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

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

By SONJA MATTSSON, P. SWARTLING* a n d  R. NILSSONf
F o o d  R e s e a r c h  I n s t i t u t e ,  A l n a r p ,  S w e d e n

(R e c e iv e d  28 S e p te m b e r  1968)

S u m m a r y . Summer and winter milk-fat samples from 14 dairies in Sweden were 
fractionated by crystallization from acetone solution (1:8) at 15 °C. The composi
tion of the major fatty acids of the parent milk fat and of the acetone insoluble 
fraction were examined by GLC, and the gross triglyceride pattern by TLC on plates 
of silicic acid treated with silver nitrate.

The fatty acid composition of the milk fat was similar to that of milk fat from other 
countries and varied according to season and also, to a smaller extent, from region to 
region. Four fractions, representing 33-45, 41-34, 18-14 and 7-6%  of the fat and 
which contained progressively smaller proportions of saturated acids, were obtained 
by TLC.

The acetone insoluble glyceride (AIG) fraction was characterized by a smaller 
content of short-chain fatty acids and unsaturated fatty acids, and a larger content 
of saturated long-chain fatty acids, than the parent milk fat. AIGs from summer 
milk fat contained a larger proportion of C18 acids and a smaller proportion of 
C6-C16 acids than AIGs from winter milk fat.

Four fractions representing 62-70, 15-8, 16-15 and 7 % of the AIG fraction were 
obtained by TLC. The distribution of the triglycerides in the AIG fraction differed 
from that in the parent milk fat, mostly in the relative amounts of glycerides in the 
2 most saturated TLC fractions. The seasonal variation was largely confined to these 
2 fractions.

The composition of milk fat and of fractions of milk fat obtained in various ways 
has been widely studied in the last 20 years (Antila, 1966; Chen & deMan, 1966; 
Jensen, Quinn, Carpenter & Sampugna, 1967; Jensen & Sampugna, 1966; Mattsson, 
19626; Svensen & Ystgaard, 1966). In the course of a series of investigations on 
the composition of milk lipids carried out at Alnarp (Kishonti & Sjostrom, 1965; 
Mattsson, 1949, 1962a, 1966; Mattsson & Swartling, 1958, 1963; Mattsson, Thome & 
Swartling, 1951a, 6; Nilsson, 1965), Nilsson (1966) determined the content in milk 
fat of a high-melting triglyceride fraction from numerous milk fat samples collected 
during all seasons of the year in various parts of Sweden. The high-melting tri
glyceride fraction was obtained by fractional crystallization from an acetone solution. 
The purpose of the present investigation was to elucidate the fatty acid pattern of

* Now deceased.
t  Present address: Swedish Meat Research Centre, Kavlinge, Sweden.
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Swedish milk fat and to further characterize the fraction obtained with Nilsson’s 
technique. Summer and winter butter from several dairies in various parts of Sweden 
was used.

1 7 0  S o ]stja M a t t s s o n , P . S w a r t l in g  a n d  R . N il s s o n

MATERIAL AND METHODS

M ilk - fa t  sam p les

Butter samples were collected in August and in December from 14 dairies in 
various parts of the country (Nilsson, 1966). Milk fat was obtained from the fresh 
butters by melting at 50 °C and removal of the serum by decantation and filtration.

R efractive  num ber

The refractive number of the milk fat was determined at 40 °C with a Zeiss butter 
refractometer.

A cetone inso lub le trig lyceride ( A I G )  fra c tio n

The AIG fraction was prepared from the milk fat as described by Nilsson (1966). 
Filtered milk fat (5 g) was dissolved in 40 ml acetone, a .r ., and kept at 15 °C for 3 h. 
The precipitate was collected on a glass filter and washed with a cold mixture of 
ethanol and ethyl ether (2:3, v/v). The precipitate was dried under vacuum at room 
temperature and weighed.

M e th y l esters

Methyl esters were prepared from the various milk fats and AIG fractions by the 
method of Smith (1961).

Gas chrom atography

A Perkin-Elmer vapour fractometer, model 116E, equipped with a flame ioniza
tion detector, was used with 2-m columns of ethylene glycol succinate (Perkin-Elmer 
2S 42.14) at 195 °C and with helium as carrier gas. The units were calibrated with 
standard fatty acid methyl esters (obtained from Hormel Foundation).

B u ty r ic  acid

The values found for butyric acid by the gas chromatographic method were 
evidently too small. The butyric acid in the milk fats and in the AIG fractions was 
therefore determined by column chromatography on silicic acid by the method of 
Kishonti & Sjostrom (1965).

T h in -la y e r  chrom atography  (T L C )

TLC of the milk fat samples and the AIG fractions was carried out on 20 x 20 cm 
glass plates coated with a 0-30 mm layer of silicic acid impregnated with silver nitrate 
as described by Barret, Dallas & Padley (1963). The plates were activated by heating 
for 1 h at 130 °C.

Samples (20 mg) of milk fat or AIG fraction were dissolved in 400 /d chloroform and 
applied as a band to the plate, and developed with 0-5 % acetonitrile in chloroform. 
The plates were sprayed with a 0-1% ethanolic solution of 2,7-dichlorofluorescein 
and viewed under UV light.



T h e  b a n d s  w ere  sc ra p e d  o ff th e  p la te  in to  a  sm a ll co lu m n  (1-1 cm  d ia m .)  lo a d e d  
w ith  1 g silic ic  a c id  in  ch lo ro fo rm . T h e  g ly c e rid es  w ere  e lu te d  w ith  25 m l ch lo ro fo rm .

T h e  a m o u n t  o f  tr ig ly c e r id e s  in  th e  ch lo ro fo rm  e lu a te s  w as  d e te rm in e d  b y  th e  ac y l 
e s te r  m e th o d  o f  A n to n is , P l a t t  & T h o rp  (1965) a s  m o d ified  b y  M a tts s o n  (1966).

RESULTS AND DISCUSSION 

F a tty  acids o f  m ilk  f a t

T h e  a v e ra g e  f a t ty -a c id  c o m p o s itio n  in  m o le  p e r  c e n t o f  th e  14 m ilk - fa t  sa m p le s  
in  A u g u s t  a n d  in  D e c e m b e r  a re  g iv e n  in  T a b le  1. T h e  v a r ia t io n  b e tw e e n  sa m p le s  f ro m  
d if fe re n t re g io n s  is  a p p a r e n t  f ro m  th e  s ta n d a r d  d e v ia tio n s  in c lu d e d  in  t h e  ta b le .  
T h e  r e la t iv e  a m o u n ts  o f  th e  in d iv id u a l  f a t t y  a c id s  in  S w ed ish  m ilk  f a t  w ere  fo u n d  to  
b e  a b o u t  th e  s a m e  a s  in  m ilk  f a t  f ro m  o th e r  c o u n tr ie s . T h e  m a jo r  c o m p o n e n ts  w ere  
th e  C4, C14, C16 a n d  C18 ac id s .

T a b le  1. A verage m a jo r  fa t t y  acid  com p o sitio n  (mole % ) o f  f a t  a n d  acetone inso lub le  
glycerides in  m ilk  f a t  sa m p les  collected fr o m  14 d a ir ies  in  A u g u s t a n d  in  D ecem ber

Mole % fatty  acids in

C o m p o s i t i o n  o f  m i l k  f a t  1 7 1

Milk fat AIG

August December August December

c 4 9-5 ±0-4 9-4 + 0-4 1-1 ±0-3 1-8 + 0-4
C8 3-3 ±0-5 3-7+ 0-3 0-3 + 0-1 0-6 + 0-1
C8 1-9 + 0-3 2-2+ 0-2 0-4 + 0-1 0-6 + 0-1
C10 3-7 + 0-5 4-4+ 0-4 1-5+ 0-2 2-4 + 0-3

0-4 + 01 0-5 ±0-1 0-1+ 0-0 0-2 ±0-1
C12 3-8 + 0-5 4-7 ±0-5 3-0 + 0-3 4-5 ±0-5

0-7 ±0-2 0-7 + 0-1 0-5±0-l 0-5+ 0-2
C14 10-9 + 0-5 12-4 + 0-5 13-3 + 0-8 15-8 + 0-6

40  + 0-3 4-0+ 0-4 3-9 + 0-3 3-8+ 0-4
C16 22-7 + 1-3 28-1 ±1-9 35-4 + 1-7 41-4 + 2-2

4-8 ±0-5 4-8 ±0-2 5-2 ± 0-4 4-9 ±0-6
C18 9-2+ 0-7 6-8+10 23-0+1-4 15-0 + 2-4
C ji 21-5+1-3 16-0+1-9 10-8 + 1-1 7-3 + 0-9

1-5 + 0-2 1-3 + 0-2 0-5 + 01 0-3 + 01
2̂0 0-2 + 0-1 0-2 + 01 0-5 + 01 0-5 + 0-1

2-1 ±0-4 M  + 0-1 0-6 + 0-1 0-4 + 0-2

S u m m e r  m ilk  f a t  c o n ta in e d  m o re  C18 ac id s  a n d  less C6- C 16 ac id s  th a n  d id  w in te r  
m ilk  f a t .  A s in  K is h o n ti  & S jo s tro m ’s (1965) in v e s tig a tio n  th e  se aso n a l v a r ia t io n  in  
th e  b u ty r ic  a c id  c o n te n t  w as  o n ly  s lig h t.

T h e  sa m p le s  co llec te d  d u r in g  A u g u s t  a n d  D e c e m b e r  w ere  f ro m  cow s g ra z in g  
p a s tu re  o r  fe d  w in te r  d ie ts ,  re sp e c tiv e ly . T h e  sa m p le s  w ere  r a th e r  u n ifo rm , a s  is 
sh o w n  b y  th e  s ta n d a r d  d e v ia tio n s , b u t  w ith in  th e s e  p e r io d s  d iffe red  s ig n ific a n tly  
f ro m  o n e  p a r t  o f  th e  c o u n try  to  a n o th e r  in  th e  r a t io  o f  s a tu r a te d  to  u n s a tu r a te d  ac id s . 
T h is  re g io n a l v a r ia t io n  in  c o m p o s itio n  is sm a lle r  th a n  th e  se aso n a l v a r ia t io n .  O w ing  
to  c lim a tic  d iffe ren ces th e  t im e  o f  c h a n g e  f ro m  su m m e r  to  w in te r  sy s te m s  o f  fee d in g  
v a r ie s  b e tw e e n  th e  d if fe re n t reg io n s  o f  th e  c o u n try ,  w h ich  cau ses a  v e ry  s tro n g  
re g io n a l v a r ia t io n  in  th e  co m p o s itio n  o f  th e  m ilk  f a t  d u r in g  th e  p e r io d  o f  ch a n g e -o v e r

II-2
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a s  h a s  lo n g  b e e n  o b se rv e d  in  s tu d ie s  o f  th e  r e f ra c tiv e  n u m b e r  o f  S w e d ish  m ilk  f a t  
(fo r re fe ren c es  see M a tts so n , 1962). I n  th e  p re s e n t  in v e s tig a tio n , th e  c o r re la tio n  
c o e ffic ie n t: S  u n s a tu r a te d  C38 a c id s  — re f ra c tiv e  n u m b e r  w as + 0 -9 6 .

F a tty  acids o f  the A I G  fra c tio n

T h e  a v e ra g e  f a t t y  a c id  c o m p o s itio n  o f  th e  in so lu b le  tr ig ly c e r id e  f ra c t io n  o b ta in e d  
a t  15 °C fro m  a n  a c e to n e  s o lu t io n  o f  th e  m ilk  f a t  sa m p le s  is sh o w n  in  T a b le  1.

T h e  A IG  f ra c tio n  w a s  c h a ra c te r iz e d  b y  a  sm a lle r  c o n te n t  o f  sh o r t-c h a in  f a t t y  a c id s  
a n d  o f  u n s a tu r a te d  f a t t y  ac id s , a n d  a  la rg e r  c o n te n t  o f  s a tu r a te d  lo n g -c h a in  f a t t y  
ac id s  t h a n  th e  p a r e n t  m ilk  fa t .

S o n j a  M a t t s s o n , P .  S w a r t l i n g  a n d  R .  N i l s s o n

Fig. 1. Content of C10-C16 acids of the AIG in relation to the content of the major saturated 
fatty acids in the parent milk fat. r =  +0-95; y = l*56a? —48-1. A, August; O, December. 
Fig. 2. Content of stearic acid and of unsaturated C18 acids of the AIG in relation to the content 
of the major saturated fatty  acids in the parent milk fat. C18 sat: r = — 0-93; y =  — 1*15#+ 97-6; 
C18 unsat: r = —0-89; y = — 054x-f 47-0. A, V» August; O, □, December.

T h e  A IG  f ra c tio n s  o b ta in e d  f ro m  th e  v a r io u s  m ilk  f a t  sa m p le s  d iffe red  in  size 
(T a b le  2) a n d  in  f a t t y  a c id  co m p o s itio n  b o th  b e tw e e n  sa m p lin g  a re a s  a n d  b e tw e e n  
seaso n s. T h e  se aso n a l v a r ia t io n  c o rre sp o n d e d  la rg e ly  to  t h a t  o f  th e  p a r e n t  m ilk  f a t ,  
i.e . A IG s  fro m  su m m e r  m ilk  f a t  c o n ta in e d  a  la rg e r  p ro p o r tio n  o f  C18 ac id s  a n d  a  
sm a lle r  p ro p o r tio n  o f  C6- C 16 ac id s  t h a n  th e  A IG s  fro m  w in te r  m ilk  fa t .

T h e  re la tio n s h ip  b e tw e e n  th e  c o m p o s itio n  o f  th e  A IG  f ra c tio n  a n d  th e  p a r e n t  m ilk  
f a t  is d e m o n s tr a te d  in  F ig s  1 a n d  2.

T h e  A IG  f ra c tio n  o f  m ilk  f a t  o b v io u s ly  c o n s is ts  o f  a  m ix tu re  o f  tr ig ly c e r id e s , w h ic h  
a re  d if fe re n t in  d if fe re n t m ilk - fa t  sam p les . C o m m o n  to  th e s e  g ly c e r id e s  is th e i r  
in s o lu b il i ty  in  a c e to n e  r a th e r  t h a n  d e ta ile d  s im ila rit ie s  in  th e ir  f a t t y  ac id  co m p o s itio n .
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I n  N ils so n ’s (1966) in v e s tig a tio n , w in te r  m ilk  f a t  f ro m  4 d a ir ie s  in  n o r th  S w ed en , 
O rn sk o ld sv ik , O s te rsu n d , L y c k se le  a n d  S k e lle f te a , w a s  fo u n d  to  c o n ta in  r e la t iv e ly  
la rg e  a m o u n ts  o f  A IG s . T h e  A IG  f ra c tio n s  o f  th e  m ilk  f a t  f ro m  th e s e  d a ir ie s  w ere  n o w  
fo u n d  to  c o n ta in  less C18 a c id s  a n d  m o re  C10- C 16 ac id s  t h a n  th e  A IG  f ra c tio n  o f  m ilk 
f a t  f ro m  o th e r  d a irie s , b u t  th e  d iffe ren ces w ere  o n ly  sm all.

T L C  glyceride fra c tio n s

T L C  o f  th e  A IG s  a n d  o f  th e  p a r e n t  m ilk -fa t sa m p le s  re v e a le d  4 f ra c tio n s . T h e  
a v e ra g e  y ie ld  o f  e a c h  f ra c tio n  is sh o w n  in  T a b le  2, w h ere  th e  f ra c tio n s  a re  n u m b e re d
1 -4  in  o rd e r  o f  in c re a s in g  R F v a lu e . T h e  b a n d  w ith  th e  h ig h e s t  J iF v a lu e  h a s  b e e n  
sh o w n  (B a r re t ,  D a lla s  & P a d le y , 1963; B la n k  & P r iv e t t ,  1964; B la n k , V e rd in o  & 
P r iv e t t ,  1965; L ic h tfie ld , F a r q u h a r  & R e ise r, 1964) to  co n s is t o f  th e  s a tu r a te d  
tr ig ly c e r id e s .

T a b le  2. P roportiona te  y ie ld  o f  the 4 fra c tio n s  obta ined  by T L C  
on  silver n itra te -s ilic ic  acid  (m oles  % )

Milk fat AIG
TLC ,--------------- *--------------- , ,----------------*--------------- x

C o m p o s i t i o n  o f  m i l k  f a t

fraction August December August December
1 7 + 2 6±  1 7 + 2 7 + 1
2 18 + 3 14+1 16 + 2 15± 1
3 41 + 3 34 + 2 15 + 3 8±  1
4 33 + 2 45 + 3 62 + 3 70± 3

O n  T L C  o f  m ilk  f a t ,  7 0 -8 0  %  o f  th e  f a t  a p p e a re d  in  th e  2 m o s t  s a tu r a te d  f ra c tio n s  
(3 a n d  4). C o m p a re d  w ith  th e  f a t  o f  s u m m e r  m ilk  th e  w in te r  f a t  c o n ta in e d  a  so m e w h a t 
sm a lle r  a m o u n t  o f  g ly c e rid es  in  f ra c tio n s  1 a n d  2, a  sm a lle r  a m o u n t  o f  g ly c e rid es  in  
f ra c t io n  3 a n d  a  la rg e r  a m o u n t  o f  g ly c e rid es  in  f ra c tio n  4.

T h e  r e la t iv e  p ro p o r tio n s  o f  f a t  in  f ra c t io n  4 v a r ie d  c lo sely  w ith  th e  s a tu r a te d  f a t t y  
a c id  c o n te n t  o f  th e  p a r e n t  m ilk  f a t ,  th e  c o r re la tio n  coeffic ien t b e in g  + 0 -9 4  (F ig . 3).

T h e  a m o u n t  o f  f a t  in  f ra c t io n  4, 3 1 - 5 0 % , ag rees  w ith  th e  figu re , 3 8 % , g iv e n  b y  
C h e n  & d e M a n  (1966) fo r  th e  c o n te n t  o f  s a tu r a te d  tr ig ly c e r id e s  in  a  s a m p le  o f  
C a n a d ia n  m ilk  f a t .  U s in g  th e  m e rc u ric  a c e ta te  s e p a ra tio n  m e th o d  K e rk h o v e n  & 
d e M a n  (1966) in v e s tig a te d  19 C a n a d ia n  m ilk  f a t  sa m p le s  co llec ted  d u r in g  a ll seaso n s  
o f  th e  y e a r . T h e y  fo u n d  th e  s a tu r a te d  tr ig ly c e r id e  c o n te n t  to  v a r y  b e tw e e n  33 a n d  
4 4 % .

F ro m  th e  k n o w n  f a t t y  a c id  c o m p o s itio n  a n d  fro m  th e  d e te rm in a tio n s  o f  th e  
c o n te n t  o f  s a tu r a te d  g ly c e rid es  o f  3 m ilk - fa t  sa m p le s  K e rk h o v e n  & d eM an  (1966) 
c a lc u la te d  th e  c o n c e n tra tio n s  o f  th e  o th e r  p o ssib le  g ly c e r id e  ty p e s  G S 2U , G S U 2, G U 3, 
c o n ta in in g , r e s p e c tiv e ly  1, 2 a n d  3 u n s a tu r a te d  f a t t y  ac id s . T h e  lev e ls  fo u n d  w ere  
a p p ro x im a te ly  40, 20 a n d  3 % , re sp e c tiv e ly . S im ila r  re su lts , o b ta in e d  p a r t l y  b y  
c a lc u la t io n , w ere  r e p o r te d  b y  H ild itc h  & W illia m s  (1964) a n d  b y  B h a le ra o , J o h n s o n  
& K u m m e ro w  (1959). A  c o m p a riso n  b e tw e e n  th e s e  v a lu e s  a n d  th e  r e s u l ts  g iv e n  in  
T a b le  2 s u p p o r ts  b u t  d o es n o t  p ro v e  th e  c a lc u la t io n  m e th o d  u se d  b y  th e  a fo re 
m e n tio n e d  a u th o rs ,  b e c a u s e  th e  f a t t y  a c id  co m p o s itio n  o f  th e  4 T L C  f ra c tio n s  
o b ta in e d  o n  s ilv e r  n i t r a te - s i l ic ic  ac id  h a s  n o t  y e t  b e e n  d e te rm in e d .

C a lc u la tio n  a c c o rd in g  to  H a m m o n d  & J o n e s  (1960), a s su m in g  th e  T L C  f ra c tio n  4 to



b e  fu lly  s a tu r a te d  a n d  u s in g  th e  v a lu e s  g iv e n  in  T a b le  1 fo r  th e  f a t t y  a c id  c o m p o s itio n  
o f  th e  f a t ,  g a v e  s u b s ta n t ia l ly  h ig h e r  v a lu e s  fo r  g ly c e rid es  o f  ty p e  G U S 2 a n d  c o rre 
sp o n d in g ly  lo w er v a lu e s  fo r  g ly c e rid es  G U 2S a n d  G U 3 th a n  th o s e  fo u n d  in  T L C  
f ra c tio n s  3, 2 a n d  1, re sp e c tiv e ly .

T h e  d is t r ib u t io n  o f  th e  tr ig ly c e r id e s  o f  th e  a c e to n e  in so lu b le  f ra c t io n  d iffe red  fro m  
t h a t  o f  th e  p a r e n t  m ilk  f a t  m o s t ly  in  th e  r e la t iv e  a m o u n ts  o f  g ly c erid es  in  f ra c tio n s  3

1 7 4  S o n j a  M a t t s s o n , P .  S w a r t l i n g  a n d  R .  N i l s s o n

Fig. 3. Amount of fat in TLC fraction 4 in relation to the content of the major saturated fatty 
acids in the parent milk fat. r =  +0-94; y =  — 75-4 + l-68:r. A, August; O, December.

