadex gel. F iltration in Sephadex gel was employed for the separa
tion and identification of whey proteins and also for the separation of free and protein- 
bound folate. Four grades of Sephadex—G25, G75, G100 and G150—were used in 
the conventional column fractionation procedure. The columns were eluted with 
buffer of pH  7-2 containing 0-15 M-NaCl and 0-02 M-sodium phosphate (buffer A), or 
0-2 M-sodium phosphate, and 200 mg ME or ascorbic acid/1. Fuller details are given 
in the legends to the Figures.

Determination of protein in the effluent fractions. The fractions were monitored for 
protein by measurement of absorbance at 280 nm. In addition, a 1 ml portion of each 
fraction was taken and heated in a steam autoclave with 2 ml of 6 n-HCI for 3 h at 
120 °C. To each hydrolysate were added 2-4 ml 4 M-NaOH and 1 ml of 4 M-sodium 
acetate buffer solution of pH  5-5, and finally water to  10 ml. A 1-ml portion was then 
taken for the estimation of amino N, by reaction with the modified ninhydrin 
reagent of Moore & Stein (1954). A standard curve was prepared with graded



concentrations of leucine and the protein content of the fractions was expressed in 
terms of ‘leucine equivalent’.

Measurement of folic acid activity. Folic acid activity was assayed m i crobiologi cally 
with L. casei, by an adaptation of the procedure recommended by Herbert (1961) for 
the assay of folate in blood serum. Extracts of milk were made as follows. To each
2-ml sample of milk, in a 15 x 150 mm test tube, was added 1 ml of buffer solution, 
made by dissolving l g  ascorbic acid in 100 ml of 1-42 % N a2H P 0 4 solution and 
adding 4 N-NaOH to pH  7-8. The tubes with their contents were heated in a bath  of 
boiling water for 2 min and cooled in cold water. To each was then added 1 ml of an 
extract of chicken pancreas, made by gently triturating 200 mg desiccated chicken 
pancreas (Difco Laboratories Inc., Detroit, U.S.A.) in 40 ml of ice-cold phosphate- 
ascorbate buffer and filtering through a plug of glass wool in the stem of a funnel. 
The tubes, containing milk samples and added enzyme, were incubated for 2 h in a 
water bath  a t 45 °C. The contents were then acidified to pH  4-8 by addition of 0-1 
sr-HCl, diluted with water to 50 ml and filtered through W hatm an No. 42 paper. The 
filtrates were readjusted to neutral pH  and further diluted as needed for test.

W ith the column effluent fractions the same extraction procedure was used, except 
th a t with fractions of low folate content a smaller amount of chicken pancreas 
extract was added, in order to reduce the ‘ enzyme blank ’ in the assay. W ith these 
more highly refined test preparations the filtration at pH 4-8, designed to clarify the 
milk extracts, was unnecessary and was omitted.

Starch gel electrophoresis. Starch gels were prepared from hydrolysed starch 
obtained from Connaught Medical Research Laboratories, University of Toronto, 
Canada. Horizontal electrophoresis was carried out using thin layers of the gel, 1-5 
or 3-0 mm thick, 17-5 cm long and 9 cm wide, prepared as described by Aschaffen- 
burg & Thym ann (1965). The following buffers were employed: (1), borate buffer of 
pH  9-0, containing 0-0230 M-boric acid, 0-0092 M-sodium hydroxide, and ascorbic acid 
50 mg/1; (2), formic-acetic acid buffer of pH  2-0, containing 120 ml acetic acid and 
30 ml formic acid/1; (3), acetate buffer of pH  5-0, ionic strength 0-1, containing 150 ml 
x-acetic acid and 100 ml M-sodium hydroxide/1. For electrophoresis in the presence 
of urea the gel contained 10 g starch, 12 g urea, 40 ml buffer and 2 drops ME. For 
some experiments the borate buffer was used in the absence of urea and ME, and the 
gel contained 12-5 g starch/100 ml buffer. Freeze-dried protein preparations were dis
solved in the appropriate buffer. Pieces of W hatm an No. 3 filter paper ( 9x1  mm or 
9 x 2  mm) were soaked in the protein solution and then inserted into a slit cut across 
the width of the gel 6 cm from one end. The best separations were obtained with a 
potential difference of 100 volts for 16-18 h a t 4 °C.

Protein was detected by staining with amido black-nigrosine (amido black 0-25 g, 
nigrosine 0-5 g, water 800 ml, methanol 1000 ml, acetic acid 200 ml), followed by 
washing with methanol-acetic acid-water (100:20:100 by volume). The folate-binding 
activity was located by cutting the gels transversely into sections 0-5 cm in length and 
eluting with 3 ml portions of electrophoresis buffer. A 2-0 ml portion of each eluate 
was dialysed against buffer (containing, per litre, 3 g K 2H P 0 4, 9 g NaCl, 0-5 ml ME 
and enough H3P 0 4 to  lower the pH  to 7-0) to remove urea and bring the pH  value 
to  7-0. A quantity  of 14C-folic acid estimated to  be equal to  the binding capacity of 
the protein was added to  the solution in each dialysis sac, and dialysis was continued
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to remove unbound folic acid. Residual 14C-folic acid in the sac contents was measured 
by liquid //-scintillation counting using the internal standard technique, and also by 
microbiological assay.

Reference proteins, //- La ctoglob u lins ‘A’ and ‘B ’, a-lactalbumin, bovine oq-globulins 
(Cohn fraction IV!), bovine a4-globulins (Cohn fraction IV4), transferrin from pooled 
bovine plasma, and ovalbumin, were obtained from Koch-Light Laboratories Ltd, 
Colnbrook, Bucks, England; bovine //-globulins (fraction III , B grade), from Cal- 
biochem, Los Angeles, U .S.A .; bovine y-globulin (fraction II), from Armour Pharm a
ceutical Co. Ltd, Eastbourne, England; crystalline bovine serum albumin, from 
Sigma Chemical Co., 3500 De Kalb Street, St Louis 18, Missouri, U .S.A.; and whole 
skeletal muscle myoglobin from Seravac Laboratories (Pty) Ltd, Moneyrow Green, 
Holyport, Maidenhead, Berks, England.

Folate-binding protein in  m ilk  4 3 9

Fig. 2. Filtration of cow’s milk freed from micellar casein and fat, in Sepkadex G75. 
----- , Amino nitrogen; O—O» folate activity (L . ca se i).

RESULTS AND DISCUSSION

Filtration of milk in Sephadex gel G75. Cow’s milk (30 ml) was centrifuged at 
40 000 x g for 2 h a t 2 °C. A deposit of micellar casein was formed, and a surface layer 
of solidified milk fat. Both were separated from the aqueous phase by decantation 
followed by filtration through W hatm an No. 42 filter paper. A 5-ml portion of the 
filtrate was applied t o a 5 8 - 5 x 2 - 6 c m  column of Sephadex gel G75 and eluted with 
sodium chloride-phosphate buffer (p. 437). Ten ml fractions were collected and 
analysed for folate activity and protein content. Figure 2 shows the results obtained 
in a typical run. All the folate activity was associated with the //-lactoglobulin peak, 
indicating an association between the milk folate and a protein of M about 38000.

Figure 3 shows the results obtained for the hum an milk. The large //-lactoglobulin



peak was not present here, bu t a peak of folate activity was again measured in the 
same effluent fractions as in the cow’s milk. A second peak of folate activity was 
eluted in the void volume, showing the presence of folate in association with protein 
of high M, probably > 75000. As in the cow’s milk, no free folate was detected.

Chromatography of the whey protein preparations in  anion exchange cellulose. A pre
paration of albumin fraction (p. 436) was applied to a 45 x 2-5 cm column of DE 52 
and eluted with graded concentrations of N a d  in 0-02 M-sodium phosphate buffer of 
pH  7-0. The results are shown in Fig. 4. All the folate activity moved with a minor 
protein peak near the solvent front, a t near-zero NaCl concentration.
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Fig. 3. Filtration of human milk freed from mi3ellar casein and fat, in Sephadex G75. 
----- , Amino nitrogen; O----- O» folate activity (L . ca se i).

Closer examination by chromatography with 0-005 M-phosphate showed this peak 
to be made up of 2 components—the front absorbing strongly a t 420 nm and the later 
fractions absorbing only weakly a t this wavelength. Szuchet-Derechin & Johnson
(1965) observed this same peak in a chromatograph of the bovine milk albumin 
fraction. They identified it as a red, iron-containing protein and later resolved it into 
several component fractions (Szuchet-Derechin & Johnson, 1966).

A broadly similar elution pattern  was obtained for the rennet whey preparations 
chromatographed in the 13x5  cm column, and here again the folate activity was 
associated with the first protein peak.

Further investigation was confined to this folate-protein peak obtained from the 
rennet whey preparation (RW-DE52).

Filtration of folate-protein in  Sephadex-gel G150. Fractions containing the folate 
protein peak from a DE 52 column run were combined and freeze-dried, and then 
redissolved in 2 ml of buffer A. The solution, which contained 5 /¿g folate, was frac
tionated in a 51-0 x 2-6 cm column of Sephadex gel G150 th a t had been calibrated 
with marker proteins of known molecular weight. The fractions were assayed for 
folate and for protein content, and those containing the folate peak were combined. 
A sample containing 0-05 /¿g folate was taken and the remainder was freeze-dried.



The sample was diluted to  2 ml and was then again fractionated in the G 150 column. 
The results are shown in Fig. 5. The folate activity peak from the first column 
emerged in an effluent volume of about 140 ml, from which a m of about 100000 for 
the folate-protein was calculated. This contrasts with the value of about 38000 
obtained for the folate-protein in fresh milk (Fig. 2). The peak was markedly unsym- 
metrical, and the slow decline in folate activity from the peak value suggested 
reversible concentration-dependent aggregation of the folate-protein complex. On
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Effluent volume, ml

Fig. 4. Chromatography of milkalbuminfraetiononDEAE-cellulose.----- , Protein; O------O,
folate activity (L . ca se i). Arrows indicate points at which gradient buffer was changed. Mixing 
vessel contained 0-02 M-phosphate buffer of pH 7-0. Concentration of NaCl in 0-02 M-phosphate, 
pH 7-0, added to reservoir: (1) 0-05 M, (2) 0-075 M, (3) 0-100 M, (4) 0-125 M, (5) 0-150 M, (6) 
0-175 m, (7) 0-200 m, (8) 0-225 m, (9) 0-250 m. a-Lactalbumin, serum albumin and /Mactoglo- 
bulins ‘A’ and ‘ B ’ were identified by starch gel electrophoresis of samples alongside authentic 
markers at pH 9. The heterogeneity of /?-lactoglobulin ‘A’ as evidenced by the 2 peaks was 
probably an artifact arising from the stepwise change in the NaCl gradient (cf. Szuchet-Dereehin 
& Johnson, 1965).

filtration of the folate-protein preparation after 100-fold dilution the folate activity 
peak in the column effluent was found to  be a t 180 ml, corresponding to  a molecular 
weight of about 35000.

Ford et al. (1969) described a preparation containing folate-protein of molecular



weight about 7 6 000 as judged by sedimentation analysis and filtration in Sephadex gel 
G150. This preparation was presumably composed largely of the dimer.

S ta rch  gel electrophoresis. On starch gel electrophoresis at pH 9, in absence of urea, 
"he folate activity was associated with a protein band that moved slightly towards 
uhe anode. A  second, diffuse band moved towards the cathode. No better resolution 
was obtained at this pH in the presence of urea. Electrophoresis at acid pH showed 
more clearly the heterogeneity of the preparation. Plates 1(a) and 1(b) show the 
patterns obtained for folate-protein and RW -DE52 for a variety of serum and whey
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Fig. 5. Gel filtration of folate-protein in Sephadex G150. * , 5-0 f ig  Folate activity applied to 
column; f, 0-05 fig  folate activity applied to column.

proteins in presence of urea and ME, at pH 2 and pH 5. At pH 2, the folate protein 
was resolved into 5 bands. Two main bands (C and D) ran in the same position as 
bovine serum transferrin and a-globulin. Two slower moving bands (A and B) corre
sponded with the positions of 2 bands obtained for y-globulin. A  minor, faster moving 
band (E) moved at pH 2 to about the same extent as /?-lactoglobulin, but at pH 5 was 
clearly differentiated from this protein. It was also clearly different from all the other 
reference proteins employed as markers.

The problem now remained to identify one of these bands as the folate binding 
protein. To do this the preparation of folate protein RW -DE52 was further purified 
by repeated chromatography in DE52 and filtration in Sephadex-gel G150. This 
further purification largely removed the y-globulin components A  and B. The pre
paration was then subjected to starch gel electrophoresis at pH 2 and the folate 
binding protein located as described on page 438. Plate 2 shows that folate-binding



activity was almost entirely associated with the minor protein band E, which we 
think represents the folate-binding protein, or an active fragment of it  split off under 
these strongly dissociating conditions.

In flu e n c e  o f  p H  on  fo la te  b in d in g . Portions of a solution of folate protein RW -DE 52 
were dispensed into buffer solutions of pH 8-8, 7-1, 6-0, 5-0 and 3-6 and the pH values 
adjusted to correspond closely with those of the buffers. The solutions were allowed 
to stand at room temperature for 10 min and then applied to calibrated columns of 
Sephadex gel G25 and eluted, each with its appropriate buffer solution.

Folate-binding protein in  m ilk  4 4 3

Fig. 6. Binding of folic acid added to a preparation of folate protein. O----- (D> Determined
by radioactivity; 0 ----- 0 ,  determined microbiologically.

The effluent fractions were analysed for protein content by measurement of 
absorbance at 280 nm, and for folate activity. At pH values of 8-8, 7-1 and 6-0 the 
folate activity was wholly associated with protein, which was eluted from the columns 
in the void volume. At pH 5-0, only 61 %  of the folate emerged with the protein and 
39 %  was recovered as free folate. At pH 3-6, only free folate was present in the eluate. 
The dissociation at pH 3-6 was reversed on readjustment of the pH value to 7T.

In  the presence of 8 M-urea free folate was present at pH 7T, and at pH 6-0 the 
complex was completely dissociated.

B in d in g  o f  fo lic  ac id  added to fo la te  p ro te in  R W - D E  52. To 0-25-ml portions of the 
folate protein preparation were added graded amounts of 14C-folic acid, and NaCl- 
phosphate buffer of pH 7-0 (p. 437) to 20 ml. A  sample (1 ml) of each solution was 
taken for folate assay and the remainder ultra-filtered at 2 °C through Visking 
cellulose tubing, until about 2 ml ultrafiltrate had been collected from each. The 
ultrafiltrates were assayed for folate activity. The results are illustrated in Fig. 6.
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Ultrafiltration of a ‘ blank ’ series of dilutions of folic acid in the buffer solution 

showed that little or no folate was lost by adsorption in the filter membrane, whereas 
folate in aqueous solution at these great dilutions was largely retained in the membrane.

Figure 6 shows that of folic acid added in amounts up to 70 ng, none was ultra
filtrable and it was presumed to be firmly bound to the folate protein. However, 
recovery of folic acid added in excess of this amount was far from complete and it 
seems probable that, in addition to the firm binding of folic acid to the folate protein, 
other weaker-binding sites are present on this or other proteins in the preparation 
and retain folic acid against ultrafiltration.

Table 1. T h e  in fluence  o f ( ± )N 5-m ethyl tetrahydrofolate  
on  the b in d in g  o f  UC -fo lic  acid

Folates (f ig)  added to binding protein
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14C folic Methyl
14C folic 

acid bound,
acid folate ¡ig*

0-0400 0 0-0400
0-0400 0-050 0-0400
0-0400 0-100 0-0353
0-0400 0-200 0-0345
0-0400 0-500 0-0261
0-0400 1-00 0-023

* Measured by ultrafiltration (see p. 443).

In flu e n c e  o f (± ) -N 5-m ethyl-tetrahydro fo la te on  the b in d in g  o f  fo lic  acid. To 0-25-ml 
portions of RW -DE 52 were added graded amounts of (± ) A 5-methyl-tetrahydrofolate 
together with 0-04 fig  14C-folic acid, and NaCl-phosphate buffer to 20 ml. The solu
tions were then ultrafiltered as described above. The levels of 14C-folate in the ultra
filtrates were measured, and the amounts of 14C-folate bound were calculated by 
difference. The results are shown in Table 1. It  is apparent that folic acid and N 5- 
methyl-tetrahydrofolate compete for the binding protein, and that folic acid was 
preferentially bound. This confirms the findings of Ghitis et al. (1969).