T a b le  3. R efractive  n u m b er  a n d  conten t o f  acetone inso lub le glycerides, sa tura ted  
C 10- C 18 acids a n d  T L C  fra c tio n  4 o f  m ilk  f a t  sam p les collected in  A u g u s t  a n d  D ecem ber

Refractive number
A

AIG, % Oio~018., mole % TLC 4, mole %

August December August December August
> r --------^

December August December
Vallberga 43-6 41-6 6-2 9-0 50-1 56-5 37 44
Vetlanda 43-7 41-8 6-4 8-6 50-0 54-2 31 42
Ljungby 43-6 41-8 6-2 9-8 50-2 55-7 33 47
Visby 43-7 41-4 6-6 8-8 50-7 57-3 33 46
Borgholm 44-1 41-1 7-2 10-2 48-3 58-3 31 50
Norrkoping 43-9 41-9 7-2 8-4 49-3 52-9 35 43
Örebro 43-6 42-3 6-6 8-4 49-6 54-1 32 40
Grado 43-7 41-6 6-6 8-6 49-6 55-9 33 39
Ostersund 43-6 41-3 8-0 11-6 51-2 56-8 34 47
Omskoldsvik 43-5 41-3 8-8 12-6 511 58-8 31 46
Ljusdal 43-2 41-4 6-4 9-2 51-8 56-3 35 45
Lycksele 43-3 41-4 8-2 11-6 51-3 57-9 33 48
Skelleftea 43-9 41-4 7-4 11-0 50-8 58-1 34 48
Hedenaset 43-4 41-8 7-0 9-8 49-5 55-4 31 45
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a n d  4. T h e  se a so n a l v a r ia t io n ,  w h ic h  w a s  e v id e n t  a lso  fo r  th e  A IG s , w as  p r a c tic a lly  
co n fin e d  to  th e s e  2 f ra c tio n s . T h e  h ig h  v a lu e  fo u n d  fo r  th e  c o n te n t  o f  th e  m o s t 
s a tu r a te d  g ly c e rid es , 6 2 -7 0  % , ag re es  w ell w ith  t h a t  g iv e n  b y  C h e n  & d e M a n  (1966), 
w h o  e s t im a te d  th e  c o n te n t  o f  fu lly  s a tu r a te d  tr ig ly c e r id e s  a s  67 %  in  a  f ra c t io n  o f  
m ilk  f a t  o b ta in e d  b y  c ry s ta l l iz a tio n  f ro m  a n  a c e to n e  so lu tio n  (s lig h tly  m o re  d i lu te d  
t h a n  o u rs)  a t  15 °C.

T h o u g h  sa m p le s  f ro m  th e  d a ir ie s  v a r ie d  so m e w h a t in  th e  d is t r ib u t io n  o f  th e  
g ly c e rid es  a m o n g  th e  4 T L C  f ra c tio n s  n e i th e r  th e  m ilk  f a t  n o r  th e  A IG s  f ro m  th e  4 
a b o v e -m e n tio n e d  d a irie s  in  n o r th  S w ed en  sh o w ed  a n y  p a r t ic u la r  d is t in g u ish in g  
c h a ra c te r is tic s .

O bservations on  the content o f  A I G

T h e  A IG  c o n te n t  o f  th e  v a r io u s  m ilk  f a t  sa m p le s  is g iv e n  in  T a b le  3 to g e th e r  w ith  
th e  re f ra c tiv e  n u m b e r  o f  th e  m ilk  f a t ,  i t s  c o n te n t  o f  so m e s a tu r a te d  f a t t y  a c id s  a n d  
th e  p e rc e n ta g e  o f  th e  m ilk  f a t  fo u n d  in  T L C  f ra c tio n  4. A s e x p e c te d  (N ilsson , 1966), 
t h e  A IG  c o n te n t  in  th e  m ilk  f a t  v a r ie d  ro u g h ly  in v e rse ly  w ith  th e  re f ra c tiv e  n u m b e r  
o f  th e  m ilk  f a t .  C o n se q u e n tly , th e  A IG  c o n te n t  v a r ie d  d ire c tly  w ith  th e  c o n te n t  o f  
s a tu r a te d  C10- C 18 ac id s  in  th e  p a r e n t  m ilk  f a t .  T h e  c o rre la tio n  coeffic ien ts w ere  
— 0-83 a n d  + 0 -8 8 , re sp e c tiv e ly .

T h e  A IG  c o n te n t  w as  a lso  c lo sely  r e la te d  to  th e  m o s t s a tu r a te d  T L C  f ra c t io n  o f  th e  
m ilk  f a t ,  th e  c o rre la tio n  coeffic ien t b e in g  + 0 -8 3 .

T h e  D e c e m b e r  v a lu e s  fo r  th e  A IG  c o n te n t  o f  th e  m ilk  f a t  f ro m  th e  4 d a ir ie s  in  n o r th  
S w e d en  seem  to  b e  a n o m a lo u s ly  h ig h . F o r  a n  e x p la n a tio n  f u r th e r  in v e s tig a tio n  o f  th e  
g ly c e r id e  s t r u c tu re  is re q u ire d .

C o m p o s i t i o n  o f  m i l k  f a t
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S u m m a r y . A  C o u lte r  c o u n te r  w as  u se d  to  m e a su re  th e  d ia m e te rs  a n d  n u m b e rs  o f  f a t  
g lo b u le s  in  se ria l sa m p le s  ta k e n  d u r in g  a  s in g le  m ilk in g  o f  e a c h  o f  8 cow s. M ilk  f a t  
p e rc e n ta g e s  o f  sa m p le s  w ere  e s t im a te d  b y  th e  B a b c o c k  m e th o d . T h e  a v e ra g e  g lo b u le  
d ia m e te r ,  g lo b u le  n u m b e r  a n d  f a t  p e rc e n ta g e  a ll in c re a se d  d u r in g  m ilk in g . R e g re ss io n  
a n a ly se s  in d ic a te d  t h a t  f a t  p e rc e n ta g e  w as  a  s tro n g e r  fu n c tio n  o f  f a t  g lo b u le  d ia 
m e te r  th a n  o f  g lo b u le  n u m b e r . T h e  r e s u lts  a re  d isc u sse d  w ith  r e la t io n  to  th e  r ise  in  
f a t  p e rc e n ta g e  t h a t  o cc u rs  d u r in g  m ilk in g .

I t  w as  v a n  L e e u w e n h o e c k  in  1674 w h o  f irs t  d isc o v e re d  th e  g lo b u la r  n a tu r e  o f  m ilk  
f a t  a n d  s ince  th e n  th e re  h a v e  b e e n  m a n y  s tu d ie s  o f  th e  size d is t r ib u t io n s  a n d  c o n 
c e n tr a t io n s  o f  g lo b u le s  in  co w ’s m ilk . T h e re  h a v e  a lso  b e e n  m a n y  s tu d ie s  d e sc rib in g  
th e  in flu e n ce  o f  b re e d , s ta g e  o f  la c ta t io n ,  n u t r i t io n  a n d  d ise ase  o n  th e s e  v a r ia b le s . O n  
th e  o th e r  h a n d , th e re  a re  r e la t iv e ly  few  re p o r ts  o n  ch a n g es  in  th e  d is t r ib u t io n  o f  
g lo b u le  sizes d u r in g  a  sing le  m ilk in g . A  k n o w led g e  o f  th e  l a t t e r  is c o n s id e red  im p o r ta n t  
(W h it tle s to n e , 1953) in  re la t io n  to  th e  r ise  in  m ilk - fa t  p e rc e n ta g e  t h a t  o cc u rs  d u r in g  
m ilk in g .

C ollier (1891), u s in g  B a b c o c k ’s (1885) c lassica l te c h n iq u e  fo r  m e a su r in g  g lo b u le  
size, w as  th e  f irs t  to  r e p o r t  a n  in c re a se  in  th e  p ro p o r tio n  o f  la rg e  g lo b u le s  in  su ccessiv e  
sa m p le s  ta k e n  d u r in g  a  m ilk in g . T h is  o b s e rv a tio n  w as  co n firm e d  b y  W o o d s (1905) 
a n d  b y  B i t t in g  (1905). T h e  n e x t  m a jo r  s tu d y  in  th is  field  w as c a r r ie d  o u t  b y  J o h a n s s o n  
(1952) w h o  u se d  th e  eu sco p e  m e th o d  d e sc r ib e d  b y  C am p b e ll (1932) to  s tu d y  th e  
d is t r ib u t io n  o f  f a t  g lo b u le  size th r o u g h o u t  a  m ilk in g . H e  fo u n d  l i t t le  d iffe ren ce  
b e tw e e n  th e  a v e ra g e  g lo b u le  d ia m e te r  o f  th e  la s t  200 m l m ilk in g  sa m p le  (3-59 ¡im )  
a n d  t h a t  o b ta in e d  a f te r  on e  in je c t io n  o f  o x y to c in  (3-57 /¿ m ); th e  a v e ra g e  d ia m e te r  
in  fo re -m ilk  sa m p le s  w a s  o n ly  2-60 /tm .

W h it t le s to n e  (1952) m o d ified  a  c a m e ra  lu c id a  te c h n iq u e  fo r  m e a su r in g  f a t  g lo b u le  
d ia m e te r  a n d  s tu d ie d  th e  size  d is t r ib u t io n  o f  f a t  g lo b u le s  d u r in g  a  sin g le  m ilk in g  o f  
th e  sow  (1952), cow  (1954) b u ffa lo  (1958) a n d  h u m a n  (W h it t le s to n e  & P e r r in ,  1954). 
A p a r t  f ro m  sm a ll d iffe ren ces b e tw e e n  th e  e a r lie s t  fo re -m ilk  a n d  th e  n e x t  sa m p le , n o  
ch a n g es  in  g lo b u le  size d is t r ib u t io n  w ere  fo u n d . T h e  f irs t  r e p o r te d  u se  o f  th e  C o u lte r
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c o u n te r  fo r  m e a su r in g  m ilk  f a t  g lo b u le s  w as  b y  W h it t le s to n e  (1962). T h e  r e s u lts  
o b ta in e d  in  th e  l a t t e r  s tu d y  o f  co w ’s m ilk  con firm  h is  e a r lie r  fin d in g s. T h e  a c tu a l  
ra n g e  o f  sizes m e a su re d  in  h is  s tu d y  w as  n o t  k n o w n , a s  a  c a lib ra tin g  e m u ls io n  w as  
n o t  a v a ila b le .

D u rin g  a n  e x p e r im e n t u s in g  W h i t t le s to n e ’s c a m e ra  lu c id a  te c h n iq u e , o n e  o f  u s  
(E . A .K .)  o b se rv e d  a  d e f in ite  in c re a se  in  a v e ra g e  g lo b u le  d ia m e te r  in  sa m p le s  o b ta in e d  
su c ce ss iv e ly  d u r in g  th e  m ilk in g  o f  a  sing le  q u a r te r  in  th e  cow . I t  w as  c o n s id e red  
th e re fo re  t h a t  a  f u r th e r  e x a m in a tio n  o f  th e  d is t r ib u t io n  o f  m ilk  f a t  g lo b u le s  d u r in g  
m ilk in g  w as r e q u ire d  a n d  th e  p re s e n t  p a p e r  d esc rib es  th e  re s u lts  o f  su c h  a n  in v e s tig a 
t io n  u s in g  a  C o u lte r  c o u n te r . T h e  u se  o f  th is  in s t ru m e n t  e n a b le d  a  v e ry  la rg e  n u m b e r  
o f  g lo b u le s  to  b e  o b je c tiv e ly  c o u n te d  a n d  m e a su re d .

METHODS

M ilk  sa m p le s  (a p p ro x . 100 m l) w ere  co llec te d  se ria lly  b y  m e a n s  o f  a  t e a t  s ip h o n  
fro m  th e  r ig h t  f ro n t  q u a r te r s  o f  8 cow s. T h e  cow s w ere  o f  m ix e d  b re e d  a n d  a t  d if 
f e re n t  s ta g e s  o f  la c ta t io n ,  e a c h  p ro d u c in g  a t  le a s t  800 m l m ilk  fro m  th e  t e s t  q u a r te r .

T h e  o th e r  3 q u a r te r s  o f  e a c h  cow  w ere  m ilk e d  b y  m a c h in e  in  th e  u su a l w ay . W h e n  
m ilk  flow  ceased , 5 i.u . o f  o x y to c in  (S y n to c in o n , S a n d o z  A u s t. P ty .  L td .)  w as  a d m in i
s te re d  v ia  a  p o ly th e n e  c a n n u la  in s e r te d  in to  th e  ju g u la r  v e in  a n d  100 m l se ria l sa m p le  
o f  re s id u a l m ilk  o b ta in e d .

S am p le s  o f  fo re -m ilk , m id -m ilk in g , s tr ip p in g s  a n d  re s id u a l m ilk  w ere  se le c te d  a n d  
th e i r  m ilk -fa t c o n c e n tra t io n s  a n d  g lo b u le -s ize  d is t r ib u t io n s  d e te rm in e d . T h e  m ilk - fa t  
c o n c e n tra t io n  w as  e s t im a te d  b y  th e  B a b c o c k  m e th o d  (D av is , 1959).

E s t im a te s  o f  th e  size  d is t r ib u t io n s  o f  f a t  g lo b u le s  w ere  th e n  m a d e  u s in g  a  m o d e l A  
C o u lte r  c o u n te r  h a v in g  a  50-//1 m a n o m e te r  v o lu m e  a n d  f i t te d  w ith  a  tu b e  h a v in g  a  
30-/irn d ia m . orifice. T h e  o p e ra tio n  o f  th e  m a c h in e  is w ell d o c u m e n te d  (C ou lte r, 1 9 5 6 ; 
M a tte rn ,  B r a c k e t t  & O lson , 1 9 5 7 ; U llric h , 1960) a n d  w ill n o t  b e  d e sc r ib e d  h e re . T h e  
in s t ru m e n t  w as  c a lib ra te d  a c c o rd in g  to  th e  m a n u fa c tu r e r ’s re c o m m e n d a tio n s  u s in g  
m o n o size d  p o ly s ty re n e  la te x  b e a d s  3-49 /( in  d ia m . (P a r tic le  In fo rm a tio n  S erv ice , 
600 S o u th  S p rin g e r  R o a d , L o s A lto s , C a lifo rn ia , U .S .A .).

T h e  e le c tro ly te  u se d  w as  2 %  p o ta s s iu m  c h lo rid e  in  d is t ille d  w a te r  c o n ta in in g  
p o ta s s iu m  a n d  so d iu m  p h o s p h a te  b u ffe rs  o f  p H  6-9. F o rm a ld e h y d e  (0-1 % ) w as  a d d e d  
to  th e  e le c tro ly te  to  p r e v e n t  b a c te r ia l  c o n ta m in a tio n  a n d  th e  so lu tio n  f ilte re d  th ro u g h  
a  m illip o re  f ilte r  (0-45 fim p o ro s ity )  to  re m o v e  p a r t ic u la te  m a t te r .  Im m e d ia te ly  
b e fo re  u se  th e  e le c tro ly te  w as a g a in  m illip o re  f ilte re d  to  re m o v e  a n y  p h o s p h a te  
d e p o s its .

A fte r  co llec tio n , 1 m l o f  e a c h  m ilk  sa m p le  w as  im m e d ia te ly  d ilu te d  to  100 m l w ith  
p re p a re d  e le c tro ly te  in  a  v o lu m e tr ic  flask . T h is  w as  f u r th e r  d ilu te d  to  1 :1 0 0 0 0  in  a  
s im ila r  m a n n e r . T h e se  d ilu t io n s  w ere  m ix e d  a t  10 -m in  in te rv a ls  to  p r e v e n t  c lu m p in g  
o f  f a t  g lo b u le s . M icroscop ic  e x a m in a tio n  o f  th e s e  sa m p le s  m a d e  a t  v a ry in g  in te rv a ls  
a f te r  d i lu t io n  co n firm e d  t h a t  th is  t r e a tm e n t  p re v e n te d  c lu m p in g . D u rin g  th e  c o u n tin g  
p ro c e d u re  th e  sa m p le  w as  in te r m it te n t ly  m ix e d  w ith  a  s t i r r in g  d ev ice  f i t te d  to  th e  
C o u lte r  co u n te r .

C o u n ts  o n  th e  d i lu te d  (1 :1 0 0 0 0 )  sa m p le s  fo r  6 cow s w ere  p e r fo rm e d  a t  15 th re s h o ld  
s e t t in g s  c o v e rin g  a  d ia m e te r  ra n g e  o f  0 -8 -9 -5  fim. W ith  th e  te c h n iq u e  u se d , 0-8 fim
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w as th e  lo w es t m e a su re  o f  d ia m e te r  o b ta in a b le . I n  a n  a t t e m p t  to  o b ta in  m o re  d e 
ta i le d  in fo rm a tio n  o n  sa m p le s  f ro m  th e  o th e r  2 cow s th e  d ia m e te r  ra n g e  w as  e x te n d e d  
to  12-75 ¡im .

RESULTS

T h e  p e rc e n ta g e  o f  to ta l  g lo b u le s  a t  e a c h  C o u lte r  c o u n te r  th re s h o ld  le v e l w as  
c a lc u la te d  fo r  e v e ry  sa m p le . T h e  r e s u lts  fo r  th e  f irs t  6 cow s w ere  a v e ra g e d  fo r  e a c h  
s ta g e  o f  m ilk in g  a n d  a re  i l lu s t r a te d  as  h is to g ra m s  (F ig . 1). T h e se  h is to g ra m s  r e p re s e n t  
th e  p e rc e n ta g e  o f  th e  f a t  g lo b u le s  a t  e a c h  th re s h o ld  le v e l ; th e  l a t t e r  b e in g  e x p re sse d  
in  te rm s  o f  a c tu a l  g lo b u le  d ia m e te r .

F a t  g l o b u l e  d i s t r i b u t i o n  s t u d i e s

actual fa t g lobu le  d la m .^ m

Fig. 1. The percentage of fat globules a t each Coulter counter threshold level for each of the 
4 stages of milking. (Average for 6 cows.)

T h e  a v e ra g e  g lo b u le  d ia m e te r  o f  e v e ry  sa m p le  w a s  c a lc u la te d  a n d  a n  a n a ly s is  o f  
v a r ia n c e  c a r r ie d  o u t  (T ab le  1). T h e  a v e ra g e  g lo b u le  d ia m e te rs  a n d  le a s t  s ig n if ic a n t 
d iffe rences (L S D ) fo r  th e  4 s ta g e s  o f  m ilk in g  (sam p les) a re  p re s e n te d  in  T a b le  2. I t
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m a y  b e  seen  t h a t  th e  a v e ra g e  g lo b u le  d ia m e te rs  o f  re s id u a l  m ilk  sa m p le s  w ere  g r e a te r  
t h a n  th o s e  fo r  fo re -m ilk , m ilk in g  a n d  s tr ip p in g s  ( P  <  0-001 o r  0-01). T h e  a v e ra g e  
d ia m e te r  o f  g lo b u le s  in  s tr ip p in g s  w as  also  g re a te r  t h a n  in  fo re -m ilk  a n d  m ilk in g  
sa m p le s  ( P  <  0-001). H o w e v e r , th e re  w as  n o  s ig n if ic a n t d iffe ren ce  in  d ia m e te r s  
b e tw e e n  fo re -m ilk  a n d  m ilk in g  sa m p le s . A lth o u g h  th e re  w as  a  s ig n if ic a n t d iffe ren ce  
in  g lo b u le  d ia m e te r  b e tw e e n  cow s (P  <  0-05— T a b le  1), th e  v a r ia t io n  d u e  to  cow  
d iffe ren ces w as  o n ly  1 5 -1 8 %  o f  th e  to ta l  v a r ia t io n  c o m p a re d  w ith  6 9 -8 9 %  fo r  
d iffe ren ces b e tw e e n  sam p les .

T a b le  1. S u m m a r y  o f  ana lyses o f  variance o f  resu lts o f  average globule d iam eter, n u m b er  
o f  g lobules/m l > 0-8 /im  d ia m . a n d  m ilk - fa t 'percentage in  sam p les ta ken  throughout 
1  m ilk in g  o f  8 cows

Mean squares
Degrees (--------------- -------- A---------- N

of Globule Milk
Source of variation freedom diam., fim. Globules/ml fat, %

Cows 7 2-60* 10-89 11-72*
Samples 3 11-95*** 40-49** 266-52***
Cows X samples 21 2-55 5-52 3-42

Total 31 17-10 10-11 30-76

* P  < 0 05. ** P  < 0-01. *** P < 0-001.

T a b le  2. M e a n  va lues w ith  least s ig n ifica n t d ifference (L S D )  fo r  globule d iam eter, 
g lobules/m l > 0-8 p m  d ia m . a n d  m ilk - fa t percentage o f  sa m p les  ta ken  throughout 1 
m ilk in g  o f  8 cows

Mean

Globule 
diam., /¿m Globules/ml

Milk 
fat, °/

Variable
Fore-milk 2-34 4-53 x 109 1-75
Milking 2-60 7-71 x 109 3-58
Strippings 3-28 8-17 xlO9 7-01
Residual 3-91 9-93 x 109 14-80

LSD
P < 0-001 0-68 4-48 x 109 3-53
P  < 0-01 0-49 3-32 x 109 2-62
P  < 0-05 0-36 2-44 x 109 1-92

T h e  s u m m a ry  o f  re s u lts  o f  th e  a n a ly se s  o f  v a r ia n c e  fo r  n u m b e r  o f  g lo b u le s /m l 
g r e a te r  t h a n  0-8 p m  in  d ia m ., a n d  th e  m ilk -fa t p e rc e n ta g e  d u r in g  th e  4 s ta g e s  o f  
m ilk in g , a r e  a lso  sh o w n  in  T a b le  1. T h e  m e a n s  a n d  L S D  v a lu e s  fo r  th e s e  v a r ia b le s  
a re  g iv e n  in  T a b le  2. T h e  n u m b e r  o f  g lo b u le s /m l in  th e  fo re -m ilk  sa m p le s  w as  
s ig n ific a n tly  less t h a n  th e  n u m b e r  in  th e  re s id u a l (P  <  0-001), s tr ip p in g s  ( P  <  0-01) 
a n d  m ilk in g  ( P  <  0-05) sa m p le s . N o  s ig n if ic a n t d iffe rences w ere  fo u n d  b e tw e e n  m ilk in g , 
s tr ip p in g s  a n d  re s id u a l m ilk  sam p les .

H ig h ly  s ig n ific a n t d iffe rences (P  <  0-001 o r  0-01) w ere  fo u n d  in  th e  m ilk - fa t  p e r 
c e n ta g e s  b e tw e e n  a ll m ilk  sa m p le s  e x c e p t fo re -m ilk  a n d  m ilk in g  in  w h ich  th e r e  w as  
n o  d iffe rence . T h e  v a r ia t io n  in  f a t  p e rc e n ta g e  d u e  to  s ig n ific a n t d iffe ren ces  b e tw e e n  
cow s ( P  <  0-05— T a b le  1) w as  o n ly  8-61 %  o f  th e  to ta l  v a r ia t io n  c o m p a re d  w ith  
83-9 %  d u e  to  s ta g e  o f  m ilk in g .



T h e  d a t a  w ere  s u b je c te d  to  a  reg re ss io n  a n a ly s is  (T a b le  3) a n d  th e  reg re ss io n  
e q u a tio n  c a lc u la te d :

Y  =  -  14-65 +  5 -90X 1 +  0 -4 7 X i,

w h e re  Y  =  m ilk - fa t  p e rc e n ta g e , X 1 =  a v e ra g e  g lo b u le  d ia m ., Z 2 =  a v e ra g e  g lo b u le  
n u m b e r .