S e p a ra tio n  o f  fre e  a n d  bound  fo la te  by d ia ly s is . In  a further experiment, dialysis was 
employed instead of ultrafiltration to separate free and protein-bound folate. To 
portions (0-5 ml) of RW -DE 52 were added graded increments of folic acid or (+ )N 5- 
methyl-tetrahydrofolate, and NaCl-phosphate buffer (p. 437) to 5 ml. A  3-ml sample 
of each was transferred to a dialysis sac and dialysed for 24 h against 5 successive 
100-ml portions of buffer. The residual folate activity in the sacs was then assayed 
microbiologically with L . casei. It was found that the preparation of folate protein 
bound 0-18 jag added folic acid/ml, and about 0T4 ¡ig folate activity as (— )A75- 
methyl-tetrahydrofolate, on the assumption that only the natural stereoisomer is 
bound. Our experience has been that the potency of the (± )iV5-methyl-tetrahydro- 
folate relative to that of folic acid, measured microbiologically with L . casei, varied 
rather widely between assays and ranged between 30-5 and 50%. Assuming 40%  
(80 %  for the L-isomer) we can correct the above value of 0-14 to 0-175, which is close 
to the value of 0-18 obtained for folic acid. In  view of the imprecision of the micro
biological assays, this close agreement may be fortuitous, but it does seem to con
tradict the report by Ghitis et a l. (1969) that, compared with folic acid, only half the



amount of ( -  )A5-methyl-tetrahydrofolate becomes bound when added to milk. The 
reason for this wide difference is not apparent but it is no doubt related to the 
different methods employed for assessing binding. Ghitis et at. (1969) used coated 
charcoal to remove excess unbound folate and determined folate by measurement of 
radioactivity. The discrepancy adds point to these authors’ conclusion that further 
studies are required on the kinetics of folate-binding to the protein of milk.

Folate-bin ding protein in  m ilk  4 4 5

GENERAL

Metz & Herbert (1967) and others have reported that human blood serum does not 
contain a strong folic acid-binder, and patients undergoing regular dialysis treat
ment with the artificial kidney suffer considerable loss of plasma folate during 
dialysis (Mackenzie & Ford, 1969). Normal plasma folate levels are relatively very low 
and the physiological effect of the binding protein in milk is presumably to accumu
late folate into the milk against a considerable concentration gradient. Metz et at.
(1968) observed that in lactating women with folate deficiency severe enough to 
provoke megaloblastic anaemia, orally administered folic acid appeared to be taken 
up by breast milk in preference even to the haemopoietic system.

Besides acting to concentrate plasma folate into the milk, it seems possible that the 
folate binder might influence the nutritional availability of the milk folate to the 
suckling infant by making the vitamin inaccessible to gut microorganisms, or perhaps 
by directly facilitating uptake. Little or nothing is known on the absorption of folate 
during the neonatal period.

It may be that folate-binding proteins identical with that in milk occur in all the 
body tissues, where they may constitute a mechanism underlying folate homoeostasis. 
Johns, Sperti & Burgen (1961) demonstrated the remarkable avidity with which 
folic acid is removed from the plasma by the body tissues, and suggested that a high 
affinity for folic acid must be a property of most tissues. They commented that the 
very high intracellular concentrations of folic acid points to an accumulative process 
with a high affinity and capacity. Similarly in the gut, the uptake of folate may be 
mediated through the agency of folate binding protein. The content of folate binder 
in the mucosal cells might well determine the rate of absorption of food folate, and 
the relative avidities of different natural folates for the binder might determine the 
differences (cf. Butterworth, 1968) in their biological availability. In  this connexion, 
it is of interest that Perry & Chanarin (1968) reported that heptaglutamate forms of 
folate constitute about three-quarters of the folate in a normal mixed diet and yet 
were absorbed and utilized only to about one-third of the extent of monoglutamate 
forms. This conclusion was based on a comparison of the uptake of pteroylglutamic 
acid and of yeast folate— mainly heptaglutamate— given orally to healthy subjects 
in doses equivalent to 20 fig  folic acid/kg body weight— a dosage of folic acid that is 
considerably in excess of the supposed nutritional requirement. It  is arguable that the 
observed difference in nutritional availability was more apparent than real. If  the 
level of folate binder in the gut mucosa were sufficient to facilitate the uptake of only 
a small proportion of this large dose, then the smaller uptake of the heptaglutamate 
might reflect simply the relatively slower uptake of the larger molecule by passive 
diffusion. A  clear implication of these findings is that the yeast heptaglutamate was 
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not extensively hydrolysed by folio acid conjugase present in human intestinal juice 
(Klipstein, 1967).

Our best preparations of the folate protein were still grossly impure, and the scale 
of the preparation needs now to be enlarged to make further purification possible. 
The content of folate protein in cow’s milk is about 10 mg/1— assuming that each 
molecule of the protein binds one molecule of folate— and the overall recovery was 
low. Mell, Whiteley & Huennekens (1968) have described an ingenious method for the 
isolation of dihydrofolate reductase from chicken liver, by the use of amethopterin 
-hat had been linked covalently to an amino-ethyl derivative of soluble starch. This 
material was mixed with the crude enzyme at pH 6, and the resulting enzyme- 
amethopterin-starch complex was isolated by Sephadex gel filtration. The complex 
was then dissociated by raising the pH and the enzyme recovered by filtration 
through Sephadex. It  seems likely that this procedure could be adapted for the 
efficient isolation of folate protein, by the use of dextran- or starch-bound folic acid, 
and this possibility is now being investigated.

J .  E .  F o r d , D .  N .  S a l t e r  a n d  K .  J .  S c o t t
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EXPLANATION OF PLATES 
Plate 1

Comparative starch gel electrophoresis of folate protein and other whey proteins (a) at pH 2, (6) at pH 5.

Plate 2
Location of the folate-binding component in folate-protein preparation RW-DE52. After electrophoresis 
at pH 2, the gel was cut transversely into 0-5 cm sections which were tested for folate-binding activity 
as described on pp. 438-439.
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Effects of ultra-high-temperature (UHT) processing and of 
subsequent storage on the vitam in content of m ilk

By J . E. FORD, J . W. G. PORTER, S. Y. THOMPSON,
JOYCE TOOTHILL a n d  J . EDWARDS-WEBB

National Institute for Research in Dairying, Shinfield, Reading 

(.Received 27 June  1969)

S u m m a r y . The vitamin content of ultra-high-temperature (UHT) processed milk 
was compared with th a t of the original raw milk. Three processes were used. In  the 
first, which caused no change in oxygen content, the milk was heated and cooled in a 
plate-type heat exchanger. In  the second, the milk was again heated indirectly and 
then evaporatively cooled, leaving in the milk about one-third of the initial oxygen 
content. In  the th ird  process the milk was heated by direct steam injection and 
cooled by evaporation and contained little or no residual oxygen.

On processing and during subsequent storage for 90 days there was no loss of 
vitamin A, carotene, vitamin E, thiamine, riboflavine, pantothenic acid, biotin or 
nicotinic acid. There was little or no loss of vitamin B6 or vitamin B12 on processing, 
bu t up to 50 % of each of these vitamins was lost during 90 days’ storage. All the 
dehydroascorbic acid (DHA) and about 20 % of the ascorbic acid (AA) was lost on 
processing. There was no further loss of AA during 90 days’ storage when no residual 
oxygen was present, but in milks containing more than  about 1 ppm oxygen all the 
AA was lost within 14 days. About 20%  of the folic acid was lost on processing; 
thereafter, as with ascorbic acid, the extent of the loss on storage depended on the 
residual oxygen content of the m ilk: in the absence of oxygen the folic acid was stable.

Milk sterilized by an ultra-high-temperature (UHT) process and aseptically filled 
into aluminium foil-lined Tetra Pak cartons is commercially available in several 
European countries. Such milk remains in good condition for several months, even 
when stored without refrigeration. I t  is of interest to users, manufacturers and health 
authorities to  know whether losses of vitamins occur during such storage.

Earlier studies of the vitamin content of UHT milk (Chapman et al. 1957; Naga- 
sawa, Tanahashi, Kuzuya & Shigeta, 1960; Lhuissier, Hugo & Biette, 1962; Gregory 
& Burton, 1965) have shown th a t small losses of several vitamins may occur during 
processing but th a t the UHT process was considerably less destructive than  in-bottle 
sterilization. These studies have now been extended and a detailed investigation has 
been made of the losses of vitamins during the processing of milk in directly and 
indirectly heated UHT plants and during subsequent storage for up to 90 days. 
Preliminary accounts of some of the findings were given by Ford, Porter, Thompson, 
Toothill & Edwards-Webb (1968) and Porter & Thompson (1969).
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e x pe r im e n t a l

M ilk
Indirectly heated UHT milk in 1-pint Tetra Pak cartons and samples of the corre

sponding raw milks were supplied by 2 commercial dairies in the South of England; 
milk from the direct heating process in 0-5 1-Tetra Pak cartons and a sample of the 
corresponding raw milk were obtained from a commercial dairy in Sweden. The raw 
milk samples were taken from the bulk tank feeding each plant during the production 
run so th a t they represented the milk being treated as closely as possible. The raw 
milk samples from the British plants were protected from light and transported to 
the laboratory within 3-4 h of collection; those taken in Sweden were frozen, packed 
in solid C 02 and transported by air.

For the first experiment, sets of cartons of UHT milk were taken from each plant 
on a single day in October 1966. For the second experiment sets of cartons were taken 
from the British plants on each of 3 successive days in October 1967 and from the 
Swedish plant on a single day in December, 1968. Analyses for ascorbic acid—and, 
in the second experiment, for oxygen content—were carried out immediately on 
receipt of the milks. The test samples for microbiological assay were put into cold 
store a t — 30 °C until all the samples representing the first 14 days had been taken, 
and were then assayed together. A second set of samples representing milk cartons 
stored up to  the end of the storage period was collected and kept a t — 30 °C and also 
assayed all together. A t each sampling time the contents of 2 cartons were bulked 
before samples were taken for analysis. The remaining cartons were kept a t room 
tem perature (15-19 °C) until required for testing. A sample was taken aseptically 
from each carton for bacteriological examination. The results confirmed th a t all the 
cartons were sterile.

Types of plant
Indirect hmting. One dairy used an Alfa Laval plant (cf. Clark, 1966) in which 

indirect heating at about 138 °C for 2 sec was followed by evaporative cooling 
(process I/E). The other dairy used an APV nltram atic plant (cf. Burton, 1965) in 
which indirect heating a t about 138 °C for 2 sec was followed by indirect cooling 
(process I/I).

Direct heating. The Swedish dairy used an Alfa Laval VTIS plant in which direct 
heating at about 145 °C for 3-4 sec was followed by evaporative cooling (process D/E).

VITAMIN ASSAY 

Chemical methods
Vitamin C was determined by indophenol titration using a bromine/H2S procedure 

for the differential assays of AA and DHA (Toothill, Thompson & Edwards-Webb, 
unpublished).

Riboflavine was determined essentially by the fluorescence method of Emmerie 
(1938), bu t omitting the potassium permanganate-hydrogen peroxide oxidation 
procedure which is unnecessary with cow’s milk and its products (Thompson 
unpublished). Fluorescence was measured in a fluorimeter constructed in this
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laboratory, using light of wavelength 436 nm from a mercury vapour lamp for 
excitation, isolating the emitted fluorescence through a W ratten no. 12 filter and 
measuring its intensity with an EMI photomultiplier connected to a DC amplifier 
driving a meter having a circular scale about 0-5 m long.

Vitamin A , biologically active carotenoids and vitamin E. The lipids were extracted 
from 200 ml of milk bythe method of Olson, Hegsted & Peterson (1939) and saponified 
by heating on a steam bath with 4-4 ml of 60%  (w/w) KOH, 20 ml of ethanol and 
100 mg of sodium ascorbate. After saponification the mixture was diluted with 80 ml 
of water and the whole extracted with 3 successive portions of 80 ml of peroxide-free 
diethyl ether. The combined ether extracts were washed with 3 successive 80-ml 
portions of water. One-fifth of the washed ether extract was taken for the estimation 
of vitamin A and carotene and the remainder for the measurement of tocopherols.

Vitamin A and inactive carotenoids were separated from the biologically active 
carotenes by column chromatography using aluminium oxide. Vitamin A was 
measured colorimetrically after the addition of antimony trichloride and carotene by 
direct colorimetry, both essentially as described by Kon & Thompson (1957). cc- 
Tocopherol was determined by the method of the Analytical Methods Committee
(1959), except th a t the purification step using Floridin E arth  x S was replaced by a 
simpler procedure using Florisil; further details of the application of the method to 
milk are described by Thompson, Henry & Kon (1964).

Microbiological methods
Folic acid activity was assayed with Lactobacillus casei, by an adaptation of the 

procedure recommended by Herbert (1961) for the assay of folate in blood serum (Ford,
1967). For the assay of folate in milk, 2 ml samples were taken and diluted with 1 ml of 
buffer solution, made by dissolving 1 g ascorbic acid in 100 ml 1-4% (w/v) N a3H P 0 4 
solution and adding 4 N-NaOH to pH  7-8. Samples so treated showed no loss of folate 
during prolonged cold storage.

Vitamin B12 was assayed with L. leichmannii as described by Gregory (1954), and 
thiamine with L. viridescens as described by Deibel, Evans & Niven (1957). Vitamin 
B6 was measured with Kloeckera brevis as described by Barton-W right (1963), except 
th a t the test samples were heated with 0-055 n-HCI for 30 min a t 100 °C as recom
mended by Gregory (1959) and were not predigested with takadiastase. Nicotinic 
acid and biotin were assayed by standard microbiological procedures th a t have been 
fully described in earlier publications (Ford, Gregory, Porter & Thompson, 1953; 
Chapman et al. 1957). All the milk samples were assayed a t least twice, and some as 
many as 4 times. The between-assay standard deviation was < 10%.

RESULTS AND DISCUSSION 

First experiment
The results for the content of all the vitamins measured in the milks collected and 

stored in the first experiment are shown in Table 1. There was little or no change 
during processing and during storage for up to 90 days in the content of vitam in A, 
carotene, vitamin E, thiamine, riboflavine, pantothenic acid, biotin and nicotinic acid. 
These findings are in agreement with those of most of the other reports on the effect

V itam in content of m ilk



T a b le  1. The content of vitamins in freshly processed and in  stored U H T milks, and, in the corresponding raw milks
Period Caro- Panto- Nico-

of
storage,

Vit. A,
/*g/g

tone,
/“g/g

Vit. E,
i“g/g

Vit. C,
mg/

Ribo
flavine,

Folic
acid, Vit. Bia, Vit. Be,

thenic
acid, Thiamine, Biotin,

tinic
acid,

Process* days fat fat fat 100 ml /tg/ml /¿g/ml Ag/ml /‘g/ml /^g/ml /tg/ml /rg/ml /tg/ml
Raw I/E 0 10 8-4 30 1-7 2-0 0-073 0-0048 0-40 2-5 0-44 0-020 0-90

i /i 9-9 8T 28 1-5 1-9 0-062 0-0042 0-43 3-0 0-49 0-021 0-88
D/E 7-0 4-9 17 1-5 1-8 0-045 0-0040 0-38 3-0 0-59 0-018 0-76

UHT I/E 10 8-1 27 M 2-0 0-050 0-0043 0-38 2-4 0-48 0-022 0-83
I/I 10 7-9 29 1-2 1-9 0-055 0-0045 0-40 3-1 0-48 0-022 0-90
D/E — — — — — — — — — — — —

UHT I/E 2 10 8-6 31 0-40 2-0 0-043 0-0036 0-36 2-4 0-48 0-019 0-81
I/I 9-9 7-8 24 1-2 1-9 — — — — — — —

D/E — — — — — — — — — — — —

UHT I/E 14 10 7-6 33 0-17 2-0 0-041 0-0035 0-32 2-5 0-16 0 022 0 87
I/I 9-7 8-0 27 0-04 1-9 0-019 0-0039 0-3 1 2-9 0-46 0-021 0-84
D/E 7-0 4-9 19 1-0 1-8 0-048 0-0035 0-35 3-3 0-53 0-021 0-80

UHT I/E 30 10 7-8 30 0-15 2-0 — — — — — — —

I/I 9-8 7-9 28 0-04 2-0 0-0023 0-0042 0-27 3-4 0-43 0-021 0-85
D/E 7-3 4-7 18 1-2 1-8 0-048 0-0027 0-29 2-8 0-49 0-020 0-79

UHT I/E 60 9-8 7-5 30 003 21 0-047 0-0028 0-25 2-4 0-48 0-019 0-85
I/I 9-8 7-6 24 0-05 2-0 0-0006 0-0039 0-24 2-8 0-47 0-024 0-79
D/E 7-1 4-8 21 0-80 1-9 0-051 0-0028 0-24 2-9 0-55 0-021 0-85

UHT I/E 90 10 7-8 30 0-16 2-1 — 0-0038 0-25 — 0-48 — 0-83
I/I 10 7-7 24 0-05 2-0 — 0-0028 0-25 2-7 0-44 — 0-88
D/E 7-0 49 16 0-90 1-8 0-045 0-0025 0-21 3-3 0-43 0-020 0-86

* I/E , indirect heating, evaporative cooling; I/I, indirect heating and cooling; D /E, direct heating and evaporative cooling.
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of UHT processing on these vitamins (cf. van Eekelen & Heijne, 1965; Burton, 1969), 
and lend no support to  the report by Lembke, Frahm  & Wegener (1968) th a t signi
ficant losses of vitamin A and riboflavine occurred during UHT processing of milk 
by direct and indirect heating methods and th a t the content of these vitamins fell 
further during 28 days’ storage of the processed milk. Our finding th a t there was no 
change in the content of vitamin A on processing and during subsequent storage was 
confirmed in further experiments.

Processing caused no loss of vitamin B6, bu t there was a considerable and progres
sive loss during storage, with the result th a t about half the vitamin had been destroyed 
after 90 days. I t  seems unlikely th a t the UHT processing was a contributory factor 
in these storage losses since similar losses during storage were found in raw milk 
held a t — 30 °C. I t  is probable th a t the contradictory claims of earlier workers about 
the effect of the UHT process on the vitamin B6 content of milk were confounded by 
this effect of storage (cf. Burton, 1969).

Processing and subsequent storage caused losses of vitamin C, folic acid and 
vitamin B12 though, as is apparent from the results, the losses were smaller with milk 
processed either by direct heating or by indirect heating followed by evaporative 
cooling. I t  is known th a t the stability of folic acid and vitamin B12 in milk is closely 
associated with the presence of AA (Ford, 1957, 1967) and th a t the loss of AA is 
determined ultim ately by the concentration of oxygen dissolved in the milk. In  the 
present study, the observed changes in the content of these 3 vitamins were clearly 
related to  the oxygen content of the milk. Evaporative cooling in the direct heating 
plant removed the oxygen from the milk almost completely. Partial-evaporative 
cooling, as used in one indirect heating plant, reduced the oxygen in the milk to  1-2 
ppm, as measured a t 4 h after processing (personal communication from the processor) ; 
no evolution of oxygen could occur during processing in the indirectly cooled milk 
from the other plant.

Vitam in content of m ilk

Second experiment
To investigate further the interrelationship of these vitamins, a second series of 

samples was collected and assays for vitamin C, folic acid, vitamin B 12 and vitamin 
B6 were complemented by measurement of the oxygen content of the milk a t each 
time of sampling. The results in Table 2 amplify and extend those in Table 1 and the 
findings of both experiments can conveniently be discussed together.

Oxygen content. Measurement of oxygen content showed that, as expected, oxygen 
was virtually completely removed during the process using direct heating. The oxygen 
content of milk from the process using indirect heating and partial-evaporative 
cooling showed some day-to-day variation but was markedly higher than  th a t in 
milk from the same plant examined in the first series of experiments, and this was 
reflected in a more rapid loss of folic acid and AA than was found previously. The 
oxygen content of milk from the process using indirect heating and cooling was 
essentially unchanged.

During storage the dissolved oxygen content of the samples from the indirect 
heating plants fell bu t it is noteworthy th a t about half the initial oxygen was still 
present when all the vitamin C had been destroyed. Thus, it is evident th a t to con
serve vitamin C the processed milk should have a very low oxygen content. Certainly
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a t 1 ppm (see above) there was sufficient oxygen present to destroy all the vitamin C, 
which was clearly oxidized in preference to folic acid (Table 1).

Vitamin C. Milk as secreted contains about 2 mg/100 ml of the heat-stable AA, 
but by the time the milk reaches the processing plant a part of the vitamin is present 
as DHA, which is completely destroyed by UHT processing. Our results show also a 
loss of about 20 % of the AA. No further DHA was found in the stored milks. The 
vitamin C content of the milks prepared by the indirect heating processes fell rapidly, 
except in the samples in the first experiment from the plant with partial-evaporative 
cooling in which the initial oxygen content was much lower than in later samples 
from the same plant.

There was little or no loss of vitamin C from milk prepared by the direct heating 
process, even after storage for 90 days.

Folic acid. Processing caused small, variable losses of up to 20 % of the original 
content of folic acid. During storage, stability was clearly and closely related to  the 
content of AA. Thus, in the milk processed by direct heating and evaporative cooling, 
in which AA persisted, there was no loss of folic acid during 90 days’ storage, whereas 
in milk from the indirect heating and cooling plant all the folic acid was lost within 14 
days. The rate of loss in milk processed by indirect heating and evaporative cooling 
was markedly influenced by the extent of evaporation allowed and hence by the 
residual oxygen content. In  the first series of experiments there was little loss of folic 
acid a t 14 days, whereas in the second series the vitamin was completely destroyed 
within 14 days.

Vitamin B i2. Processing generally caused only small losses (<  10 %) of vitamin B12 
but further progressive loss occurred in all samples during storage, and after 90 days 
nearly one-half of the vitamin had been lost. These results are broadly in fine with 
those of Lembke et at. (1968), bu t other workers (cf. Burton, 1969) have reported 
results for the loss of vitamin B12 th a t tend to vary with the type of UHT plant and 
the details of milk handling and may, as with vitamin B6, confound the effects of 
processing and of storage.

V itam in content of m ilk  4 5 3

CONCLUSIONS

Our results confirm previous reports th a t relatively small losses of vitamins occur 
during the UHT treatm ent of milk, whether by the direct or the indirect process, but 
they show also th a t there may be considerable losses of vitamin C, folic acid, vitamin 
B6 and vitamin B12 on subsequent storage of the milk. For 2 vitamins, vitamin C and 
folic acid, these losses can be greatly reduced by rigorously removing oxygen from 
the milk during processing and, in so far as the milk might be used in infant 
feeding as the sole source of nutrim ent, the preservation of these vitamins is clearly 
desirable. However, an im portant consideration is the relationship of the content of 
dissolved oxygen to  milk flavour. I t  is recognized th a t the persistence of the cooked 
flavour arising during UHT processing is related to  the residual oxygen content of 
the milk and, in as much as this cooked flavour reduces palatability, there m ay 
be commercial advantage in allowing the presence of a higher level of residual oxygen. 
To this extent the preservation of vitamins and the rapid dispersal of the cooked 
flavour—both highly desirable—may prove to be incompatible.
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The effects of acetate and of pyruvate on the pathways of 
glucose catabolism in lactating mammary tissue

1. Rat tissue

B y  R. W. SMITH a n d  R. F. GLASCOCK
N a t io n a l  I n s t i tu te  f o r  R e se a rc h  i n  D a ir y in g ,  S h in f ie ld ,  R e a d in g

(.R ece ived  20 J u n e  1969)

S u m m a r y . A study was made of the changes in the pathways of glucose catabolism 
in slices of lactating ra t mammary gland which occurred when acetate or pyruvate 
was added to  the medium.

When acetate was added there was an increase in the rates of oxidation of the C(2) 
and C(6) atoms of glucose but little change in th a t of the C(1) atom. The amounts of 
these carbon atoms which were incorporated into fa tty  acids, lactic acid and glyceride 
glycerol were reduced, bu t the results showed th a t the relative proportion of the 
glucose converted to these substances which passed through the pentose phosphate 
pathway was increased.

When pyruvate was added, the rates of oxidation of the C(1), C(2) and C(6) atoms 
were all reduced to about the same extent. The incorporation of the glucose carbon 
into fa tty  acids was almost abolished and its incorporation into lactic acid and 
glyceride glycerol was very much reduced. The results showed th a t most of the 
glucose incorporated into these compounds under these conditions passed through 
the pentose phosphate pathway.

Evidence is presented which suggests th a t the triose phosphates are not in com
plete isotopic equilibrium in lactating ra t mammary tissue.

These results are discussed in relation to  the existence of 2 pools of acetyl co
enzyme A, one intra- and the other extra-mitochondrial, and to the possible inhibition 
of certain steps of the glycolytic pathway.

Information about the pathways of glucose metabolism in lactating ra t mammary 
tissue has been obtained largely from experiments with tissue slices in  v itro . I t  has 
been shown for instance th a t the pentose phosphate pathway is very active during 
lactation (McLean, 1958; Abraham & Chaikoff, 1959) and th a t there is a close relation
ship between this pathway and the synthesis of fa tty  acids (McLean, 1960). However, 
there is only a limited amount of information about the extent to  which this pattern  
of glucose catabolism i n  v itro  may be modified by the presence of additional sub
strates as, of course, occurs i n  v ivo . Hirsch, Baruch & Chaikoff (1954) reported th a t 
the addition of acetate had very little effect on the rate  of oxidation of uniformly 
labelled glucose but reduced its incorporation into fa tty  acids by about 50%. This 
latter result agreed with the results of Balmain, Folley & Glascock (1954). Duncombe
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& Glascock (1956) also found th a t acetate was without effect on the rates of oxidation 
of both uniformly labelled and l-14C-glucose. However, in a more recent study Green - 
baum & Darby (1964) found th a t the addition of acetate gave rise to a small increase 
in the production of 14C 02 from uniformly labelled glucose and also increased its 
incorporation into fatty  acids. Hirsch et a l. (1954) and Duncombe & Glascock (1956) 
also investigated the effects of the addition of pyruvate and found th a t it caused a 
decrease in the rate of oxidation of uniformly labelled glucose by slices of lactating 
ra t mammary tissue. Hirsch et a l. also showed th a t the incorporation of glucose into 
fa tty  acids was very greatly reduced in the presence of pyruvate. The present paper 
¿escribes experiments in which the effects of acetate and of pyruvate on glucose 
catabolism by lactating ra t mammary tissue were examined in more detail and with 
particular regard to the relationship between the glycolytic and pentose phosphate 
pathways.

R . W . S m it h  a n d  R . F . G l a sc o c k

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

C h e m ic a ls . Diphenyl oxazole and l,4-bis-(5-phenyloxazol-2-yl)benzene for liquid 
scintillation counting were obtained from Thorn Electronics Ltd., Tolworth, Surrey. 
Silicic acid for column chromatography was Mallinckrodt 100-mesh grade and sup
plied by Kodak Ltd., Kirby, Liverpool. [ l-14C]glucose, [2-14C]glucose and [6-14C]- 
glucose were bought from the Radiochemical Centre, Amersham, Bucks. Sodium 
pyruvate was prepared by the method of Price & Levintow (1952).

A n im a ls .  Primiparous hooded Norway rats from the Institu te colony were used 
a t the fourteenth-sixteenth day of lactation.

P r e p a r a tio n  o f  s lices . The animals were killed by breaking their necks and the 
abdominal mammary glands were quickly dissected out. Tissue slices approximately 
0-3 mm thick were cut on a mechanical tissue chopper (H. Mickle, Gomshall, Surrey), 
and washed in ice-cold Ringer’s saline (Krebs & Henseleit, 1932) to remove the 
retained milk.

In c u b a t io n  te ch n iq u e . Washed slices (500 mg) were incubated in a unit similar to 
th a t described by Duncombe & Glascock (1956) with 5 ml of Krebs-Ringer bicar
bonate medium and 100 /mioles of glucose containing 1 /m of either [l-14C]glucose, 
[2-14C]glucose or [6-14C]glucose. When required, 100 /mioles of sodium acetate or 
sodium pyruvate were also added. The gas phase was 0 2 + C 02 (95:5) and the flasks 
were incubated a t 37 °C for 3 h with shaking.

I s o la t io n  o f  m e ta b o lite s

R e s p ir a to r y  l i C 0 2. At the end of the incubation period the C 02 in the flasks was 
extracted as described by Duncombe & Glascock (1956). The tissue slices were 
separated from the medium by filtration, well washed with water, freeze-dried and 
their dry weight determined.

F a t ty  a c id s . Total lipids were extracted from the dry tissue with chloroform- 
methanol (2 :l,v /v ) . The lipid extract was concentrated to dryness, redissolved in 
chloroform and applied to a chromatography column prepared from 2 g of silicic 
acid. Triglycerides and other neutral lipids were eluted with 20 ml of chloroform. This 
eluate was concentrated to dryness and the residue was hydrolysed by heating it 
with 0-5 N-ethanolic KOH. The saponification mixture was shaken with hexane to



remove non-saponifiable material which was discarded. The aqueous phase was then 
acidified with 10 n -H2S04 and the fatty  acids were extracted by shaking again with 
hexane. This hexane extract was washed with water to remove mineral acid, and 
titra ted  with saturated Ca(OH)2 after the addition of sufficient 95 % ethanol to 
maintain a one-phase system. I t  was then concentrated to dryness and the calcium 
salts were subm itted to combustion as described by Glascock (1954). The 14C 02 was 
collected and counted.

G lyceride  g lycero l. The solution which remained after the extraction of the fatty  
acids was made up to a known volume and duplicate samples were counted after the 
addition of 10 ml of the scintillator solution described below. The glycerol content 
of this solution was determined by the method of Moore (1962).

L a c tic  a c id . Carrier lactic acid (100 /¿.moles in the form of zinc lactate trihydrate) 
was added to the incubation medium and washings which were then concentrated to 
about 2 ml. This solution was adjusted to  pH 2, and mixed with anhydrous N a2S04 
(20 g) to give a dry powder which was extracted with diethyl ether. The ether was 
removed by evaporation and the lactic acid was purified by partition chromato
graphy on silicic acid. The method of Ladd & Nossal (1954) was used except th a t the 
column was prepared from 3 g of silicic acid and the aqueous phase was 1-8 ml of 
0-5 n -H2S04. All the solvents were equilibrated with 0-5 ït-H2S04 before use. Fractions 
(2 ml) were collected at the rate of 36/h and titra ted  with 0-01 w-NaOH (carbonate- 
free) with phenol red as indicator. The fractions which contained lactic acid were 
pooled and concentrated to dryness. The residue was redissolved in a known volume 
of water and duplicate samples were counted.

M e a s u r e m e n t  o f  ra d io a c tiv ity

All measurements of radioactivity were done by liquid scintillation counting in a 
Packard-Tri-Carb model 3314 Liquid Scintillation Spectrometer. The efficiency of 
counting was determined by the internal standard technique for which [14C]toluene 
was used. The scintillator solution used for counting the solutions of lactic acid 
and glycerol consisted of 2,5 diphenyl oxazole (7 g/1), l,4-bis-(5-phenyloxazol-2-yl) 
benzene (0-3 g/1) and naphthalene (100 g/1) in a 3:2 (v/v) mixture of 2-methoxyethanol 
and anisole. The absorption in ethanolamine and subsequent counting of the C 02 
extracted from the incubation flasks or obtained by combustion of fa tty  acids was 
carried out as described by Smith & Phillips (1969).
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R E S U L T S

O x id a tio n  o f  the 6%, £%) a n d  6% a to m s  o f  g lucose to C 0 2 

E x p r e s s io n  o f  re su lts . Hourly rates of oxidation are expressed as wg C/mg dry weight 
of tissue and are designated by the symbol q with the appropriate subscript. Thus, 
qGi, qG2 and qQ6 refer to  the rates of oxidation of the C(1), C(2) and C(6) atoms.

T h e  effec t o f  aceta te. The rates of oxidation of the C(1), C(2) and C(6) atoms of glucose 
in the presence and absence of acetate are shown in Table 1. When glucose was the 
only substrate the mean values of qGl and qG2 were, respectively, 23 times and 11 
times th a t of qG6. On the addition of acetate to the medium, qG2 increased by 41 % 
and qG6 by 107%. The increase in the value of qG1 was only 14% although still



Table 1. T h e  e ffec t o f  u n la b e lle d  aceta te  o n  the h o u r ly  ra te  o f  o x id a t io n f  o f  the  (7{1), C(2) a n d  G (6) a to m s  o f
g lucose  b y  s lic e s  o f  la d a t in g  ra t m a m m a r y  g la n d

<301 <3g2 <3ao R atio  qoi/q<io

No. of r a t s . ..

A ceta te
absen t

8

A ceta te
p resen t

A ceta te
ab sen t

i

A ceta te
p resen t

1

A cetato
absen t

8

A ceta te
p re sen t

A ceta te
absen t

8

A ceta te
p resen t

R ange 0-94-1-66 1-17-2-25 0-43-0-90 0-62-1-17 0-030-0-093
■\

0-10-0-14 13-0-31-8 8-7-18-8
Moan 1-35 1-54 0-63 0-89 0-058 0-12 24-6 12-7

Difference +  s ta n d a rd ~ ^ Y

erro r o f difference 0-19 +  0-079 0-26 +  0-046 0-062 +  0-0066 11 -9 ±  1-98
Significance of difference * *** * ** *

t  R a te  o f ox idation  expressed as ¡ ig  C/mg d ry  \v t o f tissue. Levels o f significance: *  P  <  0-05. *** P  <  0-001.

Table 2. T h e  effec t o f  u n la b e lle d  p y m v a t e  o n  the  h o u r ly  ra te  o f  o x id a t io n f  o f  the  C(1), C {2) a n d  C(6) a to m s  o f
g lucose  b y  s lic e s  o f  la c ta tin g  r a t  m a m m a r y  g la n d

qc.i Oc.2 qce R a tio  qG1/q G6

No. o f r a t s . . .

P y ru v a te
absen t

P y ru v a te
p resen t

)

P y ru v a te
absen t

t

P y ru v a te
p re sen t

P y ru v a te
absen t

>
P y ru v a te
p resen t

5

P y ru v a te
ab sen t

r

I
P y ru v a te

p resen t

R ange 0-91—1-19 0-20-0-43 0-38-0-57 0-17-0-25 0-024-0-075 0-010-0-036 14-8-37-9 11-8-27-9
Moan 1-01 0-32 0-51 0-22 0-048 0-019 24-1 19-1

Difference +  s tan d ard
erro r o f difference 0-69-'0-068 0-29 ±0-053 0-029 +  0-0048 5-0 ±4-04

Significance of difference ** *** NS

t  Rate of oxidation expressed as /ig C/mg dry wt of tissue. Levels of significance: N S P  > 0-05. ** P  < 0-01. ***  P  < 0-001.
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significant a t the 5 % level. Since the relative increase in the value of qG6 was greater 
than th a t of qGl the ratio qG1/qG6 was halved.

The effect of pyruvate. When the additional substrate in the medium was pyruvate, 
the values of qG1, qG2 and qG6 were all reduced to between one third and one half of the 
values observed when glucose was the only substrate (Table 2). There was no signifi
cant change in the value of the ratio qGi/qG6.