A  m u lt ip le  c o r re la tio n  coeffic ien t o f  0-92 w as a lso  c a lc u la te d . P a r t i a l  re g re ss io n  
coeffic ien ts fo r  a v e ra g e  g lo b u le  d ia m . ( +  0-79) a n d  a v e ra g e  g lo b u le  n u m b e r  ( +  0-27) 
in d ic a te d  t h a t  a v e ra g e  g lo b u le  d ia m e te r  h a d  a  g r e a te r  e ffec t t h a n  a v e ra g e  g lo b u le  
n u m b e r  o n  f a t  p e rc e n ta g e .

T a b le  3. S u m m a r y  o f  m u ltip le  regression a n a ly s is  o f  the effect o f  average globule d iam eter  
( Z j )  a n d  average globule n u m b er  ( Z 2 ) on  m illc-fa t percentage  ( Y )  o f  sa m p le s  ta ken  
th roughou t the m ilk in g  o f  8 cows

F a t  g l o b u l e  d i s t r i b u t i o n  s t u d i e s  1 8 1

Source of Degrees of Sum of Mean Variance
variation freedom squares squares ratio

Regression 2 806-51 403-25 79-60***
Deviations 29 146-91 5-07 —

Total 31 953-42

*** P  < 0-001. 

DISCUSSION

R e s u lts  o b ta in e d  b y  th is  m e th o d  sh o w  a  c le a r-c u t in c re a se  in  a v e ra g e  g lo b u le  
d ia m e te r  a n d  g lo b u le  n u m b e r  th r o u g h o u t  a  m ilk in g . O n ly  g lo b u le s  g r e a te r  th a n  
0-8 /¿m  d ia m . w ere  m e a su re d , b u t  i t  is w ell k n o w n  t h a t  sm a ll g lo b u le s  ( <  1-0 wm 
d ia m .)  c o n tr ib u te  o n ly  a  sm a ll p e rc e n ta g e  to  th e  to ta l  f a t  in  a  m ilk  s a m p le  (W e b b  & 
J o h n s o n , 1965; C ornell & P a lla n sc h , 1966). T h e  m u lt ip le  c o r re la tio n  coeffic ien t o f  
0-92 in  th is  e x p e r im e n t w o u ld  in d ic a te  t h a t  a  m a x im u m  o f  8 %  o f  th e  to ta l  v a r ia t io n  
co u ld  b e  a t t r ib u te d  to  th e  o m iss io n  o f  th e se  sm a ll g lo b u le s . M o reo v e r, a s  th e s e  sm a ll 
g lo b u le s  p re d o m in a te  in  fo re -m ilk  ( Jo h a n ss o n , 1952; W h itt le s to n e ,  1954) a n y  d if 
fe ren c es  in  g lo b u le  d ia m e te r  b e tw e e n  sa m p le s  w o u ld  p ro b a b ly  b e  in c re a se d  b y  th e i r  
in c lu s io n . C e r ta in  te c h n ic a l d ifficu lties  a s so c ia te d  w ith  som e m ilk s  o f  v e ry  h ig h  f a t  
p e rc e n ta g e  w ere  e n c o u n te re d  w h ic h  n e c e s s i ta te d  e x tra p o la t io n  o f  r e s u lts  to  th e  
0-8 /¿m  leve l. T h is  g a v e  re s u lts  fo r  g lo b u le  n u m b e r  o f  th e  o rd e r  o f  th o s e  o b ta in e d  b y  
C o rn ell & P a lla n s c h  (1966).

T h e  p re se n ce  o f  la rg e  n u m b e rs  o f  so m a tic  cells in  m ilk  sa m p le s  co u ld  a ffe c t re s u lts  
fo r  g lo b u le  d ia m e te rs  g re a te r  t h a n  5-25 /tm  (P h ip p s  & N e w b o u ld , 1966). H o w e v e r , 
r e s u lts  o f  th e  C a lifo rn ia  M a s tit is  T e s t  (S c h a lm  & N o o rla n d e r, 1957) o n  th e  q u a r te r  
m ilk  sa m p le s  in d ic a te d  t h a t  less t h a n  5 0 0 0 0 0  ce lls /m l w ere  p re se n t.  A s th e s e  sa m p le s  
w ere  d i lu te d  1 :1 0 0 0 0  fo r  c o u n tin g  i t  is u n lik e ly  t h a t  so m a tic  cells w o u ld  s ig n ific a n tly  
c o n tr ib u te  to  th e  re su lts .

T h e  size d is t r ib u t io n  p a t te r n s  (F ig . 1) w ere  s im ila r  to  th o s e  in  th e  e a r lie r  s tu d y  
u s in g th e  c a m e ra  lu c id a  te c h n iq u e s  (E . A . K e rn o h a n , u n p u b lis h e d )  e x c e p t t h a t  in  th e  
p re s e n t  s tu d y  th e  d is t r ib u t io n  o f  g lo b u le s  in  th e  s tr ip p in g s  w as  b im o d a l (F ig . 1). 
I r r e s p e c t iv e  o f  th is  p o ss ib le  b im o d a l e ffec t, th e  t r e n d  o f  in c re a s in g  a v e ra g e  g lo b u le  
d ia m e te r  in  su ccessiv e  sa m p le s  d u r in g  a  m ilk in g  is a p p a r e n t  f ro m  th e  h is to g ra m s .
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T h e  e x is te n c e  o f  b im o d a l p e a k s  in  f a t  g lo b u le  d is tr ib u t io n s  h a s  b ee n  p re v io u s ly  in d ic 
a t e d  w ith  re s p e c t  to  s ta g e  o f  la c ta t io n  effec ts  (v a n  D a m  & S irk s , 1922). H o w e v e r , 
w e h a v e  g e n e ra lly  a s su m e d  t h a t  th e  d ia m e te r  o f  f a t  g lo b u le s  in  sa m p le s  ta k e n  
th r o u g h o u t  a  m ilk in g  fo llow s a  n o rm a l d is t r ib u t io n  p a t t e r n  a n d  o n  th is  b a s is  h a v e  
u se d  th e  C o u lte r  c o u n te r  a n d  s ta n d a r d  s ta t is t ic a l  a n a ly se s .

T h e  re su lts  o b ta in e d  in  th is  s tu d y  ag re e  w ith  th o s e  o f  e a r lie r  in v e s tig a to rs  (C ollier, 
1891; W o o d s , 1905; B it t in g ,  1905; C am p b e ll, 1932; Jo h a n s s o n , 1952), b u t  a re  co n 
t r a r y  to  th o s e  o f  W h it t le s to n e  (1953, 1954, 1962). T h is  w o u ld  a p p e a r  n o t  to  s u p p o r t  
th e  c u r re n tly  h e ld  th e o ry  e x p la in in g  th e  r ise  in  f a t  p e rc e n ta g e  t h a t  o ccu rs  d u r in g  
m ilk in g  (W h ittle s to n e , 1953) s ince  o n e  o f  th e  p rem ises  o f  th e  th e o ry  is t h a t  f a t  
g lo b u le  d ia m e te r  d o es  n o t  s ig n if ic a n tly  c h a n g e  th r o u g h o u t  m ilk in g . H is  th e o ry  
a ssu m e s  t h a t  f a t  g lo b u le s  c lu s te r  w ith in  th e  a lv e o lu s  a n d  th e se  c lu s te rs  a r e  p a r t ly  
f ilte re d  o u t  b y  th e  d u c ts ,  so  t h a t  th e  la s t  m ilk  to  le a v e  th e  a lv eo lu s  is v e ry  r ic h  in  f a t .  
O rig in a lly  W h itt le s to n e  ca lled  th is  a  m o d ified  f i l t r a t io n  th e o ry  a n d  s ta te d  i t  d id  n o t  
e x c lu d e  th e  p o s s ib ili ty  o f  so m e f ilte rin g  o f  la rg e r  g lo b u les . I t  is su g g e s te d  t h a t  th is  
f ilte rin g  o f  la rg e  g lo b u le s  p e r  se m a y  c o n t r ib u te  m o re  to  th e  r ise  o f  f a t  p e rc e n ta g e  
d u r in g  m ilk in g  t h a n  h a s  p re v io u s ly  b e e n  th o u g h t .

T h e  a u th o rs  w ish  to  th a n k  P ro fe sso r  A . K . L asce lles  fo r  h is  a d v ic e  a n d  e n c o u ra g e 
m e n t, M r K . G. J o h n s to n  fo r  th e  u se  o f  la b o ra to r y  fa c ilitie s  a n d  M iss J .  R o c k  fo r  h e r  
te c h n ic a l  a s s is ta n ce .
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S u m m a r y . T h e  re le a se , b y  th e  a c tio n  o f  r e n n e t ,  o f  p e p t id e s  w h ich  a re  so lu b le  in  
tr ic h lo ro a c e tic  a c id  (TC A ) h a s  b e e n  s tu d ie d  u s in g  m ilk  sa m p le s  f ro m  in d iv id u a l  cow s. 
T h is  re le a se  sh o w ed  a n  in i t ia l  m a rk e d  in c re a se  w ith  t im e  o f  r e n n e t  a c tio n . A f te r  th e  
m ilk  c lo tte d  th e re  w as  n o  f u r th e r  in c re a se  fo r  a t  le a s t  30 m in . T h e re  w as  c o n s id e r 
a b le  v a r ia t io n  in  th e  to ta l  a m o u n t  o f  N  a n d  o f  s ia lic  a c id  re le a se d  f ro m  m ilk  sa m p le s  
ta k e n  f ro m  in d iv id u a l  a n im a ls  a t  d if fe re n t t im e s  d u r in g  th e  la c ta t io n .

F o r  a  g iv e n  m ilk  sa m p le  t r e a te d  w ith  r e n n e t ,  th e  a m o u n t  o f  sia lic  a c id  in  th e  
f i l t r a te  o b ta in e d  a f te r  p r e c ip i ta t io n  w ith  2 %  T C A  w as s im ila r  to  t h a t  o b ta in e d  w ith  
10 %  T C A , w h e re a s  th e  a m o u n t  o f  n i tro g e n  w as  m u c h  g re a te r  w ith  th e  2 %  T C A . I t  
a p p e a re d  t h a t  th e  p e p t id e s  c o n ta in in g  s ia lic  a c id  w ere  re le a se d  a t  a  slow er r a te .

O n  a v e ra g e , a b o u t  h a l f  th e  to ta l  sia lic  a c id  in  th e  ca se in  w as  re c o v e re d  in  th e  T C A  
f i l t r a te  a f te r  r e n n e t  a c tio n , w h ic h  su g g e s ts  t h a t  e i th e r  a  p ro p o r tio n  o f  th e  /c-casein 
w as  n o t  access ib le  to  e n z y m e  a c tio n  o r  th e  te c h n iq u e  u se d  d id  n o t  p e r m it  fu ll re c o v e ry  
o f  th e  s ia lic  a c id -c o n ta in in g  p e p tid e s .

T h e  c lo tt in g  o f  m ilk  ta k e s  p la c e  in  a t  le a s t  2 p h a se s  (B errid g e , 1954). D u r in g  th e  
p r im a ry  p h a s e , p e p t id e s  a re  re le a se d  f ro m  /c-casein  b y  th e  a c tio n  o f  th e  e n z y m e  
re n n in . T h is  loss o f  p e p t id e s  d e s tro y s  th e  m ice lle  s ta b iliz in g  p r o p e r ty  o f  th e  /c-casein 
so  t h a t ,  in  th e  p re se n c e  o f  C a2+ ions, th e  ca se in  m icelles a g g re g a te  to  fo rm  a  c lo t 
(W a u g h  & V o n  H ip p e l , 1956).

T h e  p r im a ry  s ta g e  h a s  b e e n  e x a m in e d  b y  N its c h m a n n  & B o h re n  (1955) w h o  d e te r 
m in e d  th e  in c re a se  in  N  so lu b le  in  2 a n d  12 %  T C A  a t  in te rv a ls  a f te r  th e  b e g in n in g  o f  
th e  e n z y m e  a c tio n  o n  case in  o r  o n  w h o le  m ilk . A la is  (1963) a lso  c a r r ie d  o u t  e x te n s iv e  
in v e s tig a tio n s  o n  th e  re le a se  o f  N  so lu b le  in  12 %  T C A  a f te r  th e  a c t io n  o f  r e n n in  o n  
w h o le  m ilk , c a se in  a n d  /c-casein. H e  c o n s id e red  t h a t  th e  re le a se  o f  N  re p re s e n ts  th e  
p r im a ry  p h a s e  o f  r e n n in  a c tio n .

I n  v ie w  o f  th e  im p o r ta n c e  o f  /c-casein in  th e  c o a g u la tio n  o f  m ilk , th e re  is c o n s id e r 
a b le  in te r e s t  in  th e  s t r u c tu r e  o f  th e  p ro te in , a n d  i t  h a s  b e e n  e s ta b l is h e d  t h a t  /c-casein 
is  h e te ro g e n e o u s . M a c K in la y  & W a k e  (1965) h a v e  sh o w n  t h a t  th is  h e te ro g e n e ity  is  
d u e  p a r t l y  to  th e  f a c t  t h a t  d if fe re n t a m o u n ts  o f  c a rb o h y d ra te  a re  a t ta c h e d  to  a  
co m m o n  a m in o  a c id  sk e le to n . V ir tu a l ly  a ll t h e  s ia lic  a c id  p re s e n t  in  /c-casein is 
a t ta c h e d  to  t h a t  p a r t  o f  th e  m o lecu le  w h ic h  is  re le a se d  b y  th e  a c tio n  o f  re n n in  
(G ib b o n s  & C h e ese m a n , 1962).

Present address: School of Biological Sciences, University of Bradford, Bradford 7.
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I n  th e  p re s e n t  in v e s tig a tio n  th e  a c tio n  o f  r e n n e t  o n  th e  w ho le  m ilk  o f  in d iv id u a l  
cow s h a s  b ee n  s tu d ie d  to  o b ta in  f u r th e r  in fo rm a tio n  o n  th e  p r im a ry  p h a s e  o f  th e  
e n z y m ic  a c tio n  a n d  o n  th e  s ia lic  a c id  a n d  N  c o n te n t  o f  th e  p e p t id e s  re le a se d .

EXPERIMENTAL

M ilk  sa m p le s  w ere  o b ta in e d  f ro m  in d iv id u a l  cow s o f  th e  I n s t i t u t e  h e rd . F o r  c e r ta in  
a n im a ls  sa m p le s  wrere  o b ta in e d  o n  se v e ra l o ccas io n s d u r in g  th e  la c ta t io n .  B a c te r io 
lo g ica l te s t s  sh o w ed  t h a t  a ll th e  a n im a ls  w ere  fre e  f ro m  b a c te r ia l  in fe c tio n s  o f  th e  
u d d e r  a t  th e  t im e  o f  th e  e x p e r im e n t.

A  p r e p a ra t io n  o f  a  so lu tio n  o f  r e n n e t  (C hr. H a n s e n , R e a d in g )  w as  d i lu te d  to  g iv e  a  
c lo tt in g  t im e  o f  5 -1 5  m in  in  th e  fo llo w in g  p ro c e d u re . T o  40 m l p o r t io n s  o f  w h o le  
m ilk  in  200 m l fla sk s w ere  a d d e d  10 m l r e n n e t  so lu tio n . T h e  fla sk s w ere  p u t  to  
in c u b a te  a t  37 °C a n d  a t  in te rv a ls  u p  to  1 h  p a irs  o f  f la sk s w ere  ta k e n  a n d  th e i r  
c o n te n ts  d ilu te d  w ith  T C A  to  c o n ta in  2 a n d  1 0 %  T C A . T h e  d ig e s ts  w ere  f ilte re d  
th r o u g h  n o . 40 W h a tm a n  f ilte r  p a p e r  a n d  th e  c o n c e n tra t io n s  o f  N  a n d  o f  s ia lic  a c id  
in  th e  f il t r a te s  d e te rm in e d .

T h e  T C A  also  p re c ip i ta te d  th e  m ilk  p ro te in s , a n d  in  o rd e r  to  d e te rm in e  th e  d is t r ib u 
t io n  o f  N  a n d  sia lic  a c id  b e tw e e n  th e  w h o le  m ilk  a n d  th e  n o n -c a se in  f ra c tio n  p re p a re d  
a c c o rd in g  to  th e  m e th o d  o f  A sc h a ffe n b u rg  & D re w ry  (1959), th is  l a t t e r  a lso  w as  
a n a ly s e d  fo r  N  a n d  s ia lic  ac id .

N  w as  d e te rm in e d  b y  th e  K je ld a h l m e th o d . S ia lic  a c id  w as  d e te rm in e d  b y  th e  
m e th o d  o f  W a r re n  (1959). B e fo re  h y d ro ly s is , th e  p re p a ra t io n s  w ere  d ia ly se d  fo r  2 d a y s  
a t  4 °C a g a in s t  d is t ille d  w a te r  to  re m o v e  la c to s e  a n d  TC A . P o r t io n s  (1 m l) w ere  th e n  
d i lu te d  w ith  0-2 m l o f  0 -1 n -H 2SO 4 a n d  h e a te d  fo r  1 h  a t  80 °C.

RESULTS

R a te  o f  release o f  p ep tid es  by the action  o f  rennet

I n  a ll th e  e x p e r im e n ts  th e re  w as  a  r a p id  rise  in  th e  p e p t id e s  a n d  g ly c o p e p tid e s  
so lu b le  in  1 0 %  T C A , d e te rm in e d  as  N  a n d  sia lic  a c id , d u r in g  th e  f irs t  few  m in u te s  
a f te r  th e  a d d i t io n  o f  r e n n e t .  T h e n  th e  r a te  o f  in c re a se  fell u n t i l  s h o r t ly  a f te r  c lo tt in g  
w as  f irs t  o b se rv e d , w h e n  th e  c o n c e n tra t io n  o f  p e p t id e s  re m a in e d  c o n s ta n t  fo r  a t  
le a s t  30 m in . T h is  f in d in g  is i l lu s tr a te d  in  F ig . 1.

E ffe c t o f  T C A  concentra tion  on  the so lu b ility  o f  p ep tid es  
released by the action  o f  rennet

T w o  o f  th e  e x p e r im e n ts  w ere  r e p e a te d  u s in g  2 %  T C A  to  s to p  th e  r e a c tio n  a n d  
p re c ip i ta te  th e  p ro te in s . F ig u re  2 show s t h a t  th e  m a x im u m  in c re ase  in  s ia lic  a c id  in  
t h e  2 %  T C A  f i l tr a te  w a s  a lm o s t th e  s a m e  as  t h a t  o b ta in e d  w ith  th e  1 0 %  T C A  
f i l tr a te . T h e re  w as, h o w ev e r, a  m a rk e d ly  g re a te r  in c re a se  in  th e  N  so lu b le  in  2 %  T C A  
a s  c o m p a re d  w ith  t h a t  so lu b le  in  1 0 %  TC A .

D is tr ib u tio n  o f  N  a n d  o f  s ia lic  acid  in  the m ilk

I n  m ilk  sa m p le s  ta k e n  d u r in g  th e  m id - la c ta t io n  p e r io d  th e re  w as  c o n s id e ra b le  
v a r ia t io n  in  th e  a m o u n t  o f  N  re le a se d  b y  th e  a c tio n  o f  r e n n e t  a n d  so lu b le  in  1 0 %
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Fig. 1. The increase in the concentrations of N and of sialic acid, soluble in 10 % TCA, after the
action of rennet. • ,  N; O, sialic acid.

T im e  o f ren n e t action, min

Fig. 2. The increase in the concentrations of N and of sialic acid, soluble in 10% TCA and in 
2 % TCA, after the action of rennet. ■, N, soluble in 2 % TCA; • ,  N, soluble in 10 % TCA; 
□, sialic acid, soluble in 2 % TCA; O, sialic acid, soluble in 10% TCA.
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T C A . I n  m ilk  f ro m  cow  160, th e  N  re le a se d  v a r ie d  f ro m  4-8 to  11-6 m g /1 0 0  g  m ilk . 
V a lu e s  h ig h e r  t h a n  th o s e  o b ta in e d  d u r in g  th e  m id - la c ta t io n  p e r io d  w ere  fo u n d  fo r  
m ilk  sa m p le s  f ro m  cow s 204  a n d  160 ta k e n  ju s t  a f te r  p a r tu r i t io n .  A n  e x c e p tio n a lly  
h ig h  v a lu e  o f  21 m g  N /1 0 0  g  w as  o b se rv e d  fo r  1 sa m p le  f ro m  cow  204, a n d  th is  d id  
n o t  a p p e a r  to  b e  r e la te d  to  a n y  m a rk e d  c h a n g e  in  a n y  o f  th e  o th e r  c o m p o n e n ts  
m e a su re d  in  th e  e x p e r im e n t.

T a b le  1. T h e  d is tr ib u tio n  o f  N  in  the m ilk  fra c tio n s  exa m in ed

(N, mg/100 g)
% Casein N

Cow
Days after 

parturition Total

Non
casein

N
N soluble 

in 10 % TCA
Casein

N

N released 
by the action 
of rennin and 

soluble in 
10 % TCA

released by 
the action 
of rennin 
and soluble 

in 10% TCA
323 loo 464 103 29-7 361 11-5 3-2

176 445 101 33-9 344 9-3 2-7
186 444 104 31-8 340 10-0 2-9

324 164 425 103 28-7 322 8-6 2-7
169 445 102 32-1 343 8-2 2-4
175 450 108 39-2 342 8-3 2-4
185 420 106 33-8 314 7-5 2-4

Georgina
14 155 — ___ 24-4 ___ 8-2 ___

Barbara 162 — — 25-3 — 12-0 —
176 — — 28-6 — 12-0 —

Barbaric 133 — — 15-4 — 11-6 —

204 2 642 172 37-3 470 13-9 3-0
14 498 128 31-5 370 10-4 2-8
79 559 134 27-5 425 21-9 5-2
89 565 138 33-9 427 6-9 1-6
97 528 141 36-4 387 7-9 2-0

117 571 148 44-4 423 10-6 2-5
131 541 138 44-0 403 8-4 2-1

160 3 659 211 38-8 448 14-8 3-3
20 494 122 33-7 372 10-5 2-8
94 566 136 40-5 430 4-8 1-1

106 608 143 42-5 465 7-7 1-7
122 561 147 44-0 414 11-6 2-8
136 508 129 43-2 379 10-1 2-7

250 13 514 124 41-8 390 130 3-3
129 510 127 42-3 383 110 2-9
142 555 136 49-0 419 11-9 2-8
156 521 119 39-0 402 9-9 2-5

161 26 455 118 35-4 337 9-1 2-7
197 45 496 118 36-0 378 10-3 2-7

73 534 130 330 404 11-2 2-8

W ith  th e  e x c e p tio n  o f  th e  sa m p le  f ro m  cow  324, f ro m  w h ich  2-4 %  o f  th e  ca se in  1ST 
w as  re le a se d  in  3 o f  th e  4 e x p e r im e n ts , th e re  w as  n o  c o n s is te n t p a t t e r n  in  t h e  p r o 
p o r t io n  o f  th e  ca se in  N  re leased .