Pathways of glucose catabolism,
The changes in the rates of oxidation of the C(1), C(2) and C(6) carbon atoms of 

glucose resulting from the addition of a second substrate may have been associated 
with a change in the relative extents to which the pentose phosphate and glycolytic 
pathways participated in the catabolism of glucose to  triose phosphate. The incor
poration of these carbon atoms of glucose into 3 derivatives of triose phosphate 
(fatty acids, lactic and glyceride glycerol) were therefore measured. The results were 
used to calculate the fraction of the glucose converted to these substances which was 
catabolized by the pentose phosphate pathway. The method of calculation used 
was th a t proposed by Abraham, Hirsch & Chaikoff (1954) in which the ratio (14C 
incorporated from 6-14C-glucose-14C incorporated from 1 -14C-glucose)/(14C incorporated 
from 6-14C glucose) represents the fraction of glucose catabolized to triose phosphate 
by way of the pentose phosphate pathway.

Effect o f acetate and of pyruvate on the contribution of the pentose phosphate 
pathway as measured by the incorporation of glucose carbon in to:

(a) FATTY ACIDS

Effect of acetate. Table 3 shows th a t when acetate was added to the medium the 
incorporation into fa tty  acids of the atom of glucose was reduced by 43 % and of 
the C(6) atom of glucose by 22 %. The incorporation of the C(2) atom of glucose was not 
significantly changed.

W hen glucose was the only substrate the proportion converted into fatty  acids by 
the pentose phosphate pathway was about 50 % (Tables 3 and 4). This result is in 
good agreement with those of other workers (Abraham & Chaikoff, 1959; Greenbaum 
& Darby, 1964; McLean, 1964). Although the incorporation of glucose into fa tty  
acids was decreased when acetate was present in the medium the relative contri
bution of the pentose phosphate pathway was increased from 47 to  62 % (Table 3).

Effect of pyruvate. The results presented in Table 4 show th a t when the pyruvate 
was added to  the medium the incorporation of the C(1), C(2) and C(6) atoms of glucose 
into the fa tty  acids was almost completely abolished. The table also shows th a t the 
small amounts of glucose which were converted to fatty  acids in the presence of 
pyruvate were catabolized largely by the pentose phosphate pathway.

(b) LACTIC ACID

Effect of acetate. Table 5 shows th a t on the addition of acetate the incorporation 
of the C(1) and C(6) atoms of glucose into lactic acid was reduced by about 80 % and 
of the C(2) atom of glucose by 47 %. A smaller effect had also been observed on the 
incorporation of the C(2) atom into fa tty  acids (Table 3).

Glucose catabolism in  rat m am m ary tissue 4 59



T
ab

le
 3

. 
Th

e 
ef

fe
ct

 o
f u

nl
ab

el
le

d 
ac

et
at

e 
on

 th
e 

in
co

rp
or

at
io

nf
 o

f t
he

 
0

(2)
 a

nd
 

at
om

s 
of

 g
lu

co
se

 i
nt

o 
fa

tt
y 

ac
id

s 
of

 
la

ct
at

in
g 

ra
t m

am
m

ar
y 

tis
su

e,
 a

nd
 o

n 
th

e 
pr

op
or

tio
n 

of
 g

lu
co

se
 c

at
ab

ol
iz

ed
 b

y 
th

e 
pe

nt
os

e 
ph

os
ph

at
e 

pa
th

w
ay

N
o.

 o
f 

ra
ts

...

R
an

ge
M

ea
n

D
if

fe
re

nc
e 

±
 s

ta
nd

ar
d 

er
ro

r 
of

 d
if

fe
re

nc
e

Si
gn

if
ic

an
ce

 o
f 

di
ff

er
en

ce

C,
„

A
ce

ta
to

ab
se

nt

6

A
ce

ta
te

pr
es

en
t

0-
36

-1
-3

6
0-

20
-0

-9
4

0-
90

0-
51

0-
39

 ±
0-

09
2 

**

C«
,

A
ce

ta
to

ab
se

nt

6

A
ce

ta
te

pr
es

en
t

0-
46

-1
-6

8
0-

32
-1

-3
5

0-
98

0-
72

0-
26

 ±
01

07
 

N
S

C«
,

A
ce

ta
te

ab
se

nt

6

A
ce

ta
te

pr
es

en
t

0-
62

-2
-5

8
0-

62
-2

-2
1

1-
65

1-
28

t.

0-
37

 +
 0

-1
39

 
*

P
en

to
se

 p
at

hw
ay

, 
%

r

A
ce

ta
te

A
ce

ta
te

ab
se

nt
pr

cs
on

t

6

36
-6

0
56

-7
0

47
62

15
 +

 3
-7

t 
In

co
rp

or
at

io
n 

ex
pr

es
so

d 
as

 m
g 

la
be

lle
d 

C
/1

00
 m

g 
fa

tt
y

 a
ci

d 
C.

L
ev

el
s 

of
 s

ig
ni

fi
ca

nc
e:

 N
S 

P
 

>
 0

 0
5.

 
* 

P
 

<
 0

-0
5.

 
**

 P
 <

 0
 0

1.

T
ab

le
 4

. 
Th

e 
ef

fe
ct

 o
f u

nl
ab

el
le

d 
py

ru
va

te
 o

n 
th

e 
in

co
rp

or
at

io
nf

 o
f t

he
 C

(1)
, C

i2)
 a

nd
 C

(6) 
at

om
s 

of
 g

lu
co

se
 i

nt
o 

fa
tt

y 
ac

id
s 

of
 

la
ct

at
in

g 
ra

t 
m

am
m

ar
y 

tis
su

e,
 a

nd
 o

n 
th

e 
pr

op
or

tio
n 

of
 g

lu
co

se
 c

at
ab

ol
iz

ed
 b

y 
th

e 
pe

nt
os

e 
ph

os
ph

at
e 

pa
th

w
ay

C(
1) 

C
l2)

 
C(

6) 
P

en
to

se
 p

at
hw

ay
, 

%

N
o.

 o
f 

ra
ts

..
.

P
yr

uv
at

e
ab

se
nt

4

P
yr

uv
at

e
pr

es
en

t
P

yr
uv

at
e

ab
se

nt
P

yr
uv

at
e

pr
es

en
t

4

P
yr

uv
at

e
ab

se
nt

P
yr

uv
at

e
pr

es
en

t

4

P
yr

uv
at

e 
P

yr
uv

at
e 

ab
se

nt
 

pr
es

en
t

4

R
an

ge
0-

57
-0

-8
6

0-
00

28
-0

-0
03

5
0-

95
-1

-2
3

0-
00

26
-0

-0
06

9
(

1-
44

-1
-9

3
0-

01
6-

0-
06

1
39

-6
5 

82
-9

3
M

ea
n

0-
70

0-
00

3
1-

06
0-

00
5

1-
66

0-
03

8
52

 
88

D
if

fe
re

nc
e 

+
 s

ta
nd

ar
d

"V

or
ro

r 
of

 d
if

fe
re

nc
e

0-
70

 ±
0-

06
1

1•
05

 +
 0

 0
59

1-
62

 ±
0-

09
8

36
 ±

5-
0

Si
gn

if
ic

an
ce

 o
f 

di
ff

er
en

ce
**

*
*

*
**

*
*

*

t 
In

co
rp

or
at

io
n 

ex
pr

es
se

d 
as

 m
g 

la
be

lle
d 

C
/1

00
 m

g 
fa

tt
y

 a
ci

d 
C.

L
ev

el
s 

of
 s

ig
ni

fi
ca

nc
e:

*
*

 
P

 
<

 
0-

01
. 

*
*

*
 

P
<

 
0-

00
1.

460 R. W. Sm it h  a n d  R. F. Glascock



D airy  Res. 36I'D C
D

T
ab

le
 5

. 
Th

e 
ef

fe
ct

 o
f u

nl
ab

el
le

d 
ac

et
at

e 
on

 th
e 

in
co

rp
or

at
io

nf
 o

f t
he

 
C

(2)
 a

nd
 C

(6)
 a

to
m

s 
of

 g
lu

co
se

 i
nt

o 
la

ct
ic

 a
ci

d
by

 l
ac

ta
tin

g 
ra

t m
am

m
ar

y 
tis

su
e,

 a
nd

 o
n 

th
e 

pr
op

or
tio

n 
of

 g
lu

co
se

 c
at

ab
ol

iz
ed

 b
y 

th
e 

pe
nt

os
e 

ph
os

ph
at

e 
pa

th
w

ay

N
o.

 o
f r

at
s.

..

R
an

ge
M

ea
n

D
if

fe
re

nc
e 

+
 s

ta
nd

ar
d 

er
ro

r 
of

 d
if

fe
re

nc
e 

Si
gn

if
ic

an
ce

 o
f 

di
ff

er
en

ce

C(
i>

c«
>

A
ce

ta
te

ab
se

nt
5

A
ce

ta
te

pr
es

en
t

A
ce

ta
te

ab
se

nt
3

A
ce

ta
te

pr
es

en
t

1-
31

-2
-3

8
0-

23
-0

-7
4

1-
13

-3
-0

6
0-

38
-1

-8
7

1-
86

0-
52

1-
78

0-
94

Y
V

1-
34

 +
 0

-1
53

0-
84

±0
-1

84
**

* 
*

f 
In

co
rp

or
at

io
n 

ex
pr

es
se

d 
as

 

L
ev

el
s 

of
 s

ig
ni

fi
ca

nc
e:

 N
S 

P 
>

 0
05

.

C
(6)

 
P

en
to

se
 p

at
hw

ay
, 

%

A
ce

ta
te

ab
se

nt
5

A
ce

ta
te

pr
es

en
t

A
ce

ta
te

ab
se

nt
5

A
ce

ta
te

pr
es

en
t

2-
49

-5
-1

3
0-

67
-1

-4
3

31
-6

0
46

-6
7

3-
83

1-
03

50
52

2-
80

 +
 0

-3
39

2 
+

 9
-0

**
N

S
sp

ec
if

ic
 a

ct
iv

it
y 

of
 la

ct
ic

 a
ci

d 
by

 w
t x

 1
00

 
sp

ec
if

ic
 a

ct
iv

it
y 

of
 s

ub
st

ra
te

 g
lu

co
se

 b
y 

w
t’

* 
P 

<
 0

-0
5.

 
**

 P
 <

 0
*0

1.
 

**
* 

P 
<

 0
-0

01
.

T
ab

le
 6

. 
Th

e 
ef

fe
ct

 o
f u

nl
ab

el
le

d 
py

ru
va

te
 o

n 
th

e 
in

co
rp

or
at

io
nf

 o
f t

he
 C

{1)
, C

{2)
 a

nd
 

at
om

s 
of

 g
lu

co
se

 i
nt

o 
la

ct
ic

 a
ci

d 
by

 
la

ct
at

in
g 

ra
t m

am
m

ar
y 

tis
su

e,
 a

nd
 o

n 
th

e 
pr

op
or

tio
n 

of
 g

lu
co

se
 c

at
ab

ol
iz

ed
 b

y 
th

e 
pe

nt
os

e 
ph

os
ph

at
e 

pa
th

w
ay

N
o.

 o
f 

ra
ts

..
.

R
an

ge
M

ea
n

D
if

fe
re

nc
e 

+
 s

ta
nd

ar
d 

er
ro

r 
of

 d
if

fe
re

nc
e

Si
gn

if
ic

an
ce

 o
f 

di
ff

er
en

ce

Cu
>

P
yr

uv
at

e
P

yr
uv

at
e

ab
se

nt
4

pr
es

en
t

1-
63

-2
-8

0
0-

16
-0

-4
4

2-
39

0-
26

v.__
__

.
--

--
--

--
--

--
--

--
--

--
--

--
-J

C
«,

P
yr

uv
at

e
P

yr
uv

at
e

ab
se

nt
pr

es
en

t
4

3-
20

-6
-3

1
0-

27
-0

-3
4

4-
45

0-
30

C<
„

P
yr

uv
at

e
ab

se
nt

P
yr

uv
at

e
pr

es
en

t
4

4-
35

-8
-2

0
5-

52
0-

48
-1

-4
2

0-
87

P
en

to
se

 p
at

hw
ay

, 
%

P
yr

uv
at

e
P

yr
uv

at
e

ab
se

nt
pr

es
en

t
4

40
-6

6
50

-8
9

55
64

2-
13

 ±
 0

-2
35

 
41

-5
 +

 0
-6

79
 

4-
65

±
l-

05
**

 
**

 
*

sp
ec

if
ic

 a
ct

iv
it

y 
of

 l
ac

ti
c 

ac
id

 b
y 

w
t x

 1
00

t 
In

co
rp

or
at

io
n 

ex
pr

es
se

d 
a

s-
---

--
—

---
---

,. 
. 

—
-z—

 --
---

--
---

---
z--

---
---

--
---

---
---

sp
ec

if
ic

 a
ct

iv
it

y 
of

 s
ub

st
ra

te
 g

lu
co

se
 b

y 
w

t
Le

ve
ls

 o
f s

ig
ni

fic
an

ce
: N

S 
P

 >
 0

-0
5.

 
* 

P
 <

 0
-0

5.
 

**
 P

 <
 0

-0
1.

9 
+

 8
-9

 
N

S

Glucose catabolism in rat mammary tissue 461



T
ab

le
 7

. 
Th

e 
ef

fe
ct

 o
f u

nl
a,

be
lte

d,
 a

ce
ta

te
 o

n 
th

e 
in

co
rp

or
at

io
nf

 o
f t

he
 C

{1}
, (

7(2
) a

nd
 C

i6}
 a

to
m

s 
of

 g
lu

co
se

 I
nt

o 
gl

yc
er

id
e 

gl
yc

er
ol

 
by

 l
ac

ta
tin

g 
ra

t m
am

m
ar

y 
tis

su
e,

 a
nd

 o
n 

th
e 

pr
op

or
tio

n 
of

 g
lu

co
se

 c
at

ab
ol

iz
ed

 b
y 

th
e 

pe
nt

os
e 

ph
os

ph
at

e 
pa

th
w

ay
C

(1)
 

C
(2)

 
C

(6)
 

Pe
nt

os
e 

pa
th

w
ay

, 
%

N
o.

 o
f 

ra
ts

..
.

A
ce

ta
te

ab
se

nt
5

A
ce

ta
te

pr
es

en
t

A
ce

ta
te

ab
se

nt
3

A
ce

ta
te

pr
es

en
t

A
ce

ta
te

ab
se

nt
A

ce
ta

te
pr

es
en

t
5

A
ce

ta
te

ab
se

nt
A

ce
ta

te
pr

es
en

t
5

R
an

ge
6-

96
-1

2-
30

5-
38

-1
0-

40
11

-0
4-

13
-2

0
9-

75
-1

5-
50

8-
39

-1
3-

55
8-

10
-2

0-
00

5-
26

26
-4

8
M

ea
n

9-
69

8-
05

12
-3

8
12

-6
5

11
-2

5
13

-0
8

14
37

D
if

fe
re

nc
e 

±
 st

an
da

rd
 

er
ro

r 
of

 d
if

fe
re

nc
e

1-
64

-0
-4

46
0-

27
 +

 1
-1

87
1-

83
+1

-2
94

23
 +

 3
-6

Si
gn

if
ic

an
ce

 o
f 

di
ff

er
en

ce
*

N
S

N
S

**

sp
ec

if
ic

 a
ct

iv
it

y 
of

 g
ly

ce
ro

l 
by

 w
t x

 1
00

T 
In

co
rp

or
at

io
n 

ex
pr

es
se

d 
a

s-
---

---
--

---
---

--
—

---
---

-—
---

---
---

---
--

,--
---

---
--

---
---

--
.

sp
ec

if
ic

 a
ct

iv
it

y 
of

 s
ub

st
ra

te
 g

lu
co

se
 b

y 
w

t
L

ev
el

s 
of

 s
ig

ni
fi

ca
nc

e:
 U

S 
P

 
>

 0
-0

5.
 

* 
P

 
<

 0
-0

5.
 

**
 P

 
<

 0
-0

1.

T
ab

le
 8

. 
Th

e 
ef

fe
ct

 o
f u

nl
ab

el
le

d 
py

ru
va

te
 o

n 
th

e 
in

co
rp

or
at

io
n^

 o
f t

he
 C

^,
 (

7(2
) a

nd
 C

(6)
 a

to
m

s 
of

 g
lu

co
se

 i
nt

o 
gl

yc
er

id
e 

gl
yc

er
ol

 
by

 l
ac

ta
tin

g 
ra

t m
am

m
ar

y 
gl

an
d,

 a
nd

 o
n 

th
e 

pr
op

or
tio

n 
of

 g
lu

co
se

 c
at

ab
ol

iz
ed

 b
y 

th
e 

pe
nt

os
e 

ph
os

ph
at

e 
pa

th
w

ay

C
,i,

G
«)

P
en

to
se

 p
at

hw
ay

, 
%

N
o.

 o
f 

ra
ts

...

P
yr

uv
at

e
ab

se
nt

5

P
yr

uv
at

e
pr

es
en

t
P

yr
uv

at
e

ab
se

nt
4

P
yr

uv
at

e
pr

es
en

t
P

yr
uv

at
e

ab
se

nt
5

P
yr

uv
at

e
pr

es
en

t
P

yr
uv

at
e

ab
se

nt
P

yr
uv

at
e

pr
es

en
t

5

R
an

ge
M

ea
n

8-
50

-1
4-

80
10

-7
2

V

0-
38

-0
-5

0
0-

45
17

-3
0-

21
-3

0
18

-9
0

0-
54

-1
-7

2
0-

93
11

-0
5-

15
-6

0
13

-0
9

4-
20

-8
-1

0
5-

63
0-

36 18
90

-9
4

92

D
if

fe
re

nc
e 

+
 s

ta
nd

ar
d

er
ro

r 
of

 d
if

fe
re

nc
e 

10
-2

7-
1-

10
0 

17
-9

7-
0-

84
5 

7-
46

-0
-8

71
 

74
 +

 7
-3

Si
gn

if
ic

an
ce

 o
f d

if
fe

re
nc

e 
**

* 
**

* 
**

 
**

*
. 

sp
ec

if
ic

 a
ct

iv
it

y 
of

 g
ly

ce
ro

l 
by

 w
t x

 1
00

+ 
In

co
rp

or
at

io
n 

ex
pr

es
se

d 
a

s
---

---
—

---
---

--
—

---
---

-—
---

---
---

---
--

---
---

---
,--

---
--

.
sp

ec
if

ic
 a

ct
iv

it
y 

of
 s

ub
st

ra
te

 g
lu

co
se

 b
y 

w
t

Le
ve

ls
 o

f s
ig

ni
fic

an
ce

: 
**

 P
 <

 0
-0

1.
 

**
* 

P
<

 0
-0

01
.

462 R. W. Sm it h  a n d  R. F. Glascock



When glucose was the only substrate the mean value for the proportion of glucose 
catabolized to  lactic acid by the pentose phosphate pathway was 52% , a result 
which agrees well with th a t based on the incorporation of these carbon atoms into 
fa tty  acids. The addition of acetate resulted in an increase in the relative participa
tion of this pathway which, however, was not significant (Table 5).

Effect of pyruvate. Table 6 shows th a t on the addition of pyruvate the incorpora
tion of the C(x), C(2) and C(6) atoms of glucose into lactic acid, as into fa tty  acids 
(Table 4), was markedly reduced. In  contrast with the results obtained with fatty  
acids, the incorporation of glucose carbon into lactic acid in the presence and absence 
of pyruvate indicates th a t this substrate had no significant effect on the proportion 
of glucose catabolized by the pentose phosphate pathway.

(c) GLYCERIDE GLYCEROL

Effect of acetate. The incorporation of the C(1), C(2) and C(6) atoms of glucose into 
glyceride glycerol is shown in Table 7. When glucose was the only substrate the mean 
incorporation of the C(2) atom of glucose was higher than  th a t of the C(6) atom, whereas 
Tables 3, 4, 5 and 6 show th a t the level of incorporation of the C(2) atom into both 
fa tty  acids and lactic acid was less than  th a t of the C(6) atom.

The addition of acetate had no significant effect on the incorporation of the C(1), 
C(2) and C(6) atoms of glucose into glycerol. Although the contribution of the pentose 
pathway as calculated from the data for this derivative was tripled on the addition 
of acetate, all the values obtained (Table 7) were very much lower than  those cal
culated from the data for fa tty  acids and lactic acid.

Effect of pyruvate. As observed with the other 2 derivatives, the incorporation into 
glycerol of the Q,) and C(2) atoms of glucose was markedly reduced on the addition 
of pyruvate (Table 8). The incorporation of the C(6) atom, however, was only halved. 
Calculations of the participation of the pentose phosphate pathway indicate that, 
as for fa tty  acids, the small amounts of glucose converted to glycerol in the presence 
of pyruvate are metabolized largely by th a t pathway.

Glucose catabolism in  rat m am m ary tissue 4 63

DISCUSSION

Evaluation of pathways
No attem pt has been made to make a quantitative assessment of the activity of the 

pentose phosphate pathway on the basis of the relative conversion of the C^  and 
C(6) atoms of glucose to C 02. This method is particularly inadequate when there is an 
extensive re-cycling of some of the carbon atoms of glucose (Katz & Wood, 1960). 
The high rate of oxidation of the C\2) atom relative to th a t of the C(6) atom found both 
in  this and other work (McLean, 1964) indicates th a t there is a considerable re
cycling of glucose carbon in lactating ra t mammary tissue. Even when used as a 
qualitative guide to changes in the activity of the pentose phosphate pathway this 
ratio  m ust be interpreted with caution. Thus, the decrease in the ratio observed when 
acetate was added to  the medium (Table 1) was the result of a 2-fold increase in qG6 
(which is converted to the methyl carbon atom of ‘ acetyl ’ by the glycolytic pathway), 
and seems to  reflect an increase in the amount of labelled glucose which is completely

29-2
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oxidized in the tricarboxylic acid cycle rather than  any change in the activity of the 
pentose phosphate pathway.

K atz & Wood (1960) examined the assumptions made in the development of the 
method used in this study to evaluate the participation of the pentose phosphate 
pathway. They showed th a t it is inadvisable to place too much weight on the 
absolute values of the results obtained. Nevertheless, it seems justifiable to apply the 
method to studies in which changes in the general pattern  of metabolism are being 
investigated, as here. Thus, Greenbaum & Darby (1964) used this type of calculation 
in their study of the effect of adrenalectomy on mammary gland metabolism, and 
W alters & McLean (1967) used it in a similar study of the effects of thyroidectomy.

One of the assumptions on which the method is based is th a t the 2 ‘triose phos
phates’ (glyceraldehyde 3-phosphate and dihydroxyacetone phosphate) are in 
isotopic equilibrium. However, there is evidence obtained from studies of liver and 
adipose tissue th a t this is not always so (Marks & Horecker, 1956; Katz, Landau & 
Bartsch, 1966).

The results obtained when the relative participation of the pentose phosphate 
pathway is calculated from the incorporation of the C(X) and C(6) atoms of glucose into 
the 3 derivatives used (fatty acids, lactic acid and glycerol) are not in agreement. 
Glycerol consistently indicates a lower participation of the pentose phosphate path 
way than do the other 2 derivatives. Statistical analysis of the results (‘t ’ test) shows 
th a t when glucose is the only substrate, there is no significant difference (P  > 0-05) 
between those obtained from fa tty  acids and lactic acid, respectively. The difference 
between the results obtained from fatty  acids and lactic acid on the one hand and 
glycerol on the other are, however, highly significant (P  < 0-001). In  the presence 
cf acetate the results obtained from glycerol are still significantly different from those 
obtained from either fa tty  acids or lactic acid (P  < 0-001, P  < 0-05). Under these 
conditions, however, there is also a significant difference at the 5 % level between the 
results obtained from fatty  acids and lactic acid.

Both fatty  acids and lactic acid derive carbon from glucose via glyceraldehyde-3- 
phosphate whereas glycerol is derived from dihydroxyacetone phosphate. In  spite 
of the difference in the results obtained from fatty  acids and lactic acid in the pre
sence of acetate, the best explanation of the results as a whole would appear to  be 
th a t in the ra t mammary gland as in liver and adipose tissue the 2 ‘triose phos
phates’ are not in isotopic equilibrium. The observation th a t the C<2) carbon of 
g uoose appears in glyceride glycerol to a greater extent than  the C(6) carbon provides 
further evidence to  support this view because it  indicates th a t dihydroxyacetone 
paosphate is a better precursor of glycerol than  glyceraldehyde 3-phosphate.

The effect of acetate
The increase in qG6 observed when acetate was added to the medium (Table 1) may 

be due to a disturbance of the balance between the oxidation of ‘ C-2 units ’ derived 
from glucose and their utilization for fa tty  acid synthesis. I t  is now accepted th a t 
fa tty  acid synthesis in mammary gland tissue is largely an extra-mitochondrial 
process (Dils & Popjak, 1962) and since the pyruvate oxidase system is known to be 
intramitochondrial, it follows th a t there m ust be 2 pools of acetyl coenzyme A, one 
extra-mitochondrial and the other intra-mitoehondrial. Glucose carbon can there

R . W . S m it h  a n d  R .  F .  G l a sc o c k
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fore contribute to  the extra-mitochondrial pool of acetyl coenzyme A only by way 
of the intra-mitochondrial pool. Smith, Easter & Dils (1966) showed th a t aceta te : CoA 
ligase in rabbit mammary gland tissue was largely extra-mitochondrial, and it there
fore follows th a t exogenous acetate can contribute to the extra-mitochondrial pool 
directly.

Although in ra t mammary tissue acetate does not contribute to the synthesis of fatty  
acids in the absence of glucose, it is readily utilized when glucose is present (Balmain, 
Folley & Glascock, 1952). Under these conditions almost equal amounts of the 2 sub
strates are incorporated into fatty  acids (Balmain et at. 1954) and they m ust therefore 
contribute almost equally to  the extra-mitochondrial pool of acetyl co-enzyme A.

The mechanism by which acetate produces its effect on glucose oxidation must, 
however, be to  some extent a m atter for conjecture. The addition of acetate to  a pre
paration metabolizing only glucose will make available an additional source of C-2 
units to the extra-mitochondrial pool. This will tend to  reduce the flow into th a t pool 
of C-2 units from the intra-mitochondrial pool, thus leaving more glucose carbon in 
th a t pool available for oxidation in the tricarboxylic acid cycle. Acetate will also, 
however, contribute to the intra-mitochondrial pool and dilute the labelled glucose 
carbon in it. W hether a net increase or decrease in the rate of oxidation of glucose 
carbon then results will depend on the balance of these 2 opposing tendencies. The 
fact th a t an increase in the rate  of oxidation of the C(6) atom of glucose is observed 
when acetate is added suggests th a t the ‘sparing effect’ on the intra-mitochondrial 
pool is greater than the effect of dilution by the C(2> units derived from acetate.

As already noted, the high rate of oxidation of the C(2> atom of glucose relative to 
th a t of the C<6) atom (Table 1) m ust have been largely due to  re-cycling in the pentose 
phosphate pathway and the 40 % increase observed on the addition of acetate m ust 
for the same reasons have been due to increased re-cycling. This idea is supported 
by the results of 2 of the 3 methods of evaluation of the pentose phosphate pathway 
in the presence and absence of acetate.

In  addition to a stimulation of the pentose phosphate pathway as suggested 
above, acetate may also have an inhibitory effect upon the glycolytic pathway. 
Williamson (1965), in a study of the metabolism of glucose by the perfused ra t heart, 
found th a t the levels of glucose 6-phosphate were raised and hexokinase activity was 
decreased by the addition of acetate. He attribu ted  these effects to  an inhibition of 
phosphofructokinase and showed th a t an increased synthesis of glycogen occurred, 
presumably by diversion of glucose into this pathway. In  ra t mammary tissue a 
similar inhibition of some step or steps in the glycolytic pathway may occur. How
ever, both Williamson (1965) and Bethencourt, Matos & Shipp (1966) have shown th a t 
in the perfused ra t heart the oxidation of uniformly labelled glucose was greatly 
decreased by the addition of acetate. Thus, the arguments pu t forward by Williamson 
are not an adequate explanation of the effect of acetate on glucose metabolism in ra t 
mammary tissue, nor do the present experiments resolve this problem.

The effect of pyruvate
The decreased rate of oxidation of the C(6) atom of glucose which is observed in the 

presence of unlabelled pyruvate may be due to the dilution of labelled carbon derived 
from the C(6) atom of glucose a t the pyruvate stage of the glycolytic pathway. However,

Glucose catabolism in  rat m am m ary tissue
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this explanation cannot account for the large reductions in qGl and qG2 because the 
conversion of these carbon atoms to C 02 is largely the result of the reactions of the 
pentose phosphate pathway and thus occurs by a route which does not involve 
pyruvate. Although isotope dilution by carbon derived from pyruvate cannot be 
excluded as the cause of the marked reduction in the incorporation of glucose carbon 
into lactic acid and glycerol, it seems improbable. First, a similar effect is observed 
on the incorporation into fa tty  acids into which pyruvate can pass only by way of 
acetate, and the effect of acetate was very much smaller. Secondly, when it has been 
observed isotope dilution produced by an exogenous substrate produces a very much 
smaller effect than th a t observed here (Duncombe & Glascock, 1956). The very large 
reduction caused by pyruvate in the incorporation of glucose carbon into the 3 
derivatives studied makes the apparent increase in the relative participation of the 
pentose phosphate pathway of doubtful biochemical significance.

Work in other laboratories has shown th a t in the perfused ra t heart pyruvate 
inhibits glucose uptake and oxidation by the inhibition of one or more steps of the 
glycolytic pathway (Newsholme, Randle & Manchester, 1962; Williamson, 1965). 
The effects of pyruvate on the oxidation of glucose by lactating ra t mammary gland 
tissue may be the result of a similar inhibition, and the large depression of qGl sug
gests th a t it m ust occur before the hexose phosphate stage, i.e. either glucose entry 
into the cell or its phosphorylation by hexokinase are inhibited. The apparent change 
in the relative contributions of the 2 pathways may mean th a t a further step which 
occurs before the formation of triose phosphate is affected. I t  is obvious, however, 
th a t the mechanism by which pyruvate exerts its effect is different from th a t in 
volved when acetate is the additional substrate and perhaps different also from those 
investigated in the studies with the perfused ra t heart.

The very much reduced synthesis of fatty  acids from glucose in the presence of 
pyruvate remains to  be explained. Although the addition of pyruvate reduces the 
oxidation of glucose, it is by no means completely abolished. Thus, although one step 
a t which pyruvate exerts its effect may be located a t a point where the glucose th a t 
is oxidized and the glucose th a t is incorporated into fatty  acids follow a common 
pathway, it is possible th a t pyruvate also inhibits the chain elongation process.

The existence of an active pentose phosphate pathway in lactating ra t mammary 
tissue and its high capacity to synthesize fatty  acids make the effects of additional 
substrates more far-reaching than  in heart muscle where neither of these pathways 
has any significant role. The effects are consequently more difficult to  elucidate.

We thank Mrs V. J . Broster and Mr C. Bishop for doing the statistical analyses 
and Miss D. E. Bosher for technical assistance.
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The effects of acetate and of pyruvate on the pathways of 
glucose catabolism in lactating mammary tissue

II. Sheep tissue

By R. W. SMITH a n d  R. F. GLASCOCK 
National Institute for Research in Dairying, Shinfield, Reading

(.Received 20 June  1969)

S u m m a r y  . A study was made of the changes in the rates of oxidation of the C(1): 
C(2) and C<6) atoms of glucose and in the pathways of glucose catabolism in sheep udder 
tissue in  vitro which occurred when acetate and pyruvate were added.

Whereas in ra t mammary tissue the rate  of oxidation of the C<j) atom of glucose 
was very much greater than  th a t of the C(6> atom, the ratio of the rates of oxidation 
of these 2 atoms in sheep tissue was less than 2 when glucose was the only substrate.

The addition of acetate resulted in an unequal stimulation of the oxidation of these 
2 atoms, with the result th a t the ratio of their rates of oxidation was about doubled. 
The rate of oxidation of the C(2) atom was also increased.

Acetate also increased the participation of the pentose phosphate pathway in 
glucose catabolism as measured by the incorporation of the C(1) and C(6) atoms of 
glucose into fa tty  acids, lactic acid and glycerol.

Pyruvate produced little effect on the rate  of oxidation of the atom but some
w hat depressed th a t of the C(6) atom of glucose. A t the same time, it  caused a large 
increase in the participation of the pentose phosphate pathway.

These results are discussed with reference to  re-cycling of glucose carbon in the 
pentose phosphate pathway and to the relationship between th a t pathway and fatty  
acid synthesis. I t  is noted th a t the incorporation of glucose carbon into the 3 inter
mediates used gave values for the participation of th a t pathway which were in better 
agreement than  was obtained in ra t tissue. I t  is concluded th a t triose phosphates are 
more nearly in equilibrium in sheep than  in ra t mammary tissue.

The role of glucose in the metabolism of the rum inant udder, other than  its impor
tance as the precursor of lactose, is not well defined. Although it makes only a small 
contribution to  the milk fa tty  acids, Hardwick, Linzell & Price (1961) found th a t 
it was essential for the maintenance of milk secretion and they concluded th a t 
contrary to earlier ideas it is an im portant metabolite.

Although the participation of the pentose phosphate pathway in the metabolism 
of glucose by lactating ra t mammary gland tissue has been examined in detail, the 
function of this pathway in the udder of the lactating rum inant has received much less 
attention. The only studies in  vitro which are relevant to  this problem are those 
reported by Duncombe & Glascock (1956), who demonstrated th a t the oxidation of



glucose by sheep udder slices was increased 3-fold on the addition of acetate to the 
medium. However, their results were inconclusive as to  the operation of a non- 
glycolytic pathway.

Wood and his colleagues have obtained evidence for the existence of this pathway 
in udder tissue both from experiments in  vivo (Wood, Gillespie, Joffe, Hansen & 
Hardenbrook, 1958) and, more recently, from studies with perfused udders from 
lactating cows (Wood, Peeters, Verbeke, Laurvssens & Jacobson, 1965). In  the present 
paper we report the results of a further approach to  the problem using the in vitro 
technique. The pathways of glucose catabolism by sheep udder slices and the changes 
which occur when acetate or pyruvate are added to  the incubation medium have been 
studied.

MATERIALS AND METHODS

Chemicals. The purity of all chemicals and the sources of supply were as described 
in the preceding paper (Smith & Glascock, 1969).