T h e  sia lic  a c id  c o n te n t  o f  w h o le  m ilk  v a r ie d  w ith in  in d iv id u a l cow s. T h e  v a lu e s  
o b ta in e d  fo r  th e  2 sa m p le s  ta k e n  s h o r t ly  a f te r  p a r tu r i t io n  f ro m  cow s 204 a n d  160 w ere  
th e  h ig h e s t  re c o rd e d , a n d  w ere  a b o u t  tw ic e  th e  a v e ra g e  v a lu e  o b ta in e d  fo r  l a te r  
sa m p le s  f ro m  th e  sa m e  a n im a ls .
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DISCUSSION

I n  th e  p re s e n t  e x p e r im e n ts , N  a n d  s ia lic  a c id  so lu b le  in  1 0 %  T C A  in c re a se d  w ith  
t im e  a f te r  t h e  a c t io n  o f  r e n n e t  o n  w h o le  m ilk  a n d  f in a lly  re a c h e d  a  v a lu e  w h ic h  r e 
m a in e d  c o n s ta n t .  O u r  r e s u l ts  a r e  s im ila r  to  th o s e  o b ta in e d  b y  K im , A rim a  & Y a su i
(1967) w h o  s tu d ie d  th e  e ife c t o f  r e n n e t  o n  sk im -m ilk , ca se in  a n d  /c-rich case in . T h e

T a b le  2. T h e  d is tr ib u tio n  o f  s ia lic  acid  in  the m ilk  fra c tio n s  exa m in ed

(Sialic acid, mg/100 g)
% Casein

Days after Total Non-casein
Sialic acid 
soluble in

Casein
sialic

Sialic acid 
released by 
the action 
of rennin 

and soluble

sialic acid 
released by 
the action 
of rennin 

and soluble
Cow parturition sialic acid sialic acid 10 % TCA acid in 10 % TCA in 10 % TCA
323 155 12-7 — 0-5 — 6-4 —

176 13-9 2-6 0-5 11-4 5-7 50
186 11-4 2-5 0-6 8-9 4-7 53

324 164 10-0 — 0-0 — 4-5 __
169 10-9 2-4 0-3 7-5 4-3 57
175 11-8 2-4 0-6 9-4 4-7 50
185 9-1 2-5 0-5 6-5 3-2 49

Georgina
14 155 __ __ 0-7 4-5 _

Barbara 162 — — 0-4 — 4-8 __
176 9-3 - 0-7 — 3-5 —

Barbaric 133 8-8 — 0-4 — 7-1 —
204 2 20-1 4-4 0-6 15-7 8-0 51

14 9-9 2-1 0-3 7-8 4-6 59
79 14-9 2-6 1-2 12-3 5-4 44
89 11-0 2-6 1-1 8-3 3-2 39
97 11-6 2-4 0-6 9-2 4-8 52

117 12-8 2-6 1-2 10-2 5-0 49
131 12-4 1-5 1-0 10-9 5-8 53

160 3 19-3 4-2 1-0 15-1 6-9 46
20 7-2 2-0 0-4 5-3 2-5 47
94 9-4 2-6 0-8 7-7 2-5 32

102 8-8 1-9 0-7 6-9 3-0 43
122 9-9 2-9 0-9 7-0 3-5 50
136 10-6 1-2 0-5 9-4 4-2 45

250 13 13-3 2-0 0-4 11-3 5-1 45
129 10-2 2-1 0-2 8-1 4-1 51
142 13-2 3-2 0-8 10-0 5-3 53
156 12-5 1-2 0-8 11-3 5-8 51

161 26 9-9 2-4 0-5 7-5 3-7 49
197 45 11-3 2-3 0-5 9-0 3-7 41

73 9-6 2-5 0-6 7-1 3-4 48

r e s u l ts  fo r  N  w ere  a lso  s im ila r  to  th o s e  o b ta in e d  u s in g  th e  p u r ifie d  e n z y m e  re n n in  o n  
sk im -m ilk  (A lais, 1963; F o l tm a n n , 1959); o n  case in  (A lais, 1963; M ts c h m a n n  & 
B o h re n , 1955) a n d  o n  x -ca se in  (A lais, 1963; B e e b y , 1963).

T h e  a c tio n  o f  r e n n e t  in  m ilk  c o a g u la tio n  c o n s is ts  o f  a  p r im a ry  p h a se , in  w h ich  
p e p tid e s  a re  s p li t  f ro m  /c-casein, a n d  a lso  a  g e n e ra l p ro te o ly s is  o f  m ilk  p ro te in s . T h e  
p r im a ry  p h a s e  p ro ce ed s  a t  a  m u c h  f a s te r  r a t e  t h a n  th e  g e n e ra l p ro te o ly s is  (A lais,

12-2
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M o c q u o t, N its c h m a n n  & Z a h le r , 1953). I t  fo llow s t h a t  th e  p r im a ry  p h a s e  w o u ld  g iv e  
r ise  to  a  r a p id  in c re a se  in  th e  p e p t id e s  re le a se d , w h ile  th e re  w o u ld  b e  a  m o re  g ra d u a l  
in c re a se  w ith  th e  g e n e ra l p ro te o ly s is  (N its c h m a n n  & K e lle r , 1955; C e rb u lis , C u s te r  & 
Z it t le ,  1959). I n  o u r  e x p e r im e n ts , th e  v a lu e s  fo r  N  re m a in e d  c o n s ta n t  fo r  a n  a p p re c i
a b le  p e r io d  a f te r  th e  in i t ia l  r ise , w h ich  show s t h a t  g e n e ra l p ro te o ly s is  w a s  n o t  b e in g  
d e te c te d . A lte rn a tiv e ly , u n d e r  th e  c o n d itio n s  o f  th e  e x p e r im e n ts , th e  r a t e  o f  g e n e ra l 
p ro te o ly s is  w as  so slow  as  to  b e  neg lig ib le . T h e  p ep s in , w h ich  w as  p ro b a b ly  p re s e n t  
in  th e  r e n n e t  p r e p a ra t io n  u se d , w o u ld  a lso  c o n tr ib u te  to  th e  p r im a ry  p h a s e  (C erbu lis  
et al. 1959), b u t  th e  p e p t id e s  re le a se d  w o u ld  b e  th e  sa m e  as  th o s e  re le a se d  b y  re n n in

T a b le  3. T h e  rate o f  release, by the action  o f  rennet, o f  p ep tid es  
fr o m  whole m ilk

J .  V .  W h e e l o c k  a n d  D o r o t h y  J .  K n i g h t

Time of Increase in peptides Increase in peptides
rennet action, containing sialic acid, which lack sialic acid.

min mg N/100 g milk* mg N/100 g milk!

Cow Barbara

3 6-9 6-8
5 9-3 61

10 10-4 7-8
20 11-9 6-2
40 120 6-2

Cow Barbaric
3 6-o 10-5
5 9-4 10-4

10 11-2 91
20 11-5 9-0
40 11-5 9-0

* Values represent the increase in the concentration of N soluble in the 10% TCA after the action 
of rennet.

•f Values were obtained by subtracting the increase in the concentration of 1ST soluble in 10 % TCA 
from the corresponding increase in the concentration of N soluble in 2% TCA after the action of rennet.

(H a b e rm a n , M a tte n h e im e r , S k y -P e c k  & S in g h a ra , 1961). I n  v iew  o f  th e se  c o n s id e ra 
tio n s , a n d  o f  th e  f a c t  t h a t  s im ila r  r e s u lts  w ere  o b ta in e d  b y  th e  a c tio n  o f  r e n n in  on  
/c-casein, ca se in  a n d  sk im -m ilk , i t  is p ro b a b le  t h a t  th e  p e p t id e s  a n d  g ly c o p e p tid e s  
d e te c te d  in  1 0 %  T C A  in  th e  p re s e n t  e x p e r im e n ts  w ere  th e  sa m e  as  th o s e  re le a se d  f ro m  
iso la te d  /c-casein b y  re n n in .

T h e  e x p e r im e n ts  o f  M a c K in la y  & W a k e  (1965) h a v e  sh o w n  t h a t  th e  h e te ro g e n e ity  
o f  /c-casein is  d u e  p a r t ly  to  d iffe ren ces in  th e  a m o u n t  o f  c a rb o h y d ra te  a t ta c h e d  to  th e  
/c-casein m o lecu le . I t  h a s  b e e n  d e m o n s tr a te d  t h a t  m o s t o f  th e  c a rb o h y d ra te  p re s e n t  
in  th e  /c-casein is a t ta c h e d  to  th e  p e p t id e s  re le a se d  b y  re n n in  a c tio n  (G ib b o n s & 
C h eesem an , 1962). M a c K in la y  & W a k e  (1965) co n c lu d e d  t h a t  th e  s o lu b ili ty  o f  th e s e  
p e p t id e s  in  T C A  is a  fu n c tio n  o f  th e  c a rb o h y d ra te  c o n te n t ,  so t h a t  th e  c a rb o h y d ra te -  
r ic h  p e p t id e s  a re  so lu b le  in  b o th  2 a n d  1 2 %  TC A , w h ile  th o s e  w h ich  c o n ta in  n o  
c a rb o h y d ra te  a re  so lu b le  in  2 %  T C A  b u t  n o t  in  1 2 %  T C A . O u r re s u lts  a re  w h o lly  
in  a g re e m e n t w ith  th e s e  conc lu sions. T h u s , th e  in c re ase  in  N  in  th e  10 %  T C A  w o u ld  
b e  d u e  to  th e  re le a se  o f  p e p t id e s  w h ich  c o n ta in e d  sia lic  ac id  (A lais, B lo n d e ll-Q u e ro ix  
& Jo lle s , 1964). T h e  p e p t id e s  w h ic h  c o n ta in e d  sia lic  ac id  w o u ld  a lso  b e  so lu b le  in  
2 %  T C A , as  is sh o w n  b y  th e  s im ila r  in c re a se  in  sia lic  a c id  in  b o th  10 a n d  2 %  T C A
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a f te r  r e n n e t  a c tio n  (F ig . 2). T h e  g r e a te r  in c re a se  in  th e  N  a f te r  r e n n e t  a c tio n  in  2 %  
T C A  a s  c o m p a re d  w ith  1 0 %  T C A  w o u ld  th e re fo re  b e  d u e  to  th e  so lu b i li ty  o f  o th e r  
p e p t id e s  n o t  c o n ta in in g  s ia lic  ac id .

O u r  r e s u lts  sh o w  t h a t  th e  a m o u n t  o f  N  a n d  o f  sia lic  ac id  re le a se d  f ro m  case in  
v a r ie d  c o n s id e ra b ly  th r o u g h o u t  la c ta t io n  fo r  a n  in d iv id u a l  a n im a l. T h e re  d id  n o t  
a p p e a r  to  b e  a n y  c o n s is te n t p a t t e r n  fo r  th is  v a r ia t io n  e x c e p t t h a t  in  th e  2 sa m p le s  
o b ta in e d  w ith in  3 d a y s  o f  p a r tu r i t io n  th e  v a lu e s  fo r  th e  sia lic  a c id  re le a se d  w ere  
m a rk e d ly  h ig h e r  th a n  in  th e  sa m p le s  ta k e n  la te r  in  la c ta t io n .  T h e  c o n c e n tra t io n  o f  
s ia lic  a c id  in  ca se in  v a r ie d  b e tw e e n  0-20 a n d  0 -6 0 % — v a lu e s  w h ich  a p p r o x im a te  to  
th o s e  o b ta in e d  b y  M a rie r , T ess ie r  & R o se  (1963). O u r  v a lu e s  m a y  b e  s lig h tly  u n d e r 
e s t im a te d  s in ce  C h e ese m a n  (1966) h a s  sh o w n  t h a t  so m e o f  th e  ca se in  s ia lic  a c id  is  
n o t  p r e c ip i ta te d  a t  p H  4-6. S ince  th e  p ro p o r tio n  o f  ca se in  sia lic  a c id  re le a se d  b y  
r e n n e t  w a s  fo u n d  b y  u s  to  b e  a b o u t  50 % , th e  v a r ia t io n s  in  th e  a m o u n t  o f  s ia lic  ac id  
re le a se d  w o u ld  b e  la rg e ly  a  re f lex io n  o f  v a r ia t io n s  in  th e  ca se in  sia lic  ac id . M a lp re ss  & 
H y t te n  (1964) s tu d ie d  th e  a c tio n  o f  re n n in  o n  h u m a n  case in  a n d  o b ta in e d  s im ila r  
v a lu e s  fo r  th e  p ro p o r tio n  o f  ca se in  sia lic  a c id  re le a se d  b y  th e  e n z y m e  in  sa m p le s  
ta k e n  in  m id - la c ta t io n . E x p e r im e n ts  p e r fo rm e d  b y  K im  et at. (1967) sh o w ed  t h a t  
o n ly  37 %  o f  th e  sia lic  ac id  w as  re le a se d  f ro m  b o v in e  case in  b y  th e  a c tio n  o f  
r e n n e t .

I t  h a s  b e e n  sh o w n  t h a t  th e  sia lic  a c id  a t ta c h e d  to  /c-casein is n o t  e s se n tia l fo r  r e n n in  
a c t io n  (G ib b o n s & C h eesem an , 1962) o r  fo r  s ta b il iz a t io n  o f  ca se in  m icelles (M ac K in lay  
& W a k e , 1965). H o w e v e r , th e  p o s s ib ili ty  t h a t  sia lic  ac id  m a y  a ffec t th e  r a t e  o f  r e n n in  
a c t io n  d o es  n o t  a p p e a r  to  h a v e  b e e n  e x a m in e d . T a b le  3 show s t h a t  th e re  w as  n o  
in c re a se  in  th e  p e p tid e s , w h ich  la c k e d  sia lic  ac id , a f te r  3 m in  o f  r e n n e t  a c tio n , b u t  
t h a t  th e  p e p t id e s  w h ich  d id  c o n ta in  s ia lic  ac id  c o n t in u e d  to  b e  re le a se d  fo r  10 m in . 
T h is  e v id e n c e  su g g e s ts  t h a t  th e  p e p t id e s  w h ich  d id  n o t  c o n ta in  s ia lic  a c id  w ere  
re le a se d  a t  a  f a s te r  r a te  t h a n  th o se  w h ic h  d id . I t  fo llow s th e re fo re  t h a t  th e  sia lic  
a c id  o r  o th e r  c a rb o h y d ra te s  n o rm a lly  a s so c ia te d  w ith  sia lic  a c id  in  ca se in  m a y  b e  
re sp o n s ib le  fo r  r e ta rd in g  th e  r a t e  o f  th e  r e n n e t  a c tio n . I f  th is  is so, th e n  th e  w id e  
v a r ia t io n  in  ca se in  s ia lic  a c id  w ith in  a n im a ls  a n d  b e tw e e n  a n im a ls  m a y  c o n tr ib u te  to  
d iffe ren ces in  c lo tt in g  tim e s  o f  d if fe re n t m ilk s . T h is  co n c lu sio n  is in  lin e  w ith  th e  
fin d in g s  o f  V e rp o o rte , G re en  & K a y  (1965), w ho  sh o w ed  t h a t  re m o v a l o f  sia lic  a c id  
cau ses  a  m a rk e d  in c re a se  in  th e  r a te  o f  th e  p ro te o ly tic  a c tio n  o f  t r y p s in  o n  fe tu in .

I f  t h e  in c re a se  in  sia lic  a c id  a n d  N  fo llo w in g  th e  a c tio n  o f  r e m ie t  is e n t ire ly  d u e  to  
sia lic  a c id -c o n ta in in g  p e p t id e s , i t  sh o u ld  b e  p o ss ib le  to  e s t im a te  th e  n u m b e r  o f  
re s id u e s  o f  s ia lic  a c id /m o lec u le  in  th e  p e p t id e s  re le a se d  f ro m  /c-casein. S ince  a ll sia lic  
a c id  o f  th e  /c-casein is p re s e n t  in  th e  p e p t id e  re le a se d  b y  re n n in  (G ib b o n s & C h eese
m a n , 1962 ; B e e b y , 1963) th is  v a lu e  w ill b e  e q u iv a le n t  to  th e  n u m b e r  o f  m o lecu les  o f  
s ia lic  a c id /m o lec u le  o f  /c-casein. T a k in g  7500 fo r  th e  m o le c u la r  w e ig h t o f  th e  p e p t id e  
(N its c h m a n n , W is sm a n  & H e n z i, 1957), v a lu e s  v a ry in g  b e tw e e n  1 a n d  3 a re  o b ta in e d  
fo r  th e  m o le c u la r  r a t io  o f  s ia lic  a c id /p e p tid e . D e v ia tio n s  f ro m  w ho le  n u m b e rs  m a y  b e  
d u e  to  a  c o m b in a tio n  o f  e x p e r im e n ta l  e r ro r  a n d  o f  th e  a s su m p tio n s  in v o lv e d  in  th e  
c a lc u la tio n s . A lte rn a tiv e ly ,  th e  d e v ia tio n s  m a y  in d ic a te  t h a t  th e  p e p t id e s  re le a se d  
a re  a  m ix tu re  c o n ta in in g  1, 2, 3 o r  m o re  m o lecu les  o f  s ia lic  a c id  in  v a ry in g  p ro p o rtio n s , 
a s  o b se rv e d  fo r  b o v in e  t r a n s f e r r in  (C hen  & S u tto n ,  1967).

I t  is n o te w o r th y  t h a t  th e  lo w es t v a lu e s  o b ta in e d  w ere  close to  u n i ty  s ince  i t  w o u ld

A c t i o n  o f  r e n n e t  o n  m i l k
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b e  e x p e c te d  t h a t  a t  le a s t  1 re s id u e  o f  s ia lic  ac id  w o u ld  b e  r e q u ire d  fo r  th e  p e p t id e  to  b e  
so lu b le  in  10 %  TC A .

J .  V .  W h e e l o c k  a n d  D o r o t h y  J .  K n i g h t
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S u m m a r y . I n  o rd e r  to  o b ta in  m o re  in fo rm a tio n  o n  th e  im p o r ta n c e  o f  th e  m ilk  e je c tio n  
re flex  in  th e  la c ta t io n  o f  n o rm a l ew es, e x p e r im e n ts  w ere  c o n d u c te d  to  d e te rm in e  
w h e th e r  th e  n e u ro e n d o c r in e  re f lex  is a b le  to  m o d ify  th e  p a ra m e te r s  w h ic h  c h a r a c te r 
ize  th e  flow  r a t e  o f  th e  m ilk  u n d e r  n o rm a l m ilk in g  co n d itio n s .

E w e s  w ere  a llo w ed  to  su c k le  th e ir  la m h s  f re e ly  d u r in g  th e  3 d a y s  fo llow ing  p a r tu r i 
t io n . T h e y  w ere  th e n  m ilk e d  w ith  a  m a c h in e  a n d  th e  in d iv id u a l  m ilk  p ro d u c t io n  w as  
m e a su re d  v o lu m e tr ic a lly  a t  e a c h  m ilk in g . D if fe re n t f ra c tio n s  o b ta in e d  d u r in g  m ilk in g  
(‘m a c h in e  m i lk ’, ‘m a c h in e  s t r ip p in g s ’ a n d  ‘h a n d  s t r ip p in g s ’), a n d  th e  m ilk  flow , 
w ere  m e a s u re d  u s in g  a  se n s itiv e  re c o rd in g  sy s te m . I n  f u r th e r  e x p e r im e n ts , m a c h in e  
m ilk in g  w as  p e r fo rm e d  a f te r  in tr a v e n o u s  a d m in is t ra t io n  o f  o x y to c in , d u r in g  g e n e ra l 
a n a e s th e s ia , a n d  a f te r  u n i la te ra l  o r  b i la te ra l  d e n e rv a t io n  o f  th e  m a m m a ry  g la n d .

T h e  ew es fe ll in to  2 ca te g o rie s  : th o s e  g iv in g  m o s t  o f  th e i r  m ilk  in  1 r a p id  em iss io n , 
a n d  th o s e  g iv in g  i t  in  2 q u ite  s e p a ra te  em issio n s . T h e  r e s u l ts  in d ic a te d  t h a t  th e  se co n d  
em iss io n  fo u n d  in  so m e o f  th e  ew es w a s  th e  m ilk  e m p tie d  f ro m  th e  a c in i b y  th e  
n e u ro e n d o c r in e  e je c tio n  re flex . D isa p p e a ra n c e  o f  th e  se co n d  em iss io n  r e s u l te d  f ro m  
th e  a d m in is t ra t io n  o f  o x y to c in  b e fo re  m ilk in g — w h ic h  in d u c e s  p a s sa g e  o f  th e  m ilk  
f ro m  th e  a c in i in to  th e  m a m m a ry  c is te rn — a n d  also  f ro m  g e n e ra l a n a e s th e s ia  o r  
d e n e rv a t io n  o f  th e  m a m m a ry  g la n d .

T h e  ro le  o f  th e  n e u ro e n d o c r in e  e je c tio n  re flex  d u r in g  th e  m ilk in g  o f  th e  ew e  a n d  
th e  g o a t  is  s ti l l  in c o m p le te ly  u n d e r s to o d  (D e n a m u r, 1965). T h e  re flex  d is a p p e a rs  
a f te r  se c tio n  o f  th e  m a m m a ry  n e rv e s  (D e n a m u r  & M a r tin e t ,  1954, 1959 a , c, 1960,
1961), o f  th e  s p in a l c o rd  (T v e rsk o l, 1958; D e n a m u r  & M a rtin e t,  19596, c), o f  th e  
p i tu i t a r y  s ta lk  (T v e rsk o l, 1960), a n d  fo llo w in g  sp in a l m e d u fle c to m y  (D e n a m u r  & 
M a r tin e t ,  19596), e c to p ic  g r a f t  o f  t h e  m a m m a ry  g la n d  (L inze ll, 1963), a n d  d u r in g  
g e n e ra l a n a e s th e s ia  (Y o k o y a m a  & O ta , 1965); b u t ,  n e v e r th e le ss , u n d e r  a ll th e s e  
c o n d itio n s  th e re  p e rs is ts  a n  a b u n d a n t  se c re tio n  o f  m ilk . T h e  e x is te n c e  o f  th e  m ilk  
e je c tio n  re flex  c a n  e a s ily  b e  d e m o n s tr a te d ,  h o w ev e r, in  b o th  species (see D e n a m u r ,
1965), b u t  th e  im p o r ta n c e  o f  i t s  p a r t ic ip a t io n  in  th e  la c ta t io n  o f  n o rm a l a n im a ls  
re m a in s  to  b e  a s c e r ta in e d .

I n  o rd e r  to  o b ta in  m o re  in fo rm a tio n  o n  th is  la s t  p o in t ,  w e  h a v e  c o n d u c te d  e x p e r i
m e n ts  o n  th e  ew e to  d e te rm in e  w h e th e r  th e  n e u ro e n d o c r in e  re f lex  c a n  m o d ify  th e  
p a ra m e te r s  w h ic h  d e te rm in e , u n d e r  n o rm a l m ilk in g  c o n d itio n s , th e  flow  r a t e  o f  th e
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m ilk  f ro m  th e  m a m m a ry  g la n d . T h e re  h a v e  b e e n  few  s tu d ie s  o n  th e  m e a s u re m e n t o f  
th e  m ilk  flow  d u r in g  th e  m ilk in g  o f  ew es. R ic o rd e a u , M a r t in e t  & D e n a m u r  (1963) 
o b se rv e d  a n  in c re a se d  flow  3 0 -4 5  sec a f te r  th e  a p p l ic a tio n  o f  th e  t e a t  cu p s . I t  w as  
a s su m e d  w ith o u t  p ro o f  t h a t  th is  flow  o f  m ilk  (w hich , d e p e n d in g  o n  th e  s ta g e  o f  la c ta t io n ,  
re p re s e n te d  1 0 -3 0 %  o f  th e  t o t a l  a m o u n t  o f  m ilk  o b ta in e d )  co rre sp o n d e d  to  th e  n e u r o 
e n d o c r in e  e je c tio n  re flex , tr ig g e re d  b y  a p p lic a tio n  o f  th e  cu p s  o f  th e  m ilk in g  m a c h in e . 
L a b u ss ie re  & M a r t in e t  (1964) a n d  L a b u ss ie re  (1966), u s in g  a  m o re  se n s itiv e  re c o rd in g  
s y s te m  th a n  th e  p re v io u s  a u th o rs , n o tic e d  t h a t  ew es m ilk e d  w ith o u t  p re lim in a ry  
m a ssag e  o f  th e  m a m m a ry  g la n d  co u ld  b e  d iv id e d  in to  2 ca teg o rie s , th o s e  w h ic h  g a v e  
m o s t o f  th e ir  m ilk  in  1 r a p id  em iss io n  a n d  th o s e  w h ic h  g a v e  i t  in  2 q u ite  s e p a ra te  
em issions . T h e  fo llo w in g  e x p e r im e n ts  p e r fo rm e d  o n  ew es le a d  u s  to  p re su m e  t h a t  i t  
is d u r in g  th e  se co n d  m ilk  em iss io n  t h a t  th e  m ilk  is e m p tie d  f ro m  th e  a c in i b y  
a  n e u ro e n d o c r in e  re flex . O x y to c in  a d m in is te re d  b e fo re  m ilk in g  in d u c e d  p a s sa g e  o f  
th e  m ilk  f ro m  th e  a c in i in to  th e  m a m m a ry  c is te rn , a n d  g e n e ra l a n a e s th e s ia  d u r in g  
m ilk in g , o r  c h ro n ic  d e n e rv a t io n  o f  th e  m a m m a ry  g la n d , le d  to  th e  d is a p p e a ra n c e  o f  
th e  se co n d  em issio n .

J .  L a b u s s i e r e ,  J .  M a r t i n e t  a n d  R .  D e n a m u r

MATERIAL AND METHODS

Care o f  the flo c k  a n d  m ilk in g  technique

T h e  ew es su c k le d  th e i r  la m b s  f re e ly  fo r  3 d a y s  a f te r  p a r tu r i t io n .  O n  th e  f o u r th  d a y  
th e y  w ere  s e p a ra te d  f ro m  th e ir  o ffsp rin g  a n d  w e re  th e n  m ilk e d  tw ic e  d a i ly  a t  06 .00 
a n d  16 T 5  h , o n  a  32 -p lace  ‘ c a r ro u s e l’ w ith  a n  A lf a - L a v a l  m a c h in e , t h e  e s s e n tia l  
c h a ra c te r is tic s  o f  w h ic h  w ere  a s  fo llow s: v a c u u m  33 c m H g ; p u ls a tio n  sp e e d  1 8 0 /m in ; 
v a c u u m  m a ssag e  r a t io  1/1. T e a t  c u p s  o f  a v e ra g e  w e ig h t 240 g  w ere  a p p lie d  w i th o u t  
p re v io u s  m a ssag e  o f  th e  u d d e r . T h e y  w ere  re m o v e d  a p p ro x im a te ly  3 m in  la te r ,  
m a c h in e  s tr ip p in g  b e in g  c a r r ie d  o u t  b e fo re  re m o v a l ( th e  le n g th  o f  m a c h in e  m ilk in g  
is e ffec tiv e ly  less t h a n  2 m in  in  86 %  o f  ew es— R ic o rd e a u  et al. 1963). F in a lly , a  m o re  
co m p le te  m ilk  e x t r a c t io n  w as  a s su re d  b y  h a n d  s tr ip p in g .

T h e  in d iv id u a l m ilk  y ie ld  w as  m e a su re d  v o lu m e tr ic a lly  a t  e a c h  m ilk in g .

M ea su rem en t o f  the m ilk  floio

T h e  e q u ip m e n t u se d  to  m e a su re  th e  m ilk  flow  w as  as  d e sc r ib e d  b y  L a b u ss ie re  & 
M a r t in e t  (1964). T h e  flow  fro m  r ig h t  a n d  le f t  m a m m a ry  g la n d s  w as  m e a s u re d  
s e p a ra te ly  a n d  s im u lta n e o u s ly . T h e  d if fe re n t f ra c tio n s  o b ta in e d  d u r in g  th e  m ilk in g  
w ere  d e fin e d  a s  fo llo w s :

M a ch in e  m ilk  (m l). T h e  v o lu m e  o f  m ilk  o b ta in e d  b y  m a c h in e  a lo n e . T h is  p o r t io n  
in c lu d e d , d e p e n d in g  o n  th e  a n im a l, e i th e r  1 f ra c t io n  ( V 1) o r  2 f ra c tio n s  ( V 1 +  V 2 ) (see 
F ig . 1). T h e  f ra c t io n  V l  a lw a y s  re fe rs  to  th e  v o lu m e  co llec te d  im m e d ia te ly  a f te r  
a p p l ic a tio n  o f  th e  cu p s , w i th o u t  ta k in g  in to  c o n s id e ra tio n  th e  filling  t im e  o f  th e  tu b e s  
(a p p ro x im a te ly  8 sec). W e  h a v e  a s su m e d  t h a t  th is  f ra c tio n  c o rre sp o n d s  to  th e  c is te rn a l 
m ilk  ( V 1). M ach in e  m ilk in g  w as  s to p p e d  w h e n  th e  m ilk  flow  d ro p p e d  below  5 m l/4  sec .

M a ch in e  s tr ip p in g  (m l). T h e  v o lu m e  o f  m ilk  o b ta in e d  b y  m a c h in e  a id e d  b y  m a n u a l 
m a ssag e , s u b s e q u e n t to  th e  m a in  flow  o f  m a c h in e  m ilk .

H a n d  s tr ip p in g  (m l). T h e  v o lu m e  o f  m ilk  o b ta in e d  b y  h a n d  m ilk in g  a f te r  re m o v a l o f  
th e  t e a t  cups.

O th e r  d e fin itio n s  a re  su m m a riz e d  in  F ig . 1.
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M ilk in g  a fter the in tra ven o u s a d m in is tra tio n  o f  oxy toc in  

F o u r  P re a lp in e  ew es w ere  s e le c te d  sh o w in g  2 p e a k s  in  th e  m ilk  flow  cu rv e . T h e y  
w ere  g iv e n  o n  a l te r n a te  d a y s , 1 m in  b e fo re  a p p l ic a tio n  o f  th e  t e a t  cu p s , a t  th e  
m o rn in g  m ilk in g, 1 i.u . o x y to c in  (S y n to c in o n , S an d o z). E a c h  a n im a l re c e iv e d  5 in -

je c tio n s  in  a ll, b e tw e e n  th e  1 1 0 th  a n d  th e  1 2 8 th  d a y  o f  la c ta t io n .  F o r  th e  in tr a v e n o u s  
in je c tio n s  a  p o ly e th y le n e  c a th e te r  (C lay  A d a m s  In c .,  ty p e  P E  200 ; in te r n a l  d ia m .
1-40 m m , e x te r n a l  d ia m . 1-90 m m ) w as  p la c e d  p e rm a n e n tly  in  th e  ju g u la r  v e in . T o  
k e e p  th e  c a th e te r  p a t e n t  i t  w as  filled  2 o r  3 tim e s  a  d a y  w ith  h e p a r in  so lu tio n  
(0 -0 5 % ).

T h e  m ilk  flow  o f  th e  4 a n im a ls  w a s  re c o rd e d  tw ic e  d a ily , m o rn in g  a n d  ev e n in g , 
b e tw e e n  th e  1 1 0 th  a n d  th e  1 2 8 th  d a y  o f  la c ta t io n .
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M ilk in g  d u r in g  general anaesthesia

T h e  e x p e r im e n t c o n d u c te d  o n  22 P re a lp in e  ew es in c lu d e d  2 su ccessiv e  p e r io d s  
d u r in g  w h ich  th e  p a t t e r n  o f  m ilk  re le a se  w as re c o rd e d  in  a ll th e  an im a ls .

T h e  f irs t p e rio d , f ro m  th e  3 0 th  to  th e  3 4 th  d a y  o f  la c ta t io n ,  a llo w ed  a  c la ss if ic a tio n  
o f  th e  ew es in to  a n im a ls  e x h ib it in g  e i th e r  1 o r 2 p e a k s  in  th e  m ilk  flow  c u rv e  (17 w ith  
2 p e a k s , 5 w ith  1 p e a k ), a n d  a n  e v a lu a tio n  o f  th e  re sp e c tiv e  im p o r ta n c e  o f  th e  m ilk  
e v a c u a tio n  p a ra m e te rs .

I n  th e  se co n d  p e rio d , f ro m  th e  3 5 th  to  th e  5 5 th  d a y  o f  la c ta t io n ,  o n  e v e ry  f o u r th  
d a y  b e fo re  m o rn in g  m ilk in g  th e  a n im a ls  w ere  a n a e s th e tiz e d  b y  in tr a v e n o u s  in je c t io n  
o f  20 m l o f  a  m ix tu re  c o n ta in in g  5 m l so d iu m  p e n to b a rb i to n e  ( N e m b u ta l ; A b b o t 
L a b s . L td )  a n d  45 m l 2 %  so d iu m  th io p e n to n e  ( P e n to th a l ;  A b b o t L a b s . L td ) .

E w es n o rm a lly  e x h ib it in g  2 p e a k s  in  th e  m ilk  flow  cu rv e s  w ere  a n a e s th e tiz e d  in  th e  
m ilk in g  ro o m  im m e d ia te ly  b e fo re  th e  e x p e r im e n ta l  m ilk in g . T h o se  w ith  1 p e a k  w ere  
p la c e d  th e  n ig h t  b e fo re  in  a n  u n fa m ilia r  p e n  w h ere  th e y  w ere  a n a e s th e tiz e d  th e  n e x t  
m o rn in g  in  th e  sa m e  m a n n e r  as  th e  o th e r  ew es.

Im m e d ia te ly  a f te r  th e  in d u c tio n  o f  a n a e s th e s ia  th e  ew es w ere  p la c e d  in  a n  a p p a r a tu s  
w h ich  m a in ta in e d  th e m  in  a  n o rm a l p o s it io n  a n d  p e r m i t te d  f re e  access to  th e ir  u d d e rs . 
A fte r  m a c h in e  m ilk in g  a n d  m a c h in e  a n d  h a n d  s tr ip p in g , th e  m ilk e r  in je c te d  2 i.u . 
o f  o x y to c in  in to  th e  ju g u la r  v e in , th e re b y  o b ta in in g  a  se co n d  h a n d  s tr ip p in g .

M ilk in g  a fter u n ila tera l or b ila teral denerva tion  o f  the m a m m a ry  g land

T h e  su rg ica l te c h n iq u e s  u se d  fo r  th is  e x p e r im e n t h a v e  b e e n  d e sc r ib e d  b y  D e n a m u r  
& M a r t in e t  (1959 c).

M a m m a r y  denerva tion  d u r in g  p re g n a n cy

T h e  su rg ica l p ro ce ss  in v o lv e d  th e  ex c is io n  a n d  th e n  th e  r e a t ta c h m e n t  o f  th e  
m a m m a ry  g la n d . B i la te ra l  d e n e rv a tio n s  w ere  p e r fo rm e d  in  2 s ta g e s , o n  7 P re a lp in e  
ew es (in  seco n d , th i r d  a n d  f o u r th  la c ta t io n s )  w h ich  h a d  sh o w n  2 p e a k s  in  th e i r  flow  
c u rv e  d u r in g  th e  m ilk in g s  in  th e  p re c e d in g  y e a r .

T h e  f irs t  o p e ra tio n  w as  on  th e  le f t  h a l f  s h o r t ly  a f te r  th e  1 0 0 th  d a y  o f  p re g n a n c y , 
a n d  th e  se co n d  o n  th e  r ig h t  h a lf , 2 w eeks la te r  a n d  a b o u t  3 w eek s b e fo re  p a r tu r i t i o n . 
F o u r  ew es u n d e rw e n t o n ly  a  u n i la te ra l  d e n e rv a tio n .

M a m m a r y  denerva tion  d u r in g  lacta tion

T h is  w as  c a r r ie d  o u t  b y  se v e r in g  th e  f ir s t  4 p a irs  o f  lu m b a r  n e rv e s , th e  p e r in e a l 
n e rv e , a n d  th e  lu m b a r  s y m p a th e tic  sy s tem .

T w e n ty - th re e  P re a lp in e  ew es (second , th i r d ,  f o u r th  la c ta tio n s )  w ere  o p e ra te d  on  
b ila te ra l ly .  T h e  f irs t  o p e ra tio n  to o k  p la c e  o n  th e  r ig h t  s id e  im m e d ia te ly  a f te r  th e  
m o rn in g  m ilk in g  o f  th e  3 5 th  d a y  o f  la c ta t io n .  T h e  d e n e rv a tio n  o f  th e  le f t  m a m m a ry  
g la n d  w as p e r fo rm e d  2 w eek s la te r .  S ev en  P re a lp in e  x  E a s t  F r ie s ia n  ew es w ere  u n i
la te r a l ly  d e n e rv a te d .

E x p e r im e n ta l checks

(1) A bsence o f  m a m m a ry  se n s itiv ity . P a in -p ro d u c in g  s tim u li w ere  a p p lie d  o n  th e  
su rfa c e  a n d  in  d e p th  to  th e  u d d e rs  o f  a ll th e  an im a ls , u s in g  a  n ee d le . I f  th e  s t im u li
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w ere  p e rc e iv e d , th e  d e n e rv a t io n  w as  co n s id e re d  in c o m p le te . E x a m in a tio n s ,  r e p e a te d  
s e v e ra l t im e s  d u r in g  th e  m ilk in g , e l im in a te d  a n im a ls  t h a t  re v e a le d  e v e n  a  v e r y  
lo c a lize d  s e n s i t iv i ty  to  p a in .

(2) T h e  m ilk  flo w .  T h e  k in e tic s  o f  th e  m ilk  flow  w ere  m e a s u re d  m o rn in g  a n d  e v e n in g  
d u r in g  5 c o n se c u tiv e  d a y s , a t  3 p e r io d s  d u r in g  la c ta t io n :  f ro m  th e  3 0 th  to  th e  3 4 th  
d a y ; f ro m  th e  4 4 th  to  th e  4 8 th  d a y , a n d  f ro m  th e  5 8 th  to  th e  6 2 n d  d a y .

F o r  th e  ew es w h o se  m a m m a ry  g la n d  w as  d e n e r v a te d  d u r in g  la c ta t io n ,  th e  3 ch e ck  
p e r io d s  fu rn is h e d  c h a ra c te r is t ic  m ilk in g  p a ra m e te r s  fo r  th e  p e r io d  b e fo re  d e n e rv a tio n  
th e n  a f te r  u n i la te ra l  a n d , f in a lly , a f te r  b i la te ra l  d e n e rv a tio n .

(3) F a t conten t o f  the m ilk .  E ig h t  d a y s  a f te r  th e  f irs t  d e n e rv a tio n  p e r fo rm e d  d u r in g  
la c ta t io n  (3 5 th  d a y ) , th e  su ccess iv e  m ilk  f ra c tio n s  o b ta in e d  d u r in g  m ilk in g , a s  w ell 
a s  th e  re s id u a l  m ilk  o b ta in e d  b y  in je c t io n  o f  2 i.u . o x y to c in  in to  t h e  ju g u la r  v e in , 
w ere  c o llec te d  s e p a ra te ly  f ro m  e a c h  h a l f  o f  th e  m a m m a ry  g la n d  b y  s u ita b le  m a n ip u la 
t io n  o f  th e  ta p s .

T h e  f a t  c o n te n t  o f  e a c h  f ra c t io n  w as  d e te rm in e d  b y  th e  G e rb e r  m e th o d .

M i l k  e j e c t i o n  r e f l e x  a n d  m i l k i n g  r a t e

ml

Fig. 2. Modification of the milk distribution (percentage) following an intravenous injection of 
1 i.u. of oxytocin preceding the application of the teat cups. □, Normal distribution; distri
bution following oxytocin injection. MS =  machine stripping; HS =  hand stripping.
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RESULTS

E ffec t o f  o xy to c in  a d m in is tered  before m ilk in g

T h e  effec ts  o f  th e  in tr a v e n o u s  in je c t io n  o f  o x y to c in  s h o r t ly  b e fo re  p la c in g  o f  th e  
t e a t  cu p s , a re  sh o w n  in  F ig . 2. I n  a ll cases, th e  se co n d  p e a k  (V 2) d is a p p e a re d  in  
fa v o u r  o f  th e  f irs t, w h ich  w a s  n o tic e a b ly  in c re a se d , w h erea s  th e  h a n d - s tr ip p in g  
f ra c tio n  w as  s lig h tly  re d u c e d .

Fig. 3. Milking during general anaesthesia in ewes showing 2 peaks. Effects of milk distribution: 
□, without anaesthesia; with anaesthesia. MS =  machine stripping; HS = hand stripping;
RM = residual milk. * Estimated RM.

E ffec t o f  general anaesthesia

G en e ra l a n a e s th e s ia  a d m in is te re d  o n  75 o ccas io n s to  th e  17 a n im a ls  w ith  2 p e a k s  
c a u se d  a  d is a p p e a ra n c e  o f  th e  se co n d  p e a k  in  a ll a n im a ls  a n d  a n  a p p re c ia b le  m ilk  
r e te n t io n  in  th e  a lv e o la r  reg io n s  o f  th e  u d d e r . T h e  v o lu m e tr ic  in c re a se  o f  th e  m a c h in e  
s tr ip p in g , o f  th e  h a n d  s tr ip p in g , a n d  o f  th e  re s id u a l m ilk  w h ich  th u s  re s u lte d  is sh o w n  
in  F ig . 3.

O n  th e  o th e r  h a n d , g e n e ra l a n a e s th e s ia  a d m in is te re d  o n  27 o ccas io n s to  5 a n im a ls  
e x h ib it in g  1 p e a k  d id  n o t  a ffe c t th e  d is t r ib u t io n  o f  th e  m ilk  d u r in g  th e  m ilk in g . T h e  
c is te rn a l m ilk  ( V 1) re p re s e n te d  56-02 %  o f  th e  to ta l  a m o u n t  o f  m ilk  in  n o rm a l ew es 
a n d  55 %  in  th e  a n a e s th e tiz e d  ew es.

E ffec t o f  bilateral denerva tion  o f  the m a m m a ry  g land

T h e  q u a l i ta t iv e  r e s u lts  o f  t h e  d if fe re n t d e n e rv a tio n  p ro c e d u re s  a re  su m m a riz e d  in  
T a b le  1.

T h u s , th e  se co n d  em iss io n  w as  a b s e n t  in  a ll th e  ew es w ith  in se n s itiv e  m a m m a ry  
g la n d s , w h e re a s  i t  w as  p re s e n t  in  ew es w h ere  p a r t i a l  s e n s it iv i ty  h a d  p e rs is te d . I t  is
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Peak Peak Peak Peak

Fig. 4. Effects of bilateral denervation of the mammary gland on the milk distribution, (a) Check 
test (normal ewes) 30th, 34th days of lactation. (6) Test after bilateral denervation (58th, 62nd 
days). □, Left half; S3, right half. MS =  machine stripping; ECS = hand stripping; TM =  total 
milk.

T a b le  1. In flu e n ce  o f  b ila teral denerva tion  o f  the m a m m a ry  g land
on the m ilk  flo w

No. of 
animals Mammary sensitivity

No. of animals still 
presenting a second

Denervation operated on test peak

Bilateral (during 7 Insensitive in all 0
gestation) 

Bilateral (during 23 6 remained sensitive 6
lactation) 17 were insensitive 0

T a b le  2. In flu e n c e  o f  u n ila tera l denerva tion  o f  the m a m m a ry  g land  
on  the m ilk  flo w

No. of animals still
No. of animals presenting a second

Denervation operated on Sensitivity test peak

Unilateral (during 
gestation) 

Unilateral (during 
lactation)

4 Insensitive on the
operated side

7 Insensitive on the
operated side

4

7
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p o ss ib le  t h a t  in  th e s e  l a t t e r  a n im a ls , th e  f if th  p a i r  o f  lu m b a r  n e rv e s  m a y  h a v e  c o n 
t r ib u te d  to  th e  in n e rv a t io n  o f  th e  m a m m a ry  g la n d  (L inze ll, 1959).