Animals. The animals used in this study were purchased from local farmers and 
were in the third or fourth week of lactation a t the time of the experiment. They were 
taken to the abbatoir for slaughter, where thin portions of the udder were quickly 
removed and stored in ice-cold Ringer’s solution for transport to  the laboratory.

Experimental procedures. The preparation of tissue slices, conditions of incubation 
and substrates were as described by Smith & Glascock (1969). The methods for the 
collection of respiratory C 02, the isolation of fatty  acids, glyceride glycerol and lactic 
acid and the measurement of radioactivity have also been described by Smith & 
Glascock (1969).

RESULTS

Oxidation of the G'qi, G(2> and C'(6) atoms of glucose to C 02
Expression of results. Hourly rates of oxidation are expressed as jig C/mg dry weight 

of tissue and are designated by the q notation defined in the preceding paper (Smith 
& Glascock, 1969). Thus, for example, qGl refers to the rate of oxidation of the C(1) 
atom.

The effect of acetate. When glucose was the only substrate qGl was in most experi
ments between 1-5 times and twice as great as qG6, and qG2 was also slightly greater 
than  qG6 (Table 1). This pattern  of glucose oxidation is quite different from what had 
been observed repeatedly in experiments with lactating ra t mammary tissue. These 
experiments had shown th a t in ra t tissue the rate of oxidation of the C(X) atom may 
be 20 times as great as th a t of the C(6) atom (see, for example, Smith & Glascock,
1969).

When acetate was added to  the medium the values of qG1 and qG2 were increased 
by as much as a factor of 5 but qG6 was only doubled. The unequal stimulation of the 
2 carbon atoms resulted in an increase in the value of the ratio qG1/qG6. In  similar 
experiments with lactating ra t mammary tissue, which have been reported in the 
preceding paper, it was shown th a t the addition of acetate resulted in an increase in 
the rate of oxidation of the C(6) atom but had little effect on th a t of the Cqj atom, thus 
reducing the value of the ratio qGi/qG6-

The effect o f pyruvate. Duncombe & Glascock (1956) found th a t the addition of 
pyruvate to the medium did not affect the rate of oxidation of the C(1) atom of

4 7 0  R . W . S m it h  a n d  R . F .  G l a sc o c k
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glucose. In  the present studies a variable effect was observed when pyruvate was 
added to the medium, but there was little change in the mean value of qG1 (Table 2). 
However, the rates of oxidation of both the C(2) and C(6) atoms were reduced and the 
ratio qGi/<lG6 was increased. This result is again different from th a t observed with 
ra t mammary tissue in which the rates of oxidation of the Cm and C(6) atoms were 
reduced to an approximately equal extent and the ratio qGi/qG6 thus remained 
unchanged.

Pathways of glucose catabolism
In  the experiments with ra t mammary tissue (Smith & Glascock, 1969) it was 

shown th a t the changes in the rates of oxidation of the C(1), C(2> and C(6) atoms of 
glucose which were observed on the addition of acetate or pyruvate were associated 
with a change in the relative extents to which the pentose phosphate and glycolytic 
pathways participated in the catabolism of glucose to  triose phosphate. The incor
poration of these carbon atoms into 3 derivatives of triose phosphate (fatty acids, 
lactic acid and glyceride glycerol) by sheep udder slices was therefore measured. The 
results were used to  calculate the proportion of the glucose converted to these sub
stances which was metabolized by the pentose phosphate pathway. The method of 
calculation and its reliability are discussed in the preceding paper.

Effect of acetate and of pyruvate on the contribution of the pentose phosphate 
pathway as measured by the incorporation of glucose carbon into:

( а )  FATTY ACIDS

Effect of acetate and of pyruvate. Balmain, Folley & Glascock (1954) found a very 
low incorporation of glucose total carbon into the fatty  acids of sheep udder slices and 
th a t this level was further depressed by the addition of acetate. In  agreement with 
those findings the present work shows th a t the incorporation of the C(1), C(2) and C(6) 
atoms of glucose were approximately equal, less by a factor of 100 than  th a t observed 
in ra t mammary tissue, and further reduced by the addition of acetate (Table 3). The 
inhibitory effect of acetate, however, was greater on the Cm atom than  on the C(6) 
atom, with the result th a t the calculated participation of the pentose phosphate pa th 
way increased from a mean value of 28 % to one of 61 %. The addition of pyruvate 
(Table 3) reduced even further the incorporation of the Cm and C(6) atoms of glucose 
but in such a way th a t the calculated participation of the pentose phosphate p a th 
way was about the same as in the presence of acetate. The addition of pyruvate 
reduced the incorporation of the C(2) atom to a smaller extent than  th a t of the other 
2 carbon atoms studied.

(б) LACTIC ACID

Effect of acetate. The addition of acetate produced a 25 % depression in the incor
poration of the C(1) atom and a somewhat smaller increase in the incorporation of the 
C(6) atom of glucose into lactic acid. This resulted in an increase in the calculated 
participation of the pentose phosphate pathway from 17 to 44% . Acetate had no 
significant effect on the incorporation of the CGl atom (Table 4).

Effect of pyruvate. As was observed in ra t mammary tissue (Smith & Glascock,
1969), the addition of pyruvate caused a reduction by a factor of about 10 in the in 
corporation of the Cm, C(2) and C(6> atoms of glucose into lactic acid. The effect on the
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calculated participation of the pentose phosphate pathw ay was to  increase it from a 
mean value of 17 % to one of 40 %, which is about the same result as was observed 
on the addition of acetate (Table 4).

(c) GLYCERIDE GLYCEROL

Effect of acetate. The addition of acetate had no significant effect on the incorpora
tion of the Cq, atom, but nearly doubled the incorporation of the C(6) atom into 
glycerol, with the result th a t the calculated participation of the pentose phosphate 
pathway increased from 19 to 53%. Acetate also produced a 43%  increase in the 
incorporation of the C(2) atom (Table 5).

Effect of pyruvate. The effect of pyruvate was quantitatively very different from 
th a t observed on the incorporation of glucose carbon into fa tty  acids and lactic acid, 
where it produced a 90 % reduction in the incorporation of the (% and C(6> atoms. 
The incorporation of the C(1) atom into glycerol was reduced by less than  50 % and 
th a t of the C(6) was not significantly changed. This had the result th a t the calculated 
participation of the pentose phosphate pathway was increased from 19 to 53%  by 
the addition of pyruvate, which therefore had about the same effect as acetate. The 
small depression in the mean incorporation of the (%) atom in glycerol was not signi
ficant, which again was different from the effect of pyruvate on the incorporation of 
this atom into fa tty  acids and lactic acid. There the incorporation was very much 
reduced.

DISCUSSION

Duncombe & Glascock (1956) concluded that, contrary to  earlier ideas, appreciable 
amounts of glucose are oxidized by sheep udder tissue, especially when, as in the 
living animal, acetate is present. Further evidence to  support this conclusion was 
provided by Hardwick, Linzell & Mepham (1963), who found th a t in the perfused 
goat udder about 40 % of the expired C 02 came from added glucose. The results pre
sented here support this conclusion and show th a t the rate of oxidation of the C(6) 
atom of glucose, which m ust occur by the reactions of the tricarboxylic acid cycle, 
is equal to  or greater than th a t found in lactating ra t mammary slices (Smith & 
Glascock, 1969).

When glucose was the only substrate there was a marked species difference in the 
rates of oxidation of the C(1) and C(2) atoms relative to th a t of the C(6) atom. Thus, it 
was found th a t although the rate  of oxidation of this atom was approximately the 
same in both species, th a t of the C(1) and C(2) atoms was very much lower in sheep than 
in ra t mammary tissue. This was probably due to  a lower participation of the pentose 
phosphate pathway in glucose catabolism in sheep tissue than  in ra t tissue with a 
consequent smaller degree of re-cycling of the C(2) atom. Furthermore, the results 
presented in Tables 3, 4 and 5 show th a t this pathway did not play a major role in 
the catabolism of glucose to  triose phosphate when glucose was the only substrate. 
The difference between the rates of oxidation of the C(2) and C(6) atoms may also 
have been partly  due to  unequal rates of oxidation in the tricarboxylic acid cycle 
(Duncombe & Glascock, 1956).

Evaluation of pathways
Tables 3, 4 and 5 show th a t the values for the relative participation of the pentose 

phosphate pathway as calculated from the incorporation of the C(1) and C(6) atoms



of glucose into the 3 chosen derivatives were in better agreement than  was observed 
for ra t tissue (Smith & Glascock, 1969). In  th a t work, glycerol always gave a lower 
value than  did fa tty  acids and lactic acid, and this was attributed to triose phos
phates’ not being in isotopic equilibrium. This possibility was supported by the fact 
th a t the C(2) atom of glucose was incorporated into glycerol to a greater extent than  
the C(6) atom. As this was not observed in the present work it appears th a t triose 
phosphates are more nearly in equilibrium in sheep than in ra t mammary tissue.

The effect of acetate
Incorporation of the C(1) and C(6) atoms of glucose into all the 3 intermediates 

studied indicated th a t the addition of acetate resulted in an increased participation 
of the pentose phosphate pathway in glucose catabolism (Tables 3, 4 and 5) and this 
conclusion is supported by the increased rate of oxidation of the C(1) atom (Table 1). 
There is little doubt th a t the interaction between these substrates in sheep udder 
tissue is quite different from th a t in ra t mammary tissue. In  addition to  the stim u
lation of the pentose phosphate pathway observed on the addition of acetate, there 
must also have been an increase in the activity of the tricarboxylic acid cycle because 
the increased oxidation of the C(6) atom of glucose observed in this work (Table 1) 
is known to be accompanied by an increased oxidation of acetate carbon (Duncombe 
& Glascock, 1956).

I t  is possible th a t the increased participation of the pentose phosphate pathway 
produced by the addition of acetate was due to a partial inhibition of the glycolytic 
pathway as suggested for ra t tissue (Smith & Glascock, 1969). I t  seems more likely, 
however, th a t the factor responsible for this effect is the close relationship which 
exists in mammary tissue between the pentose phosphate pathway and the systems 
for the synthesis of fatty  acids, these being dependent on the supply of NADPH pro
duced by the pentose phosphate pathway (see Folley & Greenbaum, 1960). Although 
sheep udder tissue incorporates acetate into fatty  acids when it is the only substrate, 
it is particularly relevant th a t there is a considerable increase in this incorporation 
when glucose is added to the medium (Balmain, Folley & Glascock, 1952). Glucose, 
on the other hand, is not an im portant precursor of fa tty  acids in rum inant udder 
tissue (Balmain et at. 1954; Hardwick et al. 1963) presumably because of the absence 
of ATP-citrate lyase (Hardwick, 1966; Hanson & Ballard, 1967). Thus, when glucose 
is the only substrate there is no synthesis of fatty  acids and no demand for NADPH, 
hence the low activity of the pentose phosphate pathway. When acetate and glucose 
are both available the demand for NADPH created by the synthesis of fa tty  acids 
from acetate is met by an increase in the activity of the pentose phosphate pathway. 
The 2 pathways probably stimulate one another, each requiring for its continued 
function the co-enzyme in the state of oxidation produced by the other, i.e. they are 
regulated by the equilibrium between NADP and NADPH.

The source of NADPH when acetate is the only substrate is a m atter for specu
lation. Lowenstein (1961a, b) suggested th a t an NADP-dependent isocitrate de
hydrogenase present outside the mitochondria may provide NADPH for fatty  acid 
synthesis in ra t liver and it is possible th a t a similar enzyme system is present in sheep 
udder tissue. Wise & Ball (1964) concluded th a t in some tissues the reaction catalysed 
by the malic enzyme may function to provide NADPH for synthetic purposes. High 
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levels of this enzyme are found in ra t mammary tissue during peak lactation (Matthes, 
Abraham & Chaikoff, 1963) but its occurrence in rum inant udder tissue has not been 
reported.

Because the blood of ruminants contains appreciable levels of acetate, both glucose 
and acetate are available to the rum inant udder in vivo. I t  is likely therefore that, 
as found by Wood et al. (1965) in their studies on perfused udders from lactating 
cows, the pentose phosphate pathway has an im portant function in the metabolism 
of the rum inant udder in  vivo. Hardwick (1965) has suggested th a t in the perfused 
goat udder the output of NADPII by the pentose phosphate pathway is adequate 
for fatty  acid synthesis.

The effect of pyruvate
In  general, the changes in the catabolism of glucose which occurred when pyruvate 

was added to the medium were similar to  those reported for ra t mammary gland 
tissue (Smith & Glascock, 1969). The decrease in the rates of oxidation of the C(2) 
and C(6) atoms may be explained by a dilution of labelled carbon derived from glucose 
by unlabelled carbon from pyruvate a t the point of entry into the tricarboxylic acid 
cycle. Again, as in ra t mammary gland tissue, the results for the incorporation of the 
C(1) and C(6) atoms of glucose into the various derivatives of triose phosphate suggest 
that, although the absolute amounts of glucose incorporated into these compounds 
may be decreased, there is an increase in the fraction of this glucose which is m eta
bolized via the pentose phosphate pathway.

The possibility th a t pyruvate inhibits some step or steps of the glycolytic pathway 
in ra t mammary tissue was discussed in the preceding paper and it is equally possible 
th a t in sheep udder tissue there is a similar inhibition of this pathway. The point a t 
which such an inhibition occurs must be different, however, because pyruvate causes 
no depression of the rate of oxidation of the C(1) atom of glucose similar to th a t 
observed in ra t mammary gland tissue.

We thank Mrs V. J . Broster and Mr C. Bishop for doing the statistical analyses 
and Mrs A. Walsh, L.R.I.C., and Miss D. E. Bosher for technical assistance.
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INTRODUCTION

In  research on the development and function of the mammary gland, many 
different mammals have been used. Most of our understanding has come from experi
ments with laboratory animals, but for technical reasons these experiments rarely 
give information on the yields and composition of the milk produced. Through 
selection the dairy cow has become very highly developed for milk production, and 
although it has been used as an experimental animal for research on the physiology 
of lactation, this has been limited for economic reasons. Nevertheless, the dairy cow 
has many advantages for the investigation of lactation and in recent years studies 
have been made on factors affecting the rate  of secretion of milk and of various con
stituents in milk. In  some of this work milking machines, designed for the separate 
collection of milk from the individual quarters, have been used to measure the effects 
of environmental factors such as the degree of milk removal, bacterial infections of 
the udder and the influence of the timing and duration of the non-lactating (dry) 
periods between lactations. All of these factors can influence the secretion of milk in an 
individual quarter relative to  other quarters within the same gland, and so the effects 
are not directly due to  factors which affect the whole animal such as the supply of hor
mones or of precursors for synthesis. Consequently, it seems likely th a t their influence 
must be on the to ta l number of secretory cells, the activity of the individual cell or on 
the transfer of constituents across the mammary epithelium of the particular gland.

30-2



A consideration of the results of these experiments shows th a t some of the non- 
nutritional factors affecting milk yield fall conveniently into 2 groups:

1. Those which are accompanied hy specific characteristic changes in the compo
sition of the milk, of increases in the concentrations of sodium and chloride and 
decreases in those of lactose and potassium. These occur: (a) with abnormal accumu
lation of milk within the mammary gland, (b) in late lactation, (c) during and after 
bacterial infections of the mammary gland.

2. Those which are not accompanied by any change in the concentrations of 
sodium, chloride, lactose and potassium in the milk. These occur: (a) during a lacta
tion when milking has been continued throughout the whole of the previous preg
nancy, with the result th a t there is no dry period between lactations, (b) as a result of 
injections of oxytocin during the preceding dry period, (c) as a result of a tem porary 
suspension of milking in the course of the previous lactation, (d ) when milking pre
cedes the first parturition.

W ith the exception of the accumulation of milk within the mammary gland for 
comparatively short periods, all of the factors th a t are associated with a change in 
milk composition cause or are associated with a permanent depression in the yield 
of milk. Also, all the factors are applied or occur within the lactation. On the other 
hand, the second group of factors are all applied before the start of the lactation in 
which the changes in milk yield are observed, though it is possible th a t husbandry 
factors applied in the period immediately after parturition, such as particular methods 
of stimulating milk ejection, may influence milk production in a similar way (Whittle- 
stone, 1968). We believe th a t the pattern  of the results described is interesting and 
must ultimately be explained in terms of the fundamental physiology of lactation. 
The present review attem pts to summarize the results of experiments on dairy cows 
and where possible to  relate the results to studies carried out with other species. We 
realize th a t all the non-nutritional factors influencing lactation have not been covered 
and th a t other factors m ay be economically more im portant. For example, there is 
ample evidence th a t methods of milking affect milk yield, either through their 
influence on milk ejection or by other mechanisms. The significance of this in dairy 
cattle has recently been reviewed (Brandsma, 1968).

4 8 0  J .  V . W h e e l o c k  a n d  F .  H . D o d d

L A C T A T IO N

I t  is usually accepted th a t milk secretion is initiated by hormonal changes tha t 
occur a t parturition. However, Avith dairy cattle, the potential for continuous secre
tion may he present for several weeks before parturition, smce high yields of milk of 
normal composition may be obtained hy pre-partum  milking (Vanlandingham, 
Weakley, Ackerman & H yatt, 1949; Rowland, Roy, Sears & Thompson, 1953). 
Nevertheless, lactation usually starts a t parturition, as this normally coincides with 
the beginning of milk removal. The part played by pre-partum  milking in the initia
tion of secretion is of some interest and may be due to a direct stimulus similar to 
th a t suggested by Benson & Folley (1957). Alternatively, the presence of milk in the 
unmilked gland m ay inhibit further secretion so th a t the full secretory activity is 
developed only when the milk is regularly removed.