T h e  q u a n t i ta t iv e  r e s u lts  o f  b i la te ra l  d e n e rv a tio n  d u r in g  th e  la c ta t io n  p e r io d  a re  
p re s e n te d  in  F ig . 4. I t  m a y  b e  n o te d  t h a t  th e  d is a p p e a ra n c e  o f  th e  se co n d  p e a k  
re s u lte d  in  a  s im u lta n e o u s  in c re a se  in  th e  m ach in e - a n d  h a n d - s tr ip p in g  f ra c tio n s .

J .  L a b u s s i e r e ,  J .  M a r t i n e t  a n d  R .  D e n a m t t r

ml

%  Total m ilk

10 r-
(b)

x x

m l/4  sec

Fig. 5. Effects of unilateral denervation of the mammary gland on: (a) actual volume (in ml) of 
the different samples and (6) relative volume (in % of total milk) of the different samples. 
□, First peak; [23, second peak; IHj), machine strippings; g ,  hand strippings; [JJ], residual 
milk; §3, total milk, (c) The peak flow: g ,  first peak; ■, second peak, (d) The sequence of 
principal events occurring during the milking period (time in sec). Location of first peak; 
S3, time lag; £3, location of second peak; H , milking time. The results are expressed in 
relation to those for the normal half of the udder which are considered as a control check, x , 
Significant difference in relation to the intact side; x X , highly significant difference in relation 
to the intact side.
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E ffe c t o f  u n ila te ra l denerva tion

I n  th e  case  o f  u n i la te ra l  d e n e rv a t io n  th e  se co n d  p e a k  p e rs is te d  in  th e  in se n s itiv e  
h a l f  o f  th e  m a m m a ry  g la n d  w h e n  th e  m a c h in e  cu p s  w ere  a p p lie d  s im u lta n e o u s ly  o n  
b o th  te a t s  (see T a b le  2).

N e v e rth e le ss , u n i la te ra l  d e n e rv a t io n  r e s u l te d  in  a  s lig h tly  d if fe re n t d is t r ib u t io n  o f  
th e  m ilk  f ra c tio n s  re c o rd e d  d u r in g  th e  m ilk in g  o f  th e  d e n e rv a te d  h a l f  o f  th e  u d d e r .

T h e  a b s o lu te  o r  r e la t iv e  v o lu m e  o f  th e  f ir s t  p e a k  f ra c tio n  (V I )  w a s  a lw a y s  in 
c reased , e sp e c ia lly  in  th e  m o rn in g  w h e n  th e  r e s u l t  w as  h ig h ly  s ig n ific an t. T h is  
in c re a se  in  th e  c is te rn a l m ilk  o f  th e  d e n e rv a te d  m a m m a ry  g la n d  w i th o u t  s ig n if ic a n t 
m o d if ic a tio n  o f  th e  le v e l o f  se c re tio n  w as  a c c o m p a n ie d  b y  a  d e c re a se  in  th e  a m o u n t  
o f  re s id u a l m ilk , b o th  a b s o lu te  a n d  r e la t iv e  (see F ig . 5 (a )  (6)). T h is  la s t  o b s e rv a tio n

Fig. 6. The effect of unilateral denervation of the mammary gland on the fat content of the 
different fractions collected during milking. O—O, denervated half; 0 — • .  normal half. NS,
No significant difference; x , significant difference. MS =  machine stripping; HS =  hand 
stripping; RM = residual milk.

in d ic a te s  t h a t  th e  t r a n s f e r  o f  m ilk  f ro m  th e  a lv e o la r  reg io n s  o f  th e  u d d e r  to w a rd s  th e  
c is te rn , b e tw e e n  m ilk in g s , is f a c i l i ta te d  b y  d e n e rv a tio n . F u r th e rm o re ,  m a m m a ry  
d e n e rv a t io n  n e v e r  d e c re a se d  th e  f a t  c o n te n t ,  b u t  r a th e r  e n r ic h e d  a ll th e  f ra c tio n s  
a n a ly se d  (F ig . 6).

DISCUSSION

T h e  e x p e r im e n ts  d e sc r ib e d  in  th is  s tu d y  co n firm  se v e ra l co n c lu sio n s a l re a d y  
re a c h e d  c o n c e rn in g  ew es. F i r s t ,  t o ta l  d e n e rv a t io n  o f  th e  m a m m a ry  g la n d  p e rm its  a n  
a b u n d a n t  la c ta t io n  in  ew es a s  D e n a m u r  & M a r t in e t  (1954, 1959 c, 1960) h a v e  
p re v io u s ly  sh o w n . T h u s , n e rv o u s  im p u lse s  a re  n o t  e s se n tia l to  se c re tio n , n o r  to  th e  
e m p ty in g  o f  th e  u d d e r .  S eco n d ly , th e  se c re tio n  o f  f a t  is  n o t  a p p re c ia b ly  m o d ified  b y  
d e n e rv a tio n .  T h e re  w as  e v e n  a  te n d e n c y  to w a r d  a n  in c re ase  in  th e  f a t  c o n te n t  o f  th e  
m ilk  s e c re te d  b y  th e  d e n e rv a te d  m a m m a ry  g la n d  (see u n i la te ra l  d e n e rv a tio n  e x p e r i
m e n t) . T h ese  f in d in g s  ag re e  w ith  th o s e  o b ta in e d  fo r  th e  g o a t  b y  D e n a m u r  & M a r t in e t  
(1 9 5 9 a , c), L in z e ll (1963), W a r d  & H u sk is so n  (1966) a n d  T v e rsk o i (1962, 1 9 6 6 a -c ). 
T h e y  a re  a t  v a r ia n c e  w ith  th o s e  o f  Z a k s  (1962), w h o  p re su p p o se s  lip o s e c re to ry  
re flex es  in  th e  g o a t.
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T h e  s e n s it iv i ty  o f  th e  d e n e rv a te d  m a m m a ry  g la n d  to  o x y to c in  w as  l i t t le  c h a n g e d , 
o r  e v e n  s lig h tly  in c re a se d  (see e x p e r im e n t w ith  u n i la te ra l  d e n e rv a tio n ) . T h e  v o lu m e  
o f  th e  se co n d  p e a k  f ra c tio n , a n d  th e  t im e  la g  b e tw e e n  th e  a p p lic a tio n  o f  t e a t  cu p s  a n d  
i t s  a p p e a ra n c e , w ere  n o t  s ig n ific a n tly  ch a n g e d . T h ese  r e s u l ts  con firm  th e  o b se rv a tio n s  
o f  M a r t in e t  & D e n a m u r  (1960) o b ta in e d  a f te r  th e  in je c tio n  o f  o x y to c in  in to  ew es 
w ith  d e n e rv a te d  m a m m a ry  g la n d s . F in a lly , th e  in c re a se  in  f ra c tio n  V 1 o b se rv e d  in  
th e  d e n e rv a te d  s id e  p ro b a b ly  in d ic a te s  a  f a c il i ta te d  m ilk  flow  fro m  a lv e o li to  la rg e r  
d u c ts  a n d  c is te rn  b e tw e e n  m ilk in g s , p e rh a p s  d u e  to  th e  m o d if ic a tio n  o f  th e  to n u s  o f  
th e  s u p p o r tin g  tis su es .

O u r e x p e r im e n ts  a lso  c o n tr ib u te  o rig in a l in fo rm a tio n  c o n c e rn in g  th e  o rig in s  o f  th e  
d if fe re n t m ilk  f ra c tio n s  o b ta in e d  d u r in g  m a c h in e  m ilk in g . A  se co n d  p e a k  in  th e  flow  
c u rv e  n e c e s s ita te s  f irs t  th e  a n a to m ic a l  a n d  fu n c tio n a l  in te g r i ty  o f  th e  n e rv o u s  sy s te m , 
s in ce  th e  d e n e rv a t io n  o f  th e  m a m m a ry  g la n d  as  w ell a s  a  g e n e ra l a n a e s th e s ia  c a u se d  
i t s  d is a p p e a ra n c e , a n d  seco n d ly , th e  p a r t ic ip a t io n  o f  a  h u m o ra l  l in k  s ince  th e  se co n d  
p e a k  p e rs is te d  in  th e  d e n e rv a te d  s id e  w h e n  th e  n o rm a l la te r a l ly  o p p o s ite  s id e  w as  
m ilk ed . T h e  h u m o ra l  l in k  is p ro b a b ly  re p re s e n te d  b y  o x y to c in , fo r  i f  th is  h o rm o n e  
w as a d m in is te re d  b e fo re  m ilk in g , i t  c a u se d  th e  se co n d  p e a k  f ra c tio n  to  s h if t  to  th e  
c is te rn a l f ra c tio n  V 1.

T h ese  f in d in g s  g e n e ra lly  con firm  th e  h y p o th e s is  s e t  f o r th  b y  R ic o rd e a u  et al. (1963). 
T h e  se co n d  m ilk  p e a k  seem s to  c o rre sp o n d  to  th e  e x p u ls io n  o f  th e  m ilk  c o n ta in e d  in  
th e  a c in i th r o u g h  th e  e ffec t o f  o x y to c in , w h ich  c o n s t i tu te s  th e  h o rm o n a l l in k  o f  th e  
m ilk -e je c tio n  re flex  (for a  d isc u ss io n  o n  th e  re sp e c tiv e  ro le s  o f  o x y to c in  a n d  v a s o 
p re ss in  see D e n a m u r , 1965). T h e  re flex  w as  tr ig g e re d  in  o u r  e x p e r im e n ta l  c o n d itio n s  
b y  th e  a p p lic a tio n  o f  th e  t e a t  cu p s . H o w ev er, m a m m a ry  m a ssag e  b e fo re  m ilk in g  
se em e d  a lso  to  r e p re s e n t  a n  e ffec tiv e  s tim u lu s , s ince  i t  e l im in a te d  th e  se co n d  p e a k  
f ra c t io n  w h ich  co m b in es w ith  th e  c is te rn a l f ra c tio n  (M a rtin e t, L a b u ss ie re  & R ic h a rd ,
1963).

A n im a ls  w ith  o n ly  on e  m ilk  flow  p e a k  (V 1) p ro b a b ly  d o  n o t  h a v e  a  re f lex  re a c tio n  
to  th e  a p p l ic a tio n  o f  th e  cu p s . N e v e rth e le ss , w e c a n n o t ig n o re  th e  2 fo llo w in g  
h y p o th e s e s :

F ir s t ,  in  su c h  an im a ls , th e  e je c tio n  re flex  co u ld  b e  c o n d itio n e d  b y  th e  e n v iro n m e n t 
o f  th e  m ilk in g  p a r lo u r  b e fo re  th e  a p p l ic a tio n  o f  th e  t e a t  cu p s  th u s  in d u c in g  th e  p a s sa g e  
o f  th e  a lv e o la r  m ilk  in to  th e  m a m m a ry  c is te rn . T h is  h y p o th e s is  c a n  b e  re je c te d ,  h o w 
e v e r, s ince  g e n e ra l a n a e s th e s ia , in d u c e d  b e fo re  m ilk in g , d id  n o t  m o d ify  th e  d is t r ib u 
t io n  o f  m ilk  b e tw e e n  th e  d if fe re n t f ra c tio n s  (see p . 196) n o r  d id  i t  d im in ish  th e  v o lu m e  
o f  c is te rn a l m ilk  ( V l) .  I n  a d d i t io n , th e re  w as  n o  s ig n ific a n t d iffe ren ce  in  th e  v o lu m e  
o f  c is te rn a l m ilk  b e tw e e n  a n im a ls  e x h ib it in g  1 o r  2 flow  p e a k s  (L a b u ss ie re , 1966).

S eco n d ly , i t  is p o ss ib le  t h a t  ew es sh o w in g  1 flow  p e a k  d iffe r f ro m  th o se  sh o w in g  
2 p e a k s , n o t  in  th e  a b sen c e  o f  th e  m ilk  e je c tio n  re flex , b u t  r a th e r  in  a  re d u c e d  se n s i
t iv i ty  o f  th e i r  m y o e p ith e lia l  cells to  o x y to c in . In d e e d , M a r t in e t  & D e n a m u r  (1960) 
h a v e  sh o w n  t h a t  th e  s e n s it iv i ty  th re s h o ld  o f  th e  m y o e p ith e lia l  cells is q u ite  h ig h  in  
t h e  ew e.

T h e  h y p o th e s is  t h a t  th e  m y o e p ith e lia l  cells o f  ew es w ith  1 p e a k  h a v e  a  d if fe re n t 
s e n s it iv i ty  to  o x y to c in  f ro m  th o s e  w ith  2 p e a k s  h a s , h o w ev e r, n o t  b ee n  c o n firm e d  in  
r e c e n t  in  vivo  a n d  in  vitro  s tu d ie s  o n  m a m m a ry  s tr ip s  (L a b u ss ie re  & M a r t in e t ,  
u n p u b lish e d ) .

J .  L a b u s s i e r e ,  J .  M a r t i n e t  a n d  R .  D e n a m u r
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I n  co n c lu sio n , u n d e r  u s u a l  m a c h in e  m ilk in g  c o n d itio n s  a n d  w ith  n o  m a m m a ry  
m a ssa g e  b e fo re  a p p l ic a tio n  o f  th e  t e a t  cu p s , a  c e r ta in  p ro p o r tio n  o f  ew es, w h ic h  
v a r ie s  a c c o rd in g  to  th e  le n g th  o f  m a te r n a l  su c k lin g , d o  n o t  sh o w  a  se co n d  p e a k  in  th e  
flow  c u rv e  a n d  th e re fo re  e x h ib i t  n o  m ilk  e je c tio n  re flex . T h is  ag re es  w ith  th e  f in d in g s  
o f  p re v io u s  s tu d ie s  w h ic h  sh o w ed  t h a t  th e  re f lex  is  n o t  e s se n tia l to  th e  co u rse  o f  
la c ta t io n  in  th e  ew e. W h e n  th e  re f lex  d o es  o cc u r, th e  m ilk  o b ta in e d  b y  i t s  in te r v e n t io n  
re p re s e n ts  1 0 -3 5 %  o f  t h e  to ta l  m ilk . M o reo v e r, L a b u ss ie re  (1966) sh o w ed  t h a t  ew es 
e x h ib it in g  2 p e a k s  h a d  a  to ta l  m ilk  p ro d u c tio n  2 5 -3 0  %  h ig h e r  t h a n  th o s e  h a v in g  o n ly  
1 p e a k  in  th e  flow . T h e  l a t t e r  h a d  a  h ig h e r  p ro p o r tio n  o f  m a c h in e  s tr ip p in g s , o f  h a n d  
s tr ip p in g s  a n d  o f  re s id u a l m ilk .

O u r  r e s u l ts  co n firm  a  p o s it iv e  e ffec t o f  th e  m ilk -e je c tio n  re flex  o n  fa c il i ty  o f  m ilk in g  
a n d  o n  la c ta t io n  le v e l in  th e  ew e. T h e y  a lso  co n firm  th e  g a la c to p o ie tic  e ffec ts  o f  
r e p e a te d  in je c tio n s  o f  o x y to c in  in  th is  spec ies  (D e n a m u r  & M a r tin e t ,  1961; M a r t in e t  
& D e n a m u r , u n p u b lis h e d ; M o rag  & F o x , 1966).

W e  a re  in d e b te d  to  M M . C o m b a u d , P e tr e q u in ,  M irm a n  a n d  T eisso n ie re , as  w ell a s  to  
a ll th e  p e rso n n e l o f  th e  fa rm  a t  B ro u e s sy  fo r  th e ir  in v a lu a b le  h e lp  th r o u g h o u t  th e  
d u r a t io n  o f  th is  e x p e r im e n t.

M i l k  e j e c t i o n  r e j l e x  a n d  m i l k i n g  r a t e
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T h e  f l a v o u r  o f  m i l k  p r o t e i n
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S u m m a e y . T h e  f la v o u r  s ta b i l i ty  o f  ca se in  a n d  c o -p re c ip ita te d  m ilk  p ro te in s  h a s  b e e n  
e x a m in e d  o rg a n o le p tic a lly . D iffe ren ces in  f la v o u r  s ta b i l i ty  w ere  c o rre la te d  w ith  p r o 
cessing  c o n d itio n s  a n d  th e  e a r ly  s ta g e s  o f  th e  n o n -e n z y m ic  b ro w n in g  r e a c t io n  w ere  
im p lic a te d  in  th e  o ff-flav o u r d e v e lo p m e n t. T h e  ‘g lu e y ’ f la v o u r  p re s e n t  in  s to re d  
ca se in  co u ld  b e  re m o v e d  a n d  th e  f la v o u r  s ta b i l i ty  im p ro v e d  b y  t r e a tm e n t  w ith  a c t i 
v a te d  c a rb o n  o r  S e p h a d e x . H o w e v e r , a  b e t t e r  s o lu tio n  to  th e  p ro b le m  w as  to  a v o id  
th e  d e v e lo p m e n t o f  o ff-flav o u r b y  ca re fu l cho ice  o f  c o n d itio n s  o f  p r e p a ra t io n ,  d ry in g  
a n d  s to ra g e  to  m in im iz e  h e a t  d a m a g e  a n d  b ro w n in g . C o n d itio n s  w ere  e s ta b lish e d  
u n d e r  w h ic h  m ilk  p ro te in  co u ld  b e  e x p e c te d  to  h a v e  f la v o u r  s ta b i l i ty  d u r in g  a t  le a s t  
6 m o n th s  s to ra g e  a t  a m b ie n t  c o n d itio n s .

C ase in  is o n e  o f  th e  m o s t  n u tr i t io n a l ly  c o m p le te  p ro te in s  as  w ell a s  b e in g  o n e  o f  
t h e  c h e a p e s t a n im a l p ro te in s . I t  h a s  a  w id e  p o te n t ia l  u se  in  fo o d s tu ffs  ow in g  to  th is  
h ig h  n u tr i t io n a l  v a lu e  a n d  a lso  to  i ts  em u ls ify in g  a n d  s ta b iliz in g  p ro p e r tie s .  C asein  
is u se d , fo r  in s ta n c e , in  h a m b u rg e r  a n d  sa u sa g e  m e a t,  b re a k fa s t  ce rea ls , d e s s e r t  m ix e s  
a n d  to p p in g s , coffee w h ite n e rs , c o n c e n tra te d  b a b y  a n d  in v a lid  fo o d s, a n d  in  low  
ca lo rie  d ie ts . U n fo r tu n a te ly ,  su c h  u se s  a re  r e s t r ic te d  a t  p re s e n t  b y  a n  u n p le a s a n t  
g lu e y  o r  ‘s t a l e ’ o ff-flav o u r a n d  th e  m a jo r  c o n s u m p tio n  o f  ca se in  is n o t  in  th e  fo o d  
in d u s t r y  b u t  in  p a p e r  c o a tin g , in  th e  p r e p a ra t io n  o f  ad h e s iv e s , a n d  in  th e  p ro d u c tio n  
o f  a r tif ic ia l fib res .

C a y en  & B a k e r  (1963) sh o w ed  t h a t  a  fa ir ly  ta s te le s s  so d iu m  c a se in a te  c o u ld  b e  
p re p a re d  f ro m  a  w e ll-w a sh ed  f re sh ly  p re c ip i ta te d  w e t c u rd  b y  fre e z e -d ry in g  o r  
tu n n e l-d ry in g . I n  in d u s t r ia l  p ra c tic e , fre sh  ca se in  is  u s u a lly  b la n d  in  f la v o u r  b u t  
a c q u ire s  th e  g lu e y  o ff-flav o u r o n  s to ra g e . S e v e ra l p a t e n te d  p ro cesses  c la im  im p ro v e d  
f la v o u r  c h a ra c te r is tic s ,  in c lu d in g  th e  p r e p a ra t io n  o f  ca lc iu m  c a se in a te  fo llo w in g  a  
h o t-w a te r  w a sh  s ta g e  (S r in iv a sa n , 1961), p a r t i a l  e n z y m ic  d e g ra d a tio n  (W in g e rd ,
1962) o r  o x id a tio n  b y  iro n  a n d  a sc o rb ic  a c id  (W in g e rd , B a u e r  & D a m isc h , 1962). 
T h e se  p ro ce sses  a re  e ffec tiv e  to  som e d eg re e  o n  th e  la b o ra to r y  sca le  b u t  n o n e  h a s  b ee n  
a c c e p te d  co m m e rc ia lly — p re s u m a b ly  b e c a u se  th e y  a re  tim e -c o n su m in g  o r  e x p e n s iv e  
o r  b o th .

A lth o u g h  th e re  a re  few  re fe ren c es  in  th e  l i t e r a tu r e  to  g lu e y  o ff-flav o u r in  ca se in , 
s e v e ra l a u th o r s  h a v e  re c o g n iz e d  a  s im ila r  f la v o u r— ‘s t a l e ’, ‘g lu e y ’ o r  ‘b u r n t  f e a th e r s ’ 
— in  d r ie d  sk im -m ilk  p o w d e r  (cf. H e n ry , K o n , L e a  & W h ite , 1948) a n d  in  d r ie d  w ho le- 
m ilk  p o w d e r  (S u p p lee , 1923; T illm a n s  & S tro h e c k e r , 1924; C o u lte r , J e n n e s s  & G ed d es,
1951). T h is  o ff-flav o u r w a s  b e lie v e d  to  b e  a s so c ia te d  w ith  p ro te in  b re a k d o w n , 
esp ec ia lly  w h e n  i t  w as  a s so c ia te d  w ith  s to ra g e  a t  h ig h  m o is tu re  levels . C o u lte r  et al.

13-2



204 E .  H .  R a m s h a w  a n d  E .  A .  D u n s t o n e

(1951) co n c lu d e d  t h a t  th e  ty p ic a l  o ff-flav o u r o f  d r ie d  w h o le -m ilk  p o w d e r  w a s  a  
co m p o s ite  o f  2 d is t in c t  f la v o u rs  o n e  o f  w h ich  a ro se  f ro m  o x id a tio n  o f  lip id s  a n d  th e  
o th e r  fro m  th e  n o n -e n z y m ic  b ro w n in g  r e a c t io n ; in  h ig h  m o is tu re  c o n d itio n s  a  b u r n t  
f e a th e r  (g luey) f la v o u r  p re d o m in a te d . R a d e m a  (1954) fo u n d  t h a t  ta llo w y  f la v o u rs  in  
s to re d  w h o le -m ilk  p o w d e r  w ere  a s so c ia te d  w ith  low  m o is tu re  a n d  h ig h  p e ro x id e  
v a lu e s  w h e re a s  g lu e y  f lav o u rs  w e re  c o r re la te d  w ith  h ig h  m o is tu re , low  p e ro x id e  v a lu e  
a n d  h ig h  fe r r ic y a n id e  re d u c in g  p o w er.

B u c h a n a n , S now  & H a y e s  (1965) sh o w ed  t h a t  ca se in  a n d  w h e y  p ro te in s  co u ld  b e  
c o -p re c ip ita te d  b y  h e a t  in  th e  p re se n c e  o f  a d d e d  ca lc iu m  ions, a n d  M uller, H a y e s  & 
S now  (1967) p re p a re d  c o -p re c ip ita te s  o f  v a ry in g  ca lc iu m  c o n te n t  (h igh  2 -5 -3 -0 %  C a, 
m e d iu m  a b o u t  1-5 %  C a, low  0 -5 -0 -8  %  C a). E a r ly  c o n su m e r t r ia ls  u s in g  h ig h  ca lc iu m  
c o -p re c ip ita te  su g g e s te d  t h a t  i t  m a y  h a v e  b e t te r  f la v o u r  s ta b i l i ty  th a n  case in . 
L a b o r a to ry  a g e in g  t r ia ls  o n  case rn  a n d  th e  3 ty p e s  o f  c o -p re c ip ita te , a ll o b ta in e d  
f ro m  d iffe re n t fa c to rie s , w e re  in c o n c lu s iv e  a n d  d iffe ren ces co u ld  h e  e x p la in e d  m o s t 
r e a d ily  b y  v a r ia t io n  in  la c to se  c o n te n t  o r  h e a t  d a m a g e  b y  v a ry in g  f a c to ry  p ro c e d u re s .

F o r  th e  p re s e n t  s tu d y ,  c a se in  a n d  c o -p re c ip ita te s  w ere  p re p a re d  o n  a  p ilo t-sc a le  
u n d e r  as  n e a r ly  id e n tic a l c o n d itio n s  a s  p o ssib le , a n d  th e i r  f la v o u r  s ta b i l i ty  e x a m in e d  
u s in g  a c c e le ra te d  a g e in g  t r ia ls  a n d  e v a lu a te d  a s  a  fu n c tio n  o f  la c to s e  c o n te n t ,  ca lc iu m  
c o n te n t  a n d  a c id i ty  (all o f  w h ich  m a y  in flu en ce  th e  b ro w n in g  re a c tio n )  a n d  o f  co lo u r 
d e v e lo p m e n t a n d  fe r r ic y a n id e  re d u c in g  v a lu e , w h ic h  a re  m e a su re s  o f  th e  e x t e n t  o f  
th e  b ro w n in g  re a c tio n  ( P a r t  1). A  f u r th e r  e x a m in a tio n  w as  th e n  m a d e  o f  th e  e ffec t o f  
p ro ce ss in g  c o n d itio n s  o n  th e  re d u c in g  v a lu e  a n d  f la v o u r  o f  c o -p re c ip ita te d  m ilk  
p ro te in s  ( P a r t  I I ) .  F in a lly , m e th o d s  o f  re m o v in g  g lu e y  o ff-flav o u r f ro m  ca se in  a n d  fo r  
p re p a r in g  ca se in  o f  s ta b le  f la v o u r  w ere  e v a lu a te d .

P A R T  I .  C O M P A R IS O N  O F  T H E  F L A V O U R  S T A B IL IT Y  O F  C A S E IN  A N D  

C O -P R E C IP IT A T E D  M IL K  P R O T E IN

E x p e r im e n ta l

C asein  a n d  co-precipita te . T h e se  w ere  p r e p a re d  u s in g  th e  p la n t  a n d  m e th o d s  d e 
sc rib e d  b y  M u ller et al. (1967) a n d  d r ie d  in  a  f lu id iz ed  b e d  u s in g  h o t  a i r  a t  a n  in le t  
t e m p e r a tu re  o f  50 o r  70 °C.

Lactose. T h is  w as  d e te rm in e d  b y  th e  m e th o d  o f  L a w re n c e  (1968).
C a lc iu m  content. T h is  w as  d e te rm in e d  b y  th e  m e th o d  o f  S aw y e r  & H a y e s  (1961).
C olour d ifferences. T h e se  w ere  d e te rm in e d  b y  m e a su r in g  co lo u r in te n s i ty  b e fo re  

a n d  a f te r  h e a tin g  fo r  5 h  a t  102 °C. A n  ‘A g t r o n ’ m o d e l ‘F 2 2  G re e n ’ (A g tro n  C B , 
M o n te re y , C a lifo rn ia , U .S .A .) w as  u se d  to  c o m p a re  re f le c ta n c e  o f  th e  sa m p le  in  th e  
546 n m  re g io n  w ith  t h a t  o f  b la c k  a n d  w h ite  s ta n d a r d s  a n d  e x p re ss  i t  o n  a  0 -1 0 0  
scale .

F err icy a n id e  reducing  va lues  (F R V ). T h e  t e s t  p r o te in  (0-5 g) w as  m a d e  u p  to  30 m l 
w ith  d is t i l le d  w a te r ,  3 m l 5 %  (v /w ) a c e tic  a c id  a d d e d  a n d  th e  p ro c e d u re  o f  C hoi, 
K o n c u s , C h e rre y  & R e m a le y  (1953) u se d  to  d e te rm in e  th e  F R V  e x p re sse d  in  m g  
p o ta s s iu m  fe r r ic y a n id e /g  p ro te in .

Accelerated storage test. T h e  sa m p le  w as  h e a te d  in  a n  o p e n  c o n ta in e r  in  a n  a i r  o v e n  
a t  80 °C s a tu r a te d  w ith  w a te r  v a p o u r ,  s to re d  fo r  24 h  in  a  c lo sed  c o n ta in e r  u n d e r  
re f r ig e ra tio n , th e n  e v a lu a te d  o rg a n o le p tic a lly  a t  ro o m  te m p e ra tu re .
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O r g a n o le p t ic  e v a lu a t io n . One per cent solutions at pH 7 were prepared by dissolving 
the samples in water by addition of NaOH, and adding about 1 % sodium tripoly
phosphate in the case of the calcium co-precipitates. A laboratory panel of 8-10 judges 
scored the flavour of solutions using a scale 0-3 (0, clean flavour; 1, just detectable 
gluey flavour; 2, distinct gluey flavour; 3, strong gluey flavour). Two labelled controls 
(clean and gluey) were available and were also presented unlabelled with the samples. 
The results were evaluated by calculating the least significant difference at the 
5 % level. Samples were rated gluey if their score exceeded the score of the unlabelled 
control by this difference.

R e s u l t s

Samples of the 4 types of milk protein (casein, high calcium co-precipitate, medium 
calcium co-precipitate and low calcium co-precipitate) were prepared from the same 
milk with 2 levels of washing and dried with hot air at 2 inlet temperatures. The 
flavour stability of each sample was examined using the accelerated storage test, and 
assessed in relation to the differing experimental variables and analytical data. The 
results are shown in Table 1.

T h e  f l a v o u r  o f  m i l k  p r o t e in

Table 1. A n a l y t i c a l  d a ta  a n d  f l a v o u r  s t a b i l i t y  i n  m i l k  p r o t e in

Flavour after 
Colour heating at

Sample
no. Type

No.
of

washes

Drying
tem p.,

°C

Ca2+
content,

m g/g

Lactose
content,

o//o

differ
ence, 5 h 

at 102 °C Oh

80° C for 

20 h 40 h
FRV,
m g/g

362 E Casein 3 50 0-62 0-22 4 1 N N N 0-51
F Casein 3 70 0-59 0 1 4 4 1 N N N 0-54
G Casein 5 50 0-24 0 0 6 2 1 N N N 0-47
H Casein 5 70 0-30 0 0 7 1-4 N N N 0-50

361 A H iC a 3 50 28-5 0-85 11-3 N G G 0-71
B H i Ca 3 70 29'0 0-61 9-7 N G G 0-71
C H i Ca 5 50 26-6 0-07 4-4 N N N 0-33
D H i Ca 5 70 26-5 0-04 3 1 N N N 0-30

362 A Med Ca 3 50 15-6 0-85 12-9 N G G 1-14
B Med Ca 3 70 15-6 0-85 13-7 N G G 0-95
C Med Ca 5 50 130 0-27 7-3 N N G 0-89
D Med Ca 5 70 131 0 1 6 6-4 N N G 0-89

361 E L oC a 3 50 3-8 0-59 13-1 N G G 1-19
F Lo Ca 3 70 4-6 0-62 12-4 N G G 1-25
G Lo Ca 5 50 2-9 0-22 7-5 N G G 0-99
H L oC a 5 70 2-6 0 1 6 7-5 N N G 0-96

N  =  not gluey; G =  gluey.

E f f e c t  o f  d r y i n g  te m p e r a tu r e . Comparison of pairs of samples dried at different 
temperatures showed no difference in flavour. However, it must be remembered that 
these drying conditions (fluidized bed with inlet air at 50 or 70 °C) were not as severe 
as those encountered in normal commercial practice.

E f f e c t  o f  C a  c o n te n t . Simon, Wagner, Silveira & Hendel (1955) reported that calcium 
at a level of 8-4 mg/g inhibits the browning of dried potato flakes. There was little 
evidence of any effect of Ca content on flavour stability (Table 1), but some slight 
suggestion (cf. 361A vs. 362B; 361B v s . 361E or 361F) that, at similar lactose levels, a 
higher calcium level allowed less colour development on heating. Several further samples
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were prepared by addition of aqueous CaCl2 and redrying but none showed significant 
variation in flavour stability.

E f f e c t  o f  a c id i t y .  The pH value of a 10 % aqueous slurry of each of the 4 samples of 
each type of dried protein was constant. The values were: casein, 4-15; high calcium 
co-precipitate (Hi Ca), 6-60; medium calcium co-precipitate (Med Ca), 5-90; low 
calcium co-precipitate (Lo Ca), 5-20, but there was no obvious correlation between 
acidity and flavour stability.

Table 2. L a c to s e  le v e l a n d  f l a v o u r  s t a b i l i t y  i n  m i l k  p r o t e in

Flavour after heating  
Colour at 80 °C for:

Sample
no. Type

Lactose,
0//o

difference, 
5 h  at 102 °C. 0 20 h 40 h

FRV,
m g/g

362 H  1 Casein 0-084 4-2 N N N 0-41
2 Casein 0161 5-5 N N N 0-36
4 Casein 0-314 9-0 N N G 0-39

10 Casein 0-880 17-4 N N G 0-41
361 D 1 H i Ca 0-110 3-6 N N N 0-33

2 H iC a 0-204 5-9 N N N 0-33
4 H i Ca 0-423 8-9 N N G 0-36

10 H i Ca 0-850 15-9 N N G 0-36

E f f e c t  o f  la c to se . Table 1 shows that the best flavour stability of the milk protein 
was associated with the lower lactose levels. There were apparent differences between 
the different types of milk protein—thus casein with 0-22% lactose was stable, 
whereas Med Ca and Lo Ca with 0-22 % lactose became gluey—but in all instances 
the samples of lower lactose content were more stable than those of higher. To 
investigate this relation further, varying amounts of an aqueous solution of lactose 
were added to casein (362H) and Hi Ca (361D) and the slurry redried. The flavour 
stability and analysis of these samples is shown in Table 2. Once again, lower lactose 
levels correlate with better flavour stability and, both for casein and Hi Ca, lactose 
levels below about 0-3 % gave high flavour stability.

C o r r e la t io n  o f  c o lo u r  a n d  f l a v o u r  s ta b i l i t y .  The relation between flavour stability 
and lactose level suggests implication of the browning reaction. If this is so, there may 
be a relation between colour development (which must be a measure of the amount of 
browning) and flavour development. It was decided to measure colour differences 
before and after heating for 5 h at 102 °C as this is the test used in commercial 
practice but, in fact, the colour difference was of the same order as that produced by 
40 h at 80 °C. Tables 1 and 2 show that the correlation between colour difference and 
flavour stability was slightly better than that between lactose and flavour stability. 
It is apparent that the best flavour stability was obtained when the colour difference 
was below 6 units. The anomaly noted above for casein and Med Ca or Lo Ca of 
0-22 % lactose can be explained as the latter 2 samples had a higher colour difference, 
indicating that they browned more on heating.

C o r r e la t io n  o f  f e r r  i c y  a n id e  r e d u c in g  v a lu e  ( F B V )  a n d  f l a v o u r  s ta b i l i t y .  It is apparent 
from the results so far reported that the browning reaction plays a significant part 
in the formation of gluey flavour, and some measure of its extent was needed. 
Although the exact mechanism of the reaction is not known, FRY has been accepted



207
as an index of the formation and degradation of a protein-sugar complex in milk 
powder (Lea, 1947). Richards (1963) suggested that the reducing substances are the 
L-amino-l-deoxy-2-ketones formed as intermediates in the browning reaction. Table 1 
shows that gluey off-flavour development was associated with high FRY and indi
cates that a value below 0-60 mg/g is necessary for good flavour stability. The high 
FRV for Med Ca or Lo Ca at low lactose level is indicative of incipient browning, 
presumably initiated durmg their preparation. The values of samples listed in Table 2 
did not change with added lactose and were close to the values for untreated samples 
361D and 362H.

T h e  f l a v o u r  o f  m i l k  p r o t e in

D is c u s s io n

D e v e lo p m e n t  o f  th e  a c c e le ra te d  s to ra g e  te s t . In initial attempts to develop an accele
rated storage test, heating or irradiation with UV light were used. Gluey flavours 
were induced by both treatments but a more typical gluey flavour was produced by 
heating; UV irradiation produced a flavour described as gluey but also as burnt, 
unpleasant, or dirty. In prolonged heat treatment the protein tended to become 
insoluble but this insolubility could be reduced by saturating the oven with water 
vapour. There was little difference in flavour between samples treated in open or 
closed containers or under wet or dry conditions provided the initial moisture content 
was not above 10 %. If the moisture content was above 10 % unpleasant, dirty, burnt 
flavours and excessive browning were produced on heating in a closed container.

Cayen & Baker (1963) presented 10% solutions of sodium caseinate at 40-50 °C to 
their panel of 3 judges. In the present investigation, a panel of 8-10 judges with 
experience of organoleptic testing was used. They found 10 % too strong and detected 
no significant differences between 1 % solutions presented at 20, 30 or 40 °C. Thus, 
1 % solutions were presented at room temperature.

Limited experience suggests that samples which remained clean in flavour after 
40 h accelerated storage would remain of good flavour for at least 6 months under 
ambient conditions. This corresponds to an increase in reaction rate of about 3-fold 
for a rise in temperature of 10 °C which is in good agreement with the figure of
2-5 found by Henry e t a l . (1948) for stored whole-milk powder.

M e c h a n i s m  o f  o f f - f la v o u r  d e v e lo p m e n t . The best milk protein flavour stability was 
associated with a low lactose level, low colour development on heating and low pro
duction of ferricyanide reducing substances. These facts all support the theory that 
gluey off-flavour is developed during the early stages of the non-enzymic browning 
reaction between the milk sugar and the milk protein. Removal of most of the lactose 
—one of the reactants—reduces the extent of the browning reaction but it is not 
always sufficient to prevent it altogether. Samples of Med Ca and Lo Ca of low 
lactose content exhibited higher colour development and higher FRY owing to 
initiation of browning during their preparation, which included 30 min preheating at 
90 °C, a treatment known to increase FRV and initiate the protein-lactose reaction 
(Choi e t a l . 1953; Kumetat & Beeby, 1957).
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P A R T  I I .  T H E  E F F E C T  O F  P R O C E S S I N G  C O N D I T I O N S  O N  T H E  F E R R I C Y A N I D E  

R E D U C I N G  V A L U E  A N D  O N  T H E  F L A V O U R  O F  C O - P R E C I P I T A T E D  M I L K  P R O T E I N S

Processing may involve severe heating which could promote the early stages of the 
lactose-protein interactions. Part II describes an investigation of the effect of 
varying the initial preheating time, and 3 different methods of drying co-precipitates 
that had been washed for 3 different periods of time and therefore contained different 
levels of lactose.

E x p e r i m e n t a l

Co-precipitated milk proteins were prepared with the plant and by the general 
method of Muller e t a l . (1967). Lo Ca was prepared from milk heated for 10 or 
30 min at 90 °C and Hi Ca was prepared from milk pre-heated for 1 or 30 min at 
90 °C. In each case, samples were taken after 1, 3 and 5 washes and freeze-dried or 
dried in a fluidized bed with inlet air at 70 °C and cooled immediately or kept at 
50 °C for 2 h.

R e s u l t s

The analytical data obtained for the 4 samples of co-precipitate are compared with 
their flavour stability in Table 3.

Table 3. A n a l y t i c a l  d a ta  a n d  f l a v o u r  s t a b i l i t y  o f  m i l k  p r o t e in
Method Colour

of Lactose, Colour FRV, Lactose, difference, FRV,
drying o//o difference m g/g Flavour o//o 5 h  at 102 °C m g/g Flavour

Low calcium, 10-min preheat Low calcium, 30-min preheat
F 1-89 23-1 1-27 G 1-59 12-7 1-62 G
C 1-96 20-9 1-36 G 1-63 20-3 1-89 G
H 1-59 26-1 1-86 G 1-46 24-7 1-86 G
F 0-404 7-0 0-95 s i 0-336 4-9 1-40 s i
C 0-406 8-4 1-18 G 0-300 11-1 1-48 G
H 0-373 10-2 1-01 G 0-234 8-3 1-63 G
F 0-042 2-2 0-78 N 0-333 4-5 1-29 s i
C 0-043 3-8 1-09 N 0-075 8-4 1-63 G
H 0-062 3-3 1-09 s i 0-048 5-1 1-72 G

High calcium, 1-min preheat H igh calcium, 30-min preheat
F 2-15 12-3 0-83 G 2-41 32-9 1-80 G
C 2-05 24-4 1-27 G 1-96 22-2 1-78 G
H 1-71 17-3 2-96 G 2-02 30-0 3-00 + G
F 0-124 4-2 0-53 s i 0-058 4-3 1-09 G
C 0-121 2-4 0-80 N 0-048 4-6 1-86 G
H 0-102 2-6 0-65 N 0-040 8-9 1-86 G
F 0-230 4-0 0-67 s i 0-051 4-0 1-12 N
C 0-052 2-7 0-59 N 0-046 4-9 1-72 G
H 0-038 2-7 0-47 N 0-045 5-5 2-07 N

F =  freeze-dried; C =  fluidized-dried and cooled; H  =  fluidized-dried and stored hot; G =  gluey; 
si =  slightly gluey; N  =  not gluey.

E f f e c t  o f  d r y i n g  c o n d i t io n s . There was no clear correlation between drying conditions 
and lactose level, colour difference or flavour stability. However, in most series, 
FRV increased with increasing severity of drying conditions.

E f f e c t  o f  la c to se  le v e l. There was a general trend towards lower colour difference,
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lower FRV and better flavour stability as the lactose level was decreased. Samples 
with less than 0-3 % lactose did not develop gluey flavour after 40 h accelerated 
storage at 80 °C unless they had been subjected to heat damage in the preheating.

E f f e c t  o f  p r e h e a t in g  c o n d i t io n s .  Although it is difficult to obtain a clear picture, there 
was a general trend to higher colour differences with longer preheating times. FRVs 
are a good indication of damage in preheating and in all cases the FRV increased with 
preheating time. When samples which should differ only in preheating treatment are 
compared, the best flavour stability was always associated with the shortest pre
heating time. Excellent examples of the effect of the incipient browning caused by 
preheating are the Hi Ca, 30 min preheat samples of lactose content 0-058, 0-048 and 
0-040 %. Although these have satisfactorily low lactose level, their colour difference, 
FRV and rate of gluey off-flavour development were all high when compared with 
similar Hi Ca samples that had been preheated for only 1 min, even with considerably 
higher lactose levels.

D is c u s s io n

Owing to the complex nature of the flavour and the difficulties associated with the 
human element in organoleptic evaluation, no single chemical or physical test can 
be expected to correlate accurately with flavour development. Nevertheless, the FRV 
provides an excellent index of the amount of heat damage to the protein caused by 
processing conditions. A ferricyanide reducing value less than 0-60 mg/g protein 
combined with a colour difference of less than 6 units and a lactose content below 
0-3 % ensure a protein of good flavour stability. The results of this study confirm the 
hypothesis advanced in Part I that the development of gluey off-flavour is associated 
with the early stages of the non-enzymic browning reaction: samples of the best 
flavour were obtained when processing conditions were chosen to minimize browning.

P A R T  I I I .  R E M O V A L  O F  G L U E Y  O F F - F L A V O U R  F R O M  C A S E I N  A N D  

P R E P A R A T I O N  O F  C A S E I N  O F  S T A B L E  F L A V O U R

As commercially produced, casein is not a pure protein but contains minor quanti
ties of other compounds including up to 2 % lactose and up to 2 % fat. Cayen & Baker
(1963) showed that casein of good flavour could be produced from a well-washed curd 
and it is possible that the minor constituents play a major role in the formation of 
gluey off-flavour. The practical problems caused by gluey flavour may be overcome 
in 2 ways—either by treatment designed to remove the off-flavour already present 
in stored casein or by preparation of a flavour-stable casein of acceptable shelf-life. 
Although the latter solution would obviously be the more efficient, many products 
would allow a treatment stage to be incorporated in their formulation—for example, 
if the raw material, casein, is converted to sodium caseinate before mixing with other 
ingredients.

Part III describes a study of flavour stability of caseins prepared with low fat and 
with low lactose content and records the effect of some selected treatments on the 
flavour and flavour stability of aged casein.

T h e  f l a v o u r  o f  m i l k  p r o t e in
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E x p e r im e n t a l

O r g a n o le p t ic  e v a lu a t io n . Accelerated storage trials were performed and evaluated 
as described in Part I. To compare the effect of treatments on flavour, judges were 
presented with a geometric concentration series (e.g. 0T, 0-32, 1-0%, etc.) and the 
threshold concentration estimated as that concentration at which more than half the 
panel could perceive the gluey off-flavour.

P r e p a r a t io n  o f  c a s e in  o f  lo w  la c to se  c o n te n t . Casein was precipitated in the normal 
fashion and given 3 additional washes before freeze-drying. A control ‘ lactose ’ casein 
was prepared without these additional washes.

P r e p a r a t io n  o f  c a s e in  o f  lo w  f a t  c o n te n t . Four litres of skim-milk were centrifuged 
at lOOOOg for 15 min at 30 °C followed by 15 min at 5 °C and the upper layer of solid 
fat removed. To the milk at 35 °C was added HC1 to pH 4-5. The precipitate was 
filtered and washed with 3 separate portions of 11 distilled water acidified to about 
pH 4-5. The damp precipitate was soaked for 1 h in 500 ml freshly distilled ethanol, 
filtered and dried under vacuum, then washed with 3 separate portions of freshly 
distilled diethyl ether, filtered and again dried under vacuum. The casein was dis
solved in water by addition of NaOH to pH 7, reprecipitated, washed 3 times and 
freeze-dried. A control sample of ‘ fat ’ casein was prepared in a similar manner but 
omitting only the initial centrifugation and solvent washing stages.