Once lactation is established milk secretion is not only continuous (Gaines &
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Sanmann, 1927), bu t a t least over periods of days it is also approximately constant. 
The changes in the rate of secretion, due to advance in lactation, are gradual and 
more rapid only when there are either sudden changes in the environment, e.g. in level 
of feeding, or when the animal becomes diseased. Normally the composition of the 
milks (i.e. concentrations of constituents such as sodium, chloride, lactose and potas
sium) from each quarter of an individual cow is identical, and with the usual milking 
intervals the rate of secretion of milk is unaffected or only slightly modified by the 
accumulation of milk within the storage spaces of the mammary gland (Turner, 1955; 
Elliott, Dodd & Brumby, 1960; see also review by Elliott, 1959a).

After milk ejection has occurred most, bu t not all, of the milk can be removed by 
milking or suckling. The residual milk which cannot be removed by normal milking is 
retained within the secretory tissue by capillary forces and is normally 10-25 % of 
the total secretion in the gland a t the end of the milking interval (Johansson, 1952). 
Most of this residual milk can be removed by milking again after injections of oxytocin, 
but it must be recognized th a t even then small residues of milk particularly rich in 
fat are retained within the gland (Elliott et at. 1960).

Over periods of weeks the quantity of milk removed from the mammary gland 
must be equal to the amount secreted, bu t for a single milking interval this assump
tion cannot be made (Johansson, 1940; Turner, 1953; Bailey, Clough & Dodd, 1955). 
The yield of milk obtained a t a given milking is described by the following relationship:

y = r-L + s -r» ,

where y  =  yield of milk, r, =  residual milk retained a t the end of the previous 
milking, s =  milk secreted since the previous milking and r., =  residual milk re
tained at the end of the current milking.

Clearly, the yield a t a milking will equal the quantity  secreted in the preceding 
interval only when r1 =  r2, and because residual milk is proportional to milk yield 
(Turner, 1953) the yield of milk a t a given milking may be more than the amount 
secreted since the previous milking if the milking interval is much shorter than the 
previous milking interval. The difference between the yield obtained and the amount 
secreted in an interval will be much greater for fat because of the very high con
centration of fat in the residual milk. In  estimating the rate of secretion of milk, bias 
due to residual carry-over can be eliminated by removing the residual milk following 
injection of oxytocin at the end of the normal milking procedure so as to obtain a 
second ejection of milk. A limitation of this method is th a t the administered oxytocin 
m ay affect the rate of secretion of milk (Morag, 1968) or its composition (Mackenzie & 
Lascelles, 1965; Wheelock, Rook & Dodd, 1965a). However, Linzell (1967) considers 
th a t these results may be due to the high doses of oxytocin used since he found th a t 
in goats the composition of the milk was not affected by lower doses. The possibility 
th a t removal of residual milk from the udder affects the secretory processes should 
not be ignored (Azimov, Orlov & Belugina, 1962). An alternative method of elimi
nating bias due to residual carry-over by an arrangement of the variable length 
milking intervals without the use of oxytocin injection is described by Bailey et cd. 
(1955).

Over longer periods of lactation the trends in milk production must reflect changes 
in the development, structure and function of the mammary gland. Detailed study
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of these can be made in a number of ways, particularly by histological and histo- 
chemical techniques and also by measurement and analysis of the products of secretion.

Chemical determinations of nucleic acids and enzymes are now frequently used 
oo obtain an index of the state of development and of the secretory activity of the 
mammary gland. Details of results obtained with these methods have been the sub
met of a comprehensive review by Munford '1964).

The content of DMA in the mammary gland is used as an indication of the number 
of secretory cells (Kirkham & Turner, 1953). This method is based on the belief th a t 
the amount of DNA/cell nucleus is constant under a variety of conditions and th a t 
therefore changes in the DNA content of the mammary gland represent changes in 
the number of secretory cells. This basis has been questioned by Sod-Moriah & 
Schmidt (1968). They consider th a t the determination of total DNA of the mammary 
gland is limited because of a lack of standardization due to differences in the number 
cf glands/animal, size of the animal and its glands and the quantity of milk in the 
gland. They criticize the use of chemical methods on the grounds th a t they do not 
discriminate between other cellular components, such as connective tissue and 
vascular elements. Information obtained by Sod-Moriah & Schmidt (1968) on 
rabbits shows th a t the concentration of DNA/cell is not constant, which confirms 
their criticisms. I t  follows th a t results from experiments carried out for example by 
Tucker (1966) and Ota, Yokoyama & Shinde (1962), who used chemical methods to 
determine the DNA content of the mammary gland, must be interpreted with caution. 
Ota et al. (1962) allowed for any milk contained in the gland by determining the 
phosphoprotein P, which is largely in the milk casein. The above experimental pro
cedures are normally used with small animals and so it is difficult to obtain an 
accurate assessment of the milk yield. Usually milk yield is determined by weighing 
the young before and after suckling, and it is normally not possible to  obtain a value 
for the milk produced by individual glands or to obtain a representative sample of 
milk for analysis.

J .  V . W h e e l o c k  am d  F .  H . D o d d

F A C T O R S  D U R IN G  L A C T A T IO N  A F F E C T IN G  C U R R E N T  M IL K  Y IE L D  

The results of experiments on dairy cows have been reviewed by Rook & Wheelock
(1967), to which the reader is referred for a detailed analysis.

Abriormal accumulation of milk within the mammary gland 
Milk accumulates within the gland when the interval between milking or suckling 

is extended or when all the available milk is not removed when suckling or milking 
occurs a t the usual intervals.

The effect of suspension of suckling in rats has been studied by Ota (1964). He 
observed th a t the size of the mammary gland increased markedly if the litters were 
removed on the twelfth day of lactation. Between 1 and 3 days after removal of the 
litter the to tal content of DNA in the gland started  to decrease. The RNA decreased 
a t a much greater rate, so th a t the RNA:DNA ratio decreased.

In  subsequent experiments, Ota & Yokoyama (1965) restored suckling by in tro 
ducing a foster litter. As before, the litters were removed on the twelfth day of 
lactation and re-suckling commenced 3, 5 and 9 days later. They found th a t milk



secretion was resumed and the DNA in the gland and the R N A : DNA ratio increased 
again but did not recover completely.

Tucker & Reece (1963) observed th a t if milk removal in half of the mammary glands 
of rats was prevented by tea t ligation and suckling continued, there was a depression 
in the DNA and RNA content and in the R N A : DNA ratio of the ligated glands. 
Their results also showed th a t in both mice and rats the DNA content of the 3 contra
lateral non-ligated glands was higher than  th a t of the corresponding glands of normal 
animals a t comparable stages of lactation. A similar finding has been obtained with 
mice (Mizuno, 1961).

Tucker (1966) ligated the thoracic teats of lactating rats on the th ird  day of lacta
tion. From then on, 2, 4, or 6 pups were perm itted to suckle the 6 intact abdominal- 
inguinal glands to  achieve 3 intensities of suckling. Groups of rats on each suckling 
intensity were killed a t intervals throughout the lactation. Mammary glands were 
analysed for nucleic acids and the litter weight gain over a period was used to  esti
mate the cumulative milk production. The highest contents for DNA and RNA were 
obtained with the highest suckling intensity and the lowest values with the lowest 
suckling intensity. From this information it is not possible to  determine whether the 
high DNA and RNA values obtained for the highest suckling intensity are due to 
more frequent suckling with consequent release of oxytocin, or whether the low 
values were obtained with low suckling intensity because of incomplete removal of 
milk. Tucker also showed th a t mammary RNA and R N A : DNA ratios were highly 
correlated with litter weight gain.

Frequency of milking
I t  has been known for many years th a t cows milked 3 or 4 times daily produce 

higher milk yields than  when milked twice daily (see review by Elliott, 19596). 
Traditionally, this effect was ascribed to  a decline in the rate of secretion of milk with 
the rise in intram am m ary pressure th a t occurs with increasing milking intervals but, 
following the demonstration by Turner (1955), Elliott et al. (1960) and others th a t the 
relationship between the quantity  of milk secreted and the duration of the milking 
interval is virtually linear for a t least 16 h, other explanations have been sought. The 
possibility th a t the effect of a higher frequency of milking is due to  an increased 
milking stimulus (Benson & Folley, 1957) can be discounted, a t least in the sense th a t 
it is hormonal, since the effect of frequency of milking can be measured when the 
experimental comparisons are between quarters within udders. I t  is to be expected 
th a t the levels of residual milk and fat when milking is twice daily will be greater than  
when milking is thrice daily. B ut E lliott (1961) was unable to demonstrate th a t 
differences in residual milk levels of this order would influence milk yield sufficiently 
to  account for the milking frequency effect. In  the latter experiment, the treatm ents 
were applied to different halves of the same udder. I t  was found th a t the udder halves 
which were milked 3 times daily produced, on average, 12 % more milk than  the 
halves milked twice daily. There were marked differences in response between animals. 
The effect was apparent on the first day of the experiment and continued throughout 
the whole of the 39-day experimental period. The fat concentration of the milk was 
not affected by the treatm ents.

Essentially similar results were obtained by Linnerud, Caruolo, Miller, Marx &
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Donker (1966). In  experiments carried out on a whole udder basis they compared 
twice daily with 4 times daily milking and found th a t there was a significant increase 
in milk yield with 4 times daily milking. These authors failed to obtain any significant 
increase when every second milking was replaced by an injection of oxytocin (10 i.u.) 
or hand stimulation.

These results suggest th a t the increase in milk yield is due to the removal of milk 
and not to the increased frequency of stimulation with the consequent release of 
oxytocin. However, the results of Linnerud et al. (1966) may be confused by the effect 
of the hand stimulation or oxytocin injections on the efficiency of the subsequent 
natural milk ejection. This would not be so with E lliott’s results, as the frequency of 
stimulation was the same for both treatm ents.

Stage of lactation
After the initiation of lactation in cows the milk yield gradually increases for up to 

3-6 weeks and thereafter declines approximately linearly although the rate of decline 
increases after about the fifth month of pregnancy (Gaines & Davidson, 1926). A 
detailed investigation into the effect of stage of lactation on the yield of milk and on 
the concentration of a range of constituents has been carried out by Rook & Campling
(1965) , who also reviewed the previous literature. Their results showed typical changes 
in the yield of milk throughout the course of a lactation. A t the beginning of lactation 
the concentrations of lactose and potassium were comparatively low and th a t of 
sodium comparatively high. W ithin a few days, however, values were attained which 
remained remarkably constant for the greater part of the lactation. A t the point 
where the decrease in the milk yield is accelerated due to  pregnancy there was a pro
gressive decrease in the concentrations of lactose and potassium and an increase in 
th a t of sodium.

I t  has been shown with mice (Chikamune & Mizuno, 1958; Brookreson & Turner, 
1959) and rats (Tucker, 1966) th a t the DNA content of the mammary gland increases 
during the first part of the lactation and then declines again as the lactation advances. 
There is a similar trend for the R X A : DNA ratio. However, the results of Tucker
(1966) show th a t the increase is not observed if the number of pups suckling is re
duced to 2 pups/6 in tact glands. This suggests th a t the increase in DNA content of 
the gland may depend on the release of oxytocin a t frequent intervals in response to 
the suckling stimulus. Alternatively, the incomplete removal of all the available 
milk may prevent maximum cellular development and secretory activity.

Using rats, Paape & Tucker (1969a) showed th a t after day 20 of lactation the 
mammary DNA and RNA was lower in the pregnant than  in the non-pregnant 
animals, provided th a t a sufficiently strong suckling stimulus is maintained. However, 
with mice Mizuno (1961) showed th a t the DNA content was significantly higher in 
mammary glands from pregnant lactating mice. The RNA content was also greater 
in the pregnant group than  in the non-pregnant group.

The changes in DNA concentration of the mammary gland during late pregnancy 
and early lactation have been investigated in first lactation cows and in several other 
species by Baldwin (1966). He found th a t in the guinea-pig there was a rapid rise in 
the DNA concentration and in the enzyme activities, but th a t in the cow the DNA 
concentration stayed relatively constant between 2-5 and 3-0 m/g mammary tissue
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from 14 days before parturition to the fortieth day of lactation. The enzymes, which 
included glucose-6-P-dehydrogenase, malate dehydrogenase and fatty  acid syn
thetase, showed marked increases in activity in the smaller animals, bu t no sig
nificant increase in the cow. Baldwin suggests th a t there may be significant 
interspecies differences in the processes associated with the initiation of lactation 
although he does recognize th a t the results could be due to  differences in the methods 
of sampling used. From the cows relatively pure samples of secretory tissue were col
lected by surgical biopsy, but from the guinea-pigs the whole mammary gland was 
taken and would therefore be expected to contain some adipose tissue. The results, 
however, do not exclude the possibility th a t there is an increase in the DNA content 
of the mammary gland during the period of study because of the general increase in 
its size. Nevertheless, this work does demonstrate the need for caution in using results 
from small animals to obtain an understanding of lactation in cows.

The changes in the histology of the mammary gland throughout lactation have 
been reviewed by Munford (1964). Using a number of different methods it has been 
shown th a t the to tal number of alveolar cells increases during late pregnancy and 
continues to increase in the early part of lactation. As lactation in the cow advances 
the lobular volume is diminished (McFarlane, Rennie & Blackburn, 1949). I t  has been 
postulated th a t the decrease in milk yield with advancing lactation is partly due to  a 
decrease in the number of actively secreting cells (Turner, 1952).

Oxytocin injection
In  view of its role in milk ejection, oxytocin is of particular interest as it has fre

quently been used to overcome difficulties in experimental procedure when the 
residual milk has to be removed and in cases of impaired efficiency of milk ejection. 
As i t  is now known th a t oxytocin may have an effect on milk secretion in addition to 
its effect in causing milk ejection, it is necessary to re-evaluate the results of experi
ments in which oxytocin has been used as an experimental tool to cause or to improve 
milk ejection.

Administration of oxytocin for a period after suckling was suspended retarded 
involution of the mammary gland in rats (Benson & Folley, 1957). However, this 
treatm ent did not maintain the integrity of the mammary glands indefinitely—a 
finding which was in agreement with the work of Selye & McKeown (1934) and 
Williams (1945). Benson & Folley (1957) suggested th a t the administration of oxytocin 
during lactation might cause an increase in the secretion of milk.

When investigations have been carried out to determine if the administration of 
oxytocin during the lactation affects the milk yield, the results have been rather con
fused. Morag (1968) has shown th a t oxytocin can increase milk yield and has sug
gested an explanation for the discrepancies between the results of previous workers. 
He found th a t when oxytocin (2-5 i.u./h, 2-5 i.u./2 h and 2-5 i.u./4 h) was administered 
between milkings and the usual milking routine adopted, the milk yield was depressed. 
However, if a similar experiment was performed in which the residual milk was 
removed a t the end of each normal milking after 2 injections of oxytocin (5 i.u. 
followed by 2-5 i.u.) to give a further milk ejection, he found th a t the milk yield was 
increased. Consideration of the fat content of the milk obtained suggested th a t the 
administration of oxytocin between milkings had impaired the natural milk ejection
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reflex so th a t the galactopoietic effect was masked. When the residual milk was 
removed, the effect was observed. Morag (1968) also showed th a t the response to the 
oxytocin was most marked with a 16-h milking interval as compared with 8- or 1 2 - h  

intervals.
Injections of oxytocin (20 i.u.) to permit removal of residual milk after the end of 

the usual milking procedure have been found to affect the composition of the milk 
a t subsequent milkings: the concentrations of sodium and chloride increased and 
those of lactose and potassium decreased (Wheelock et al. 1965 a). These effects were 
more marked when the injections were given a t several successive milkings. After the 
injections were discontinued, there was a progressive return to the original com
position. Mackenzie & Lascelles (1965) showed th a t when, a t a single milking, the 
residual milk was removed in portions after successive injections of oxytocin (5 i.u.) 
the later portions showed changes in composition similar to the above, except th a t 
the potassium content was virtually unaffected. In  the goat, milked 1-4 times/h with 
the aid of oxytocin (0-05-0-4 i.u.), removal of the milk by cannula or by gentle hand 
milking caused a slight fall in potassium content only. W ith more vigorous milking, 
the changes in potassium content were even more marked and were accompanied by 
a decrease in the lactose content and increases in the contents of sodium and chloride 
(Linzell, 1967). The changes could not be explained by assuming th a t the act of 
milking causes exudation of tissue fluid into milk and it was considered possible th a t 
the doses of oxytocin used caused some changes in the composition of the milk.

I t  appears th a t there is a lack of information concerning the action of oxytocin in 
cows, with particular reference to the effects of different dose levels, on milk ejection 
and on milk secretion. I t  is possible th a t the normal amounts of residual milk can be 
obtained with much smaller doses of oxytocin than have been commonly used w ith
out affecting the secretion of milk. Linzell (1967) considers th a t with goats it is possible 
to  obtain efficient milk ejection a t hourly intervals using low doses of oxytocin 
(0-05-0-4 i.u.).

Bacterial infections of the udder
I t  is now well established th a t an infection of pathogenic bacteria in an individual 

udder quarter normally depresses the milk yield of th a t quarter, the effect varying 
from a few per cent of production to complete cessation of secretion. This depression 
in yield persists for the whole of the lactation, even when the bacteria are eliminated 
by antibiotic therapy, bu t there is recovery, which may not be complete, in the 
following lactation (Crossman, Dodd, Lee & Neave, 1950; Rowland, Neave, Dodd & 
Oliver, 1959). In  addition, the depression in milk yield is accompanied by a fall in the 
concentrations of lactose and potassium and by increases in those of sodium, chloride 
and whey proteins (see e.g. McDowall, 1945). Recently experiments have been carried 
out to obtain more complete and quantitative information on the effect of induced 
bacterial infections on the composition of the milk (Wheelock, Rook, Neave & Dodd, 
1966). These workers showed th a t immediately after the development of an infection 
there was invariably a depression in milk yield. In  some cases there was a partial 
recovery shortly after the infection developed bu t otherwise the depression in yield 
persisted for the remainder of the lactation, even when the infection was eliminated. 
A recovery in milk yield in the next lactation was also observed but this was not com-
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plete. The extent of the changes in concentration of the individual constituents was 
roughly related to the depression in milk yield. I t  has been shown that a bacterial 
infection is associated with a much greater degree of involution than is normally 
observed at a given stage of lactation (Waite & Blackburn, 1963). The recovery of 
milk yield in the subsequent lactation suggests that the mammary gland has the 
ability to regenerate damaged tissue between lactations. Naturally this regeneration 
would occur automatically if all the secretory tissue is renewed for each lactation.

FACTORS BEFORE PARTURITION AFFECTING SUBSEQUENT MTT.K YIELD

Except where stated, all the results described in this section were obtained with 
cows.

M ilk in g  th ro u g h o u t the w ho le  o f  p r e g n a n c y

Using twins, Swanson (1965) demonstrated that milking throughout the whole of 
pregnancy causes a decrease in the milk yield during the next lactation. In a similar 
type of experiment Smith, Wheelock & Dodd (1967) applied the treatments to different 
quarters of the same animal. They obtained similar results to those of Swanson (1965) 
and also observed that the extent of the depression in milk yield was roughly related 
to the amount of milk produced by the quarters in the period immediately before 
parturition. The concentrations of fat, solids-not-fat (SNF), sodium, chloride, lactose 
potassium and protein in milks from experimental and control quarters were identical. 
The milk production of rats was also depressed in the second lactation when suckling 
was continued throughout the whole of the previous pregnancy (Paape & Tucker, 
19696).

A d m in i s t r a t io n  o f  o x y to c in  d u r in g  the d r y  p e r io d

Injections of oxytocin (5 i.u.) have been given to cows twice daily throughout a 
60-day period (Gorman & Swanson, 1968). In the next lactation these animals pro
duced, on average, 20 % less than a group of untreated control animals. The depres
sion in lactation in individual animals was roughly related to the maintenance of 
secretion by the oxytocin treatment. The concentrations of fat and SNF in the milk 
were not significantly affected by the treatment.

In  another experiment (Swanson & Claycomb, 1968) the treatment commenced 
when it was judged that the cows had ceased to lactate, in fact from 8 to 19 days after 
the end of lactation. The depression in milk yield in the following lactation was again 
found.

T e m p o r a r y  s u s p e n s io n  o f  m i lk in g  i n  the p r e v io u s  la c ta tio n

In  an experiment performed by Wheelock, Smith & Dodd (1967), when milking 
in 2 quarters of each cow was suspended for a period of 14 days in mid-lactation, these 
2 quarters produced more milk in the next lactation than did the 2 control quarters 
in which milking was not suspended. The result was observed whether the animals 
were given a dry period immediately prior to parturition or not. In  the next lactation 
the concentrations of fat, SNF, sodium, potassium, lactose and chloride were identical 
in the milk of all 4 quarters.

N o n -n u t r it io n a l  fa cto rs affecting m ilk  y ie ld  in  d a ir y  cattle
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M ilk in g  before p a r tu r i t io n  a fte r  a  n o r m a l d r y  p e r io d

In view of the fact that milking throughout the whole of pregnancy can have a 
marked effect on milk secretion in the subsequent lactation, milking prior to parturi
tion might be expected to affect milk secretion during lactation. From time to time 
claims are made that inducing lactation bypre-partum milking increases subsequent 
lactation milk yields, but as yet the claim has not been substantiated. However, 
Walsh & Downey (1967) milked 2 quarters of each of 2 heifers for 20 and 40 days 
before parturition and observed that during the lactation these quarters produced 
about 24 % more milk than the corresponding quarters in which milking commenced 
on the day of parturition. From 5 days after parturition the concentrations of sodium 
and protein in the milks of all 4 quarters of each cow were similar.

RELATIONSHIP BETWEEN MILK SECRETION AND STRUCTURE OF 
THE MAMMARY GLAND

The necessity for exercising caution in applying to dairy cows conclusions drawn 
from experiments on the structure and function of the mammary gland in small 
animals is emphasized by the experiments of Baldwin (1966). In addition, Sod-Moriah 
& Schmidt (1968) have found that the DNA content of mammary secretory cells in 
rabbits is not constant. This finding questions the basic assumption of many workers 
that the amount of DNA in the mammary gland can be used as an index of the 
number of secretory cells. Sod-Moriah & Schmidt (1968) also obtained results, based 
on the incorporation of labelled thymidine into DNA, which confirm tha t in the 
rabbit there is rapid cellular proliferation during pregnancy. Taking all the results, 
there is general agreement that considerable cellular proliferation occurs during the 
first pregnancy.

I t is of interest that it is also possible for milk secretion to occur before parturition. 
This is demonstrated by the fact that there may be considerable milk present in the 
gland at the time of parturition. If  cows are milked regularly before parturition, sub
stantial quantities of milk, similar in composition to that obtained during the lacta
tion, may be obtained. Although the effect of milking prior to parturition on the 
cellular proliferation has not been investigated, it is possible that pre-partum milking 
may affect the secretory potential during the lactation. The experiment of Walsh & 
Downey (1967) showed that milking 2 quarters of heifers prior to parturition resulted 
in these quarters producing more milk than the corresponding quarters which were 
net milked before parturition.

After parturition, and when suckling or milking is carried out at sufficiently 
frequent intervals to provide an adequate milking stimulus and prevent accumula
tion of milk, there is an increase in the daily yield of milk. This is apparently 
accompanied by an increase in the DNA content of the mammary gland. At present 
it is not possible to determine how much of this increase in DNA is due to an increase 
in the number of secretory cells or how much is due to an increase in the DNA con
tent of secretory cells as suggested by Sod-Moriah & Schmidt (1968).

Later in lactation, when milk yield is decreasing, there is also a depression in the 
DNA content of the mammary gland. This is probably due to a decrease in the 
number of active cells, as shown by histological studies, although there may also be a
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decrease in the DNA content of individual cells. In cows, the decline in the number 
of alveoli is reflected by a reduction in the storage space of the mammary gland 
(Matthews, Swett & Fohrman, 1949) and as a result there is a rise in the intra
mammary pressure/unit of milk secreted during a milking interval (Korkman, 1953).

At the end of lactation, when milking or suckling has ceased, the involution of 
secretory tissue is more rapid but the extent of involution in cows has not been 
measured. I t  is not known if the tissues revert to a state similar to that found in the 
virgin but there is evidence that the changes which do occur during the dry period 
can be influenced by environmental and physiological factors. The effect of preg
nancy on mammary involution is likely to be of considerable interest but has not 
been investigated in detail. The experiments of Swanson (1965) and Smith et a l.
(1967) show that a dry period between consecutive lactations is essential for maxi
mum secretory activity in the following lactation. They also show that if milking 
continues throughout pregnancy the alveoli probably can remain active for con
secutive lactations and that some renewal of secretory tissue occurs even when milking 
is continuous.

The evidence available on the changes that occur in the usual dry period of dairy 
cattle is fragmentary, but on balance it seems more likely that secretory tissue is 
regenerated for each lactation. The characteristic shape of the lactation curve applies 
to all lactations and not only the first, though the maximum daily production and 
the rate of decline are greater in the second and subsequent lactations. If  the depres
sion in milk yield with advancing lactation is partly attributed to a decrease in the 
number of active secretory cells, then it must be accepted that some secretory cells 
have to be replaced for each lactation. Certainly regeneration of secretory tissue can 
occur since Crossman et a l. (1950) showed that quarters damaged by intramammary 
infection and cured by antibiotic therapy show no recovery in milk yield as lactation 
progresses, but marked and often complete recovery is found, after a dry period, 
at the beginning of the next lactation. Further, it is established with dairy cattle 
that at least for the first lactation secretory tissue is mainly developed in mid preg
nancy. If  this pattern occurs in older cows, then secretory cells must be formed in the 
later part of one lactation which do not function until after the next parturition. 
This would mean that development of secretory cells can occur while the cells 
associated with the current lactation are actively functioning. However, the 
development of the secretory tissue in mid-pregnancy but during lactation may be 
retarded by stimuli associated with the regular milking, so that the complete regenera
tion of secretory tissue does not occur until after the involution that follows the sus
pension of milking. This hypothesis is supported by the evidence that lactation milk 
yields of dairy cattle are depressed if they follow dry periods of less than about 40 
days (Johansson & Hansson, 1940).

In rats, the depression in mammary DNA during lactation is more marked if the 
animals are pregnant (Paape & Tucker, 1969a). This suggests that one effect of 
pregnancy is to increase the rate of involution of secretory cells during lactation. I f  
this is the case, there must subsequently be development of new cells in preparation 
for the next lactation. Eventually it would be expected that pregnant animals would 
have a higher DNA content in the mammary glands than the non-pregnant ones, as 
observed by Mizuno (1961).

N o n -n u t r it io n a l  fa cto rs  affecting m ilk  y ie ld  i n  d a ir y  cattle



Although there is a marked depression in the DNA content of mammary glands 
after the end of lactation in non-pregnant animals, the situation is less clear for 
animals which are pregnant. In view of the fact that the degree of development of the 
secretory tissue must be related to the secretory potential in the following lactation, 
information on the factors affecting this development could have a marked significance 
in milk production.
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CONCLUSIONS

Abnormal accumulation of milk within the udder, advance in stage of lactation 
and bacterial infections of the udder are all factors which are associated with a 
decrease in the yield of milk and with characteristic changes in the composition of 
the milk. With the exception of abnormal accumulation of milk for short periods 
and briefly at the start of infection periods, the effects continue throughout the 
lactation in which they occur. These appear to be the result of a decline in the 
number of actively secreting cells and possibly also a depression in the activity of the 
remaining secretory cells. These effects could therefore be associated with a depres
sion in mammary DNA content and possibly a depression in EN A : DNA ratio. A 
decrease in mammary DNA has been observed in lactating rats as the lactation 
advances and when milk accumulates in the mammary gland (Tucker, 1966). Histo
logical studies have shown that bacterial infections increase the degree of mammary 
involution.

The cause of the decline in active secretory cells and secretory activity that follows 
accumulation of milk for relatively short intervals is not known. In  cows, as the milk 
accumulates during a normal interval (say 12 h) the intramammary pressure in
creases (Korkman, 1953). Further accumulation causes greater increases in the intra
mammary pressure (J. V. Wheelock, unpublished) which may be responsible for the 
movement of lactose and proteins into the blood (Wheelock & Rook, 1966; Lyster 
& Wheelock, 1967). Petersen & Rigor (1932) demonstrated that under certain con
ditions induced high intramammary pressures inhibit secretion, but it is evident from 
the work of Smith ef al. (1967) that following an extended milking interval of 14 days 
the inhibition of secretion is not due to pressure since milk production can be restored 
by regular milking, even though the initial yields may be less than 100 g. The in
crease in the amount of milk in the mammary gland as such is unlikely to have an 
effect on the secretory activity, since the concentration of synthesized constituents, 
with the exception of fat, does not increase. But fat is a discontinuous phase and there 
may be a marked increase in the fat concentration in the ducts of the mammary gland. 
I t  has been shown that the concentrations of fat in the residual milk obtained after 
a long interval are much higher than those obtained after a 12-h interval (Wheelock, 
Rook & Dodd, 19656). Levy (1964) has demonstrated that fat synthesis in mammary 
gland slices is inhibited by fatty acids present in the milk. Lack of milking stimulus is 
unlikely to be the important factor in the depression of secretion since the effect has 
been observed in one quarter when the others were milked at regular 12-h intervals 
(Wheelock ef a l. 19656). However, it would be expected that for long periods of 
suspension of milking the presence of a milking stimulus would affect the extent of 
recovery.

For short periods of accumulation the inhibition of secretion is reversible, but for



longer periods the inhibition is usually permanent. The work of Ota & Yokoyama 
shows that in rats the depression in the DNA content of the mammary gland which 
accompanies suspension of suckling is also partly reversible. These reversible changes 
in DNA may be due to variation in the DNA content of the secretory cells as sug
gested by Sod-Moriah & Schmidt (1968). The reduction in DNA/cell could, therefore, 
be the initial stage of involution, which would occur if milk were to accumulate for a 
sufficiently long period.

I t  has previously been postulated (Barry & Rowland, 1953; Rook & Wheelock,
1967) that the increases in the concentration of sodium and chloride and the decreases 
in those of lactose and potassium in the milk are the result of an increase in the pro
portion of an extra-cellular transudate in the milk. Since this situation is likely to 
arise if the integrity of the mammary epithelium is adversely affected, it is entirely 
consistent with an increase in the degree of involution. Further support for this view 
is shown by the observations that whenever abnormal accumulation of milk occurs 
within the gland there is a movement of synthesized constituents out of the gland 
(Wheelock & Rook, 1966; Lyster & Wheelock, 1967; Wheelock, Smith, Dodd & 
Lyster, 1967).

I t  has also been shown (Wheelock, Smith, Dodd & Lyster, 1967) tha t a t the 
beginning of the dry period the composition of the fluid present in the gland alters so 
that the concentrations of the water-soluble constituents approach those of the extra
cellular fluid. Since involution is almost complete at this stage, there is virtually free 
movement of milk constituents between the extra-cellular fluid and the mammary 
gland.

On the other hand, those differences in yield which are the result of factors which 
occur or are applied prior to the lactation probably arise in a different way. We 
suggest tha t these changes in milk yield are the result of a change in number of 
secretory cells but not in the secretory activity of individual cells. These differences 
would be reflected in the total mammary DNA but the RNA:DNA ratio would be 
expected to be about the same. All these effects persist throughout the entire lacta
tion. I t  is reasonable to suggest that changes in yield not associated with changes in 
the composition of the milk are due to specific environmental factors affecting the 
development and therefore the amount of secretory tissue.

Milking throughout pregnancy resulted in a decrease in the milk yield of cows in 
the following lactation and since the gland continued to produce milk until the 
beginning of that lactation, some of the secretory cells must have continued to func
tion throughout the entire pregnancy (Smith et a t. 1967). I t  is suggested tha t the 
failure of the gland to involute completely before parturition inhibited development 
of the secretory tissue in preparation for the next lactation. In the quarters which 
were allowed a dry period of adequate length, there would be complete involution and 
therefore the development of secretory tissue would not be impaired. The admini
stration of oxytocin in the dry period (Gorman & Swanson, 1968; Swanson & 
Claycomb, 1968) would retard involution and a similar explanation for the results 
would apply.

Suspension of milking in mid-lactation was associated with an increase in milk 
yield in the following lactation when compared with the contralateral control quarters 
(Wheelock, Smith & Dodd, 1967). This effect was observed whether or not all 4
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quarters had a dry period. I t  was noted that the control quarters, in which milking 
continued normally, had a slight compensatory increase in the yield which pre
sumably was associated with an increase in the DNA  of the quarter as observed for 
smaller animals (Mizuno, 1961; Tucker, 1966). This increase may have an adverse 
effect on the mammary development for the next lactation.

Milking heifers before first parturition resulted in an increase hi milk yield during 
the lactation from the milked quarters as compared with that from the corresponding 
quarters which were first milked at parturition (Walsh & Downey, 1967). However, 
:t was not possible to determine whether this effect was due to an increase in the yield 
of the quarters which were milked before parturition or a decrease in the yield of the 
quarters which were not milked at parturition. In an experiment of this type, the 
stimulus of milking 2 quarters may also affect the quarters which are not milked. 
This would result in accumulation of milk within the mammary gland to a greater 
extent than would occur in the absence of the experimental treatment. Further 
experiments using the same treatments would have to be performed using mono- 
zygous twins to determine the effects precisely.

Our conclusions draw attention to the possibility that factors other than those 
actually applied during a lactation can have a marked effect on milk secretion. Up 
to now it has been generally assumed that the mammary secretory tissue develops 
in response to hormones. While this is undoubtedly true, some of the experimental 
results described here indicate a strong possibility that other factors can interact with 
the hormones involved in mammary development. In particular, there is a need for 
careful investigation to determine much more precisely the effect of factors applied 
before the first parturition on the development of mammary secretory tissue. If 
mammary development does continue during the first few weeks of lactation, then the 
management of daffy cows at this time may be critical in determining the perfor
mance throughout the lactation.

Finally, there is a need for information on how the mammary gland develops in the 
second and subsequent lactations, with special emphasis on the interaction of one 
lactation with development for the next.
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