T r e a t m e n t  o f  g lu e y  c a s e in . The following treatments were investigated:
(i) V a c u u m  d i s t i l l a t io n .  The casein was placed in a round-bottom flask connected 

to a vacuum line through a trap immersed in liquid nitrogen. The flask was heated 
in a water bath at 50-70 °C and evacuated at 5 x 10-5 Torr, for 4 h.

(ii) S te a m  d i s t i l l a t io n .  In initial experiments, a 3 % solution of sodium caseinate was 
distilled almost to dryness in a rotary evaporator at 15 Torr and 25 °C. The distillate 
was condensed at 0 °C and reconstituted with fresh freeze-dried sodium caseinate 
while the viscous residue was reconstituted with distilled water. In later experiments, 
the casein solution or slurry was distilled under vacuum through a vertical condenser 
at 0 °C into a liquid nitrogen trap using essentially the method of Forss, Jacobsen & 
Ramshaw (1967).

Attempts were also made in this manner to remove the flavour by freeze-drying 
from 1, 5 and 10% solutions of gluey sodium caseinate.

(iii) R e p r e c i p i ta t i o n .  Gluey casein was dissolved to 1 % in water by addition of 
NaOH to pH 7, and then reprecipitated with H2S04, washed, filtered, and freeze-dried.

(iv) H o t- w a te r  w a s h in g . Gluey casein was stirred into distilled water at 60-65 °C 
(about 2 g water/g casein), held for 5 min and then filtered. This washing was re
peated 4 times and the final residue freeze-dried.

(v) T r e a t m e n t  w i t h  a c t iv a te d  c a rb o n . 500 ml 3 % gluey sodium caseinate was passed 
through a 5 in. x 1 in. column of activated carbon (E. Merck, AG, for gas chromato
graphy, 0-5-0-75 mm particles). The eluant was evaluated as such and also pre
cipitated, washed, filtered and freeze-dried as casein.

(vi) T r e a t m e n t  w i th  S e p h a d e x .  Portions of 150 ml 5% gluey sodium caseinate were 
passed through a 12 in. x 2-5 in. column containing 500 g Sephadex G25; the eluant 
was evaluated as such or precipitated, washed, filtered and freeze-dried as casein.
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R e s u l t s

The concentrations at which more than half the panel could perceive the gluey 
flavour (threshold concentations) of treated stored casein are shown in Table 4.

T h e  e f fe c t iv e n e s s  o f  t r e a tm e n ts

Vacuum distillation or freeze-drying of gluey casein had little effect on its flavour; 
the threshold concentration remained at 0-3%. It is noteworthy that the vacuum 
treatment almost entirely removed the gluey odour of the casein and this odour could 
be detected in the adjacent cold trap. Reprecipitation effected some improvement, 
but the casein was still noticeably gluey in flavour.

Table 4. T h r e s h o ld  c o n c e n t r a t io n  o f  g lu e y  f l a v o u r  i n  

tr e a te d  a n d  u n tr e a te d  c a s e in

Material and/or treatm ent

Gluey casein
Gluey sodium caseinate
Fresh freeze-dried casein or sodium caseinate 
Vacuum-treated casein or caseinate 
Steam-distilled sodium caseinate 
D istillate from sodium caseinate 
Freeze-dried sodium caseinate (1, 5, 10% ) 
Reprecipitated casein 
Filtrate from reprecipitation 
W ashed casein 
W ash water
Activated carbon-treated casein 
Sephadex G 25-treated casein

♦Threshold
concentration,

0//o Remarks

0-3 Control
0-3 Control

> 3 0 Control
0-3 Flavour not removed

> 1 0 Flavour partially removed
1 0 Distillate gluey
0-3 Flavour not removed
1 0 Flavour partially removed
1-0 Filtrate gluey

> 1-0 Flavour partially removed
1-0 W ash water gluey

> 3 0 Flavour removed
> 3 0 Flavour removed

* Concentration at which gluey flavour was first detectable.

In steam-distillation experiments, the threshold concentration of the residue rose 
from 0-3 to 1-0-3-0 % and the solutions were only slightly gluey. Moreover, when the 
distillate was reconstituted to 1 % protein, with fresh sodium caseinate, it was 
markedly gluey. A similar improvement in flavour could be achieved by hot water 
washes and the wash water became gluey.

The most effective removal of gluey flavour was obtained by passing a solution of 
sodium caseinate through a column of activated carbon or Sephadex. In both cases 
the eluted protein was organoleptically identical with a solution prepared from fresh 
freeze-dried sodium caseinate.

A c c e le r a te d  s to ra g e  o f  c a s e in  p r e p a r a t io n s

Preparations of casein low in fat or in lactose were tested in the accelerated storage 
trial together with samples of casein prepared by those of the treatments which 
showed good removal of off-flavour. The results are shown in Table 5.

E f f e c t  o f  f a t  r e m o v a l . Although the low fat casein was considerably less susceptible 
than commercial casein to the development of gluey flavour, there was little, if any,
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difference between the low fat casein and its control. It seems likely that the presence 
or absence of fat plays only a minor role in off-flavour development and that the ap
parent improvement was due to removal of some other component, probably lactose, 
during preparation.

T h e  e ffe c t o f  la c to se  r e m o v a l. Well-washed casein of low lactose content did not 
become gluey after heating for 80 h at 80 °C. Although this effect of washing might 
have been due to the removal of some other minor constituent, re-addition of lactose 
to a stable sample of casein has been shown (Part I) to increase its susceptibility to 
the development of gluey flavour.

E f f e c t  o f  t r e a tm e n ts . Washing with hot water and treatment with carbon or 
Sephadex all gave a product of good flavour, but the treated caseins varied in their 
susceptibility to redevelopment of off-flavour. The Sephadex-treated casein was 
best—almost as good as the best casein preparation—while the carbon-treated casein 
was not quite so good and the washed casein was quite susceptible to redevelopment 
of gluey flavour.

Table 5. A c c e le r a te d  s to ra g e  te s ts  o n  c a s e in  p r e p a r a t io n s

Lactose, Flavour stability,
Preparation, Casein 0//o heating at 80 °C

Fresh commercial 0-450 Gluey at 20 h
F at extracted 0-061 N ot gluey at 100 h
Non-extrae ted  (control) 0-186 N ot gluey at 100 h
Low lactose 0-067 N ot gluey at 80 h
W ashed 0-037 Gluey at 20 h
A ctivated carbon treated 0-051 Gluey at 40 h
Sephadex treated 0-026

D is c u s s io n

N ot gluey at 60 h

The effects of treatment on the flavour and flavour stability of casein support the 
hypothesis that gluey off-flavour develops during the early stages of the non- 
enzymic browning reaction. It is clear that stored, stale casein has 2 sources of gluey 
flavour—lower molecular weight breakdown products of the browning reaction 
already present and their precursors, presumably of much higher molecular weight. 
Treatments, such as washing or steam distillation, effect a temporary improvement 
in flavour of the stored casein by removing the breakdown products but the pre
cursors are still available and flavour stability is poor. On the other hand, carbon or 
Sephadex treatment remove much of the precursor as well as the breakdown products 
and improve flavour stability as well as the immediate flavour. However, both treat
ments suffer practical disadvantages—carbon treatment must be carefully performed 
to avoid contamination with minute carbon particles which are flavourless but not 
aesthetically pleasing, while Sephadex treatment dilutes the solution by a factor 
of about 4.

C O N C L U S I O N

P r a c t i c a l  a p p l i c a t i o n s .  While methods are available for removing gluey off-flavour 
from stored casein and improving its flavour stability, the best remedy is to minimize 
the development of the off-flavours by careful preparation of the milk protein. Gluey 
off-flavour development can be minimized only if strenuous efforts are made to avoid
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heat damage and possible browning at all stages. Processing should involve only low 
temperature preheat treatment, careful washing to low lactose level, drying at mini
mum temperature and cooling before storage, careful grinding to avoid high tempera
tures and cool storage at low moisture levels. Although the lowest obtainable lactose 
level, colour development and reducing power are desirable, a milk protein of lactose 
content below 0-3 %, colour difference less than 6 Agtron units and FRV below 
0-60 mg/g can be expected to remain of good flavour for at least 6 months in normal 
shelf storage.

The authors thank L. L. Muller, J. F. Hayes and J. A. Dunkerley for assistance 
with pilot plant operations and some chemical analyses, and colleagues in the Division 
who assisted with organoleptic evaluation.

T h e  f l a v o u r  o f  m i l k  p r o t e in
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V o l a t i l e  c o m p o u n d s  a s s o c i a t e d  w i t h  t h e  o f f - f l a v o u r  

i n  s t o r e d  c a s e i n

B y  E. H. RAMSHAW a n d  E. A. DUNSTONE 
C . S . I . R . O . ,  D i v i s i o n  o f  D a i r y  R e s e a r c h , M e lb o u r n e ,  A u s t r a l i a

(R e c e iv e d  12 N o v e m b e r  1968)

S u m m a r y . Compounds associated with the ‘gluey’ off-flavour in stored casein have 
been isolated and identified by a combination of gas chromatography and mass spectro
metry. Most of the flavour was found in the non-acid steam-volatile fraction which con
tained many compounds including n-alkanals, n-alkan-2-ones, furfural and other 
furan derivatives, benzaldehyde, dimethyl disulphide and benzthiazole. No single 
compound had the typical gluey flavour, which must be a complex sensation in which 
the quantities of minor components may determine the specific gluey character. 
o-Aminoacetophenone was present in the casein in subthreshold amounts. This 
compound has some gluey flavour and may have a synergistic effect in enhancing the 
total flavour.

The wide use of casein as a food protein has been inhibited by an unpleasant stale 
off-flavour which is characteristic of the product. This flavour has been described as 
‘ stale ’, ‘ gluey ’ or ‘ blunt feathers ’. A similar stale flavour has been observed amongst 
the flavours developed on storage by other milk products such as dried skim-milk 
(Henry, Kon, Lea & White, 1948), dried whole milk (Whitney & Tracy, 1949) and 
sterilized concentrated milk (Arnold, Libbey & Day, 1966).

Investigations of the gluey off-flavour in stored casein have not been reported but 
in some other milk products the milk protein seems to contribute a similar storage 
off-flavour. Nawar, Lombard, Dali, Ganguly & Whitney (1963) and Kurtz (1965) 
found evidence that the stale flavour in whole-milk powder had 2 elements—one 
volatile in vacuum distillation and the other non-volatile and tightly bound to the 
milk powder. Parks & Patton (1961) identified a range of volatile carbonyl compounds 
including n-alkanals (about 1 ppm), n-alkanones, furfural and benzaldehyde in stale 
whole-milk powder and Bassette & Keeney (1960) isolated a similar range of carbonyl 
compounds from stored skim-milk powder including alkanals at a level of 5 parts in 108. 
Shtal’berg & Kretovich (1953) found 50 ppm aldehydes in dried milk which exhibited 
a darker colour and an unpleasant gluey flavour. These groups of workers all con
cluded that stale flavour was due largely to the increasing quantity of carbonyl 
compounds—particularly aldehydes—formed during storage of the milk powder. 
Parks, Schwartz & Keeney (1964) isolated a less volatile compound, o-aminoaceto- 
phenone, from skim-milk powder and showed that it was an important component 
of the stale flavour.

In the present investigation the compounds formed in gluey, stored casein have



been isolated and identified. The mode of their formation and their relevance to the 
flavour defect is discussed.
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METHODS

Samples of commercial casein and sodium caseinate were examined fresh and after 
storage for at least 6 months under ambient conditions.

I s o la t i o n  o f  f l a v o u r  c o m p o n e n ts

Preliminary experiments revealed that most of the off-flavour was not removed by 
high vacuum molecular distillation of ‘dry’ casein (as received, containing about 
10 % moisture). Most of the flavour could be removed by washing with hot water or 
by steam distillation; the treated casein became less gluey and the wash water or 
distillate became gluey. Consequently, 3 methods of isolation were evolved.

M e th o d  A — h o t w a s h in g . Casein was washed 3-5 times with about twice its weight of 
distilled water at 60 °C and the combined wash water was distilled under reduced 
pressure. The distillate was adjusted to pH 9 and extracted with diethyl ether in a 
separating funnel (non-acid extract) and the aqueous layer acidified to pH 2 and 
re-extracted (acid extract). The 2 ether extracts were concentrated separately by 
distillation to small volume using a short fractionating column.

M e th o d  B — s te a m  d i s t i l l a t io n .  Five hundred grams of casein was steam-distilled 
with 3 1 distilled water at a temperature < 25 °C and pressure of 6-10 Torr. The 
distillate was concentrated by reflux through a vertical condenser at 0 °C and about 
6 Torr into a liquid nitrogen trap using a method very similar to that of Forss, 
Jacobsen & Ramshaw (1967). Frequently the steam distillation and reflux concentra
tion were combined in a single apparatus. The reflux concentrate and the residual 
distillate were extracted at pH 9 and again at pH 2, as described for method A above.

M e th o d  C — r e f lu x  c o n c e n tr a t io n . The volatile components were concentrated from 
a solution of sodium caseinate at pH 7 by distillation under reflux through a vertical 
condenser at 0 °C and about 6 Torr into a liquid nitrogen trap. A non-acid extract 
was prepared as in method A. Negligible quantities of acid extract were obtained in 
this procedure.

I d e n t i f i c a t io n  o f  c o m p o n e n ts

Portions of the concentrated solvent extract were separated by gas chromato
graphy using several columns with different stationary phases.

C o lu m n  1 . A stainless steel column (4 ft x J in. o.d.) packed with 7-0 g of 60-80 
mesh Embacel coated with 15 % diethylene glycol succinate plus 2 % phosphoric acid. 
This was used for the acid fraction and operated at a constant temperature of 100 or 
125 °C or was programmed from 50 to 150 °C at 2 deg C/min with the carrier gas flow 
rate 20 ml/min of helium.

C o lu m n  2 . A stainless steel column (10 ft x J in. o.d.) packed with 7-3 g of 60-80 
mesh Chromosorb G-AW-DMCS coated with 1 % Carbowax 20 M-TPA. This column 
was programmed from 50 to 150 °C at 2 deg C/min and carrier flow rate 10 ml/min 
of helium.

C o lu m n  3 . A stainless steel support-coated open tubular (SCOT) column (50 ft x 
0-02 in. o.d.) coated with Apiezon L. The column was supplied by Perkin-Elmer



Helium flow rate was 8 ml/min and the column temperature was programmed from 
40 to 180 °C at 2 deg C/min.

C o lu m n  4 . A SCOT column (50 ft x 0-02 in. i.d.) as above coated with Carbowax 
1540. Helium flow rate was 8 ml/min and column temperature was programmed from 
40 to 150 °C at 2 deg C/min.

Any of the columns could be operated in the combined gas chromatography-mass 
spectrometry (GC/MS) system described by Stark, Smith & Forss (1967). For further 
resolution of components, fractions trapped from column 2 were rechromatographed 
in the GC/MS combination using columns 3 or 4. Identification of components was 
made by comparison of their mass spectral fragmentation pattern with published 
spectra (Cornu & Massot, 1966) and spectra of authentic compounds. Correspondence 
of retention data on column 3 and MS data for an isolated component and a known 
compound was considered sufficient for identification. In most cases, retention data 
on a different stationary phase and odour appraisal were also available for confirma
tion of identity.

F l a v o u r  te s ts

All stages of the isolation and identification procedure were monitored by flavour 
tests in an attempt to assess the importance of various fractions in the gluey flavour. 
Fresh bland sodium caseinate was added to samples of the distillates, residues, and 
trapped fractions, and to authentic compounds, singly or admixed to make solutions 
containing 1 % sodium caseinate. The flavour of each solution was assessed by a 
laboratory panel of about 10 persons selected because of their experience in organo
leptic evaluation of dairy products.
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E v a lu a t io n  o f  i s o la t io n  te c h n iq u e s

For the isolation of flavour components by steam distillation (method B) slurries 
were prepared from distilled water and 30-mesh casein (1), with the addition of 
NaOH (2), by mixing with a Waring Blendor (3), and by passage through a colloid 
mill (4). Each slurry was steam distilled and the distillate extracted with ether 
and analysed by gas chromatography. All the slurries gave qualitatively similar non
acid extracts but the best qualitative recovery was obtained—particularly for the 
more volatile components—by distilling slurry (1) prepared from casein as received. 
Reflux concentration from a solution of sodium caseinate at pH 7 was evaluated at 
concentrations of 1, 5 and 10%. The best quantitative recovery (per g of caseinate) 
was obtained from the most dilute solution, but larger quantities of components 
could be obtained most conveniently from the 5 % solution. Comparison of methods 
A, B and C for isolation of the more volatile fraction showed that reflux concentration 
(method C) was slightly better than 2-stage steam distillation (method B), while hot 
washing (method A) was very inefficient. On the other hand, isolation of the less 
volatile fraction or the acid fraction was best accomplished by hot washing (method A).

F la v o u r

Samples of the wash water, distillate and distillation residue were examined 
organoleptically. It was found that the gluey flavour was distillable—the distillate

D a ir y  R e s . 3 614
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was gluey while the residue was not significantly gluey. Further reflux concentration 
showed that most of the flavour resides in the more volatile fraction.

Separation into acid and non-acid fractions revealed that the gluey flavour was in 
the non-acid fraction—indeed, if anything, the non-acid fraction was more gluey than 
the total extract. Reaction with 2,4-dinitrophenylhydrazine in H2S04 removed about 
80 % of the carbonyl compounds but there was a less marked effect on the gluey 
odour. There was some reduction in intensity but individual judges varied in their 
comments from ‘little effect’ to ‘almost complete removal’. Odour appraisal of the 
effluent gases from an exit splitter during the gas chromatographic separation showed 
that no single peak or part of the chromatogram was associated with the typical 
gluey odour although odours were numerous and varied. Similarly, on examination 
of trapped broad fractions, none was found to have the typical gluey flavour, which 
was present only when fractions from all regions of the chromatogram were 
represented.

It was concluded that the main gluey flavour resides in the more volatile fraction 
and that no single compound or class of compound is typically gluey. Gluey flavour 
must be a complex sensation resulting from a mixture of several different compounds.

I d e n t i f i c a t io n  o f  c o m p o n e n ts  o f  th e  a c id  f r a c t i o n  a n d  th e i r  

re le v a n c e  to  g lu e y  f l a v o u r

Components of the acid fraction, prepared by method A, were separated by gas 
chromatography on column 1. Mass spectrometry and infra-red spectroscopy proved 
that all components were straight chain alkanoic acids. The approximate composition 
of the acid fraction is shown in Table 1. In fresh casein the total quantity of acids 
was negligible but on storage it increased to about 20 p g j g .

Table 1. C o m p o s i t i o n  o f  th e  a c id  e x tr a c t*  f r o m  s to re d  c a s e in

Alkanoic acid, 
no. o f  carbons 2 3 4 5 6 7 8 9 10 11 12

% in extract 1 1 2 0-5 43 0-5 35 0 14 3 0
Approximate level in  

casein, ppm
0-2 0-2 0-4 0-1 8-6 0-1 7-0 0 2-8 0-6 0

* See p. 216.

After removal of acids the extract was still gluey, as was the reflux concentrate 
prepared by method C, which contained negligible quantities of acids, which were 
relatively non-volatile under these conditions. The flavour of the lower alkanoic acids 
is well-known as a sharp, bitter, rancid-fat taste with a threshold in water of the order 
of 5 ppm (Patton, 1964). These properties suggest that the acids have little relevance 
to gluey flavour although they are major components of the casein extract and several 
are present in amounts close to their flavour threshold values.

I d e n t i f i c a t io n  o f  c o m p o n e n ts  o f  th e  v o la t i le  n o n - a c id  e x tr a c t  a n d  th e ir  
re le v a n c e  to  g lu e y  f l a v o u r

Portions of the concentrated volatile non-acid extract prepared by method C were 
analysed by combined GC/MS. A typical chromatogram is shown in Fig. 1 and the



219
identity and approximate composition of the mixture (estimated from the gas chro
matogram) is given in Table 2. In addition, the presence of trace amounts of other 
compounds such as methyl hutanal, alk-l-en-3-ones, oct-1-en-3-ol, nona-2,6-dienal, 
nona-2,6-dienol and higher homologues of furfural and furyl ketones could be de
duced from the appearance of their characteristic odours at the relevant retention 
time. However, insufficient quantities were available for positive identification. The 
total quantity of compounds was about 5 /¿g/g for stored casein while fresh casein 
yielded only very much smaller amounts of a similar range of compounds.

O f f - f l a v o u r  i n  s to re d  c a s e in

T i m e ,  m in

Fig. 1. Gas chromatogram o f the steam -volatile non-acid fraction equivalent to approximately  
40 g gluey sodium caseinate. Operating conditions described for column 3, p. 216.

The hydrocarbons and alkanols are unlikely to be of significance in the gluey 
flavour as both classes have weak flavours and relatively high flavour thresholds. 
The only components isolated at concentrations near or above their threshold con
centrations (of the order of 0-005 ppm (Lea & Swoboda, 1958)) were the n-alkanals. 
These are well-reported components of oxidized and stale flavours, especially in 
systems containing lipids. They may be expected to have some significance in the 
overall gluey flavour even though their flavour character is not specifically gluey. 
The alkan-2-ones are also components of oxidized and stale flavours in lipids and 
could be important in gluey flavour but they have generally higher threshold values 
and were present in smaller amounts than the n-alkanals.

In organoleptic evaluation, benzaldehyde retained its almond, nutty flavour right 
down to its threshold and benzthiazole similarly retained its rubbery flavour. How
ever, some judges thought furfural, methyl furfural and methyl furyl ketone were 
slightly gluey although most described them as weedy or bitter. All were isolated 
below their threshold value, even allowing for incomplete recovery, but they may 
well have had some additive effect on the flavour.

It was concluded that the flavour of the non-acid volatile fraction is due mainly to 
the n-alkanals with some contribution from the furan derivatives. Many of the minor 
components are strongly flavoured (e.g. diacetyl, dimethyl disulphide, methional,

14-2



phenylacetaldehyde) and could play some part by contributing to the specific gluey 
character of the flavour. Their importance cannot be assessed without laborious 
organoleptic evaluation of multi-component mixtures.
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Table 2. C o m p o s i t i o n  o f  th e  v o la t i le  n o n - a c id  e x tr a c t* f r o m  s to re d  c a s e in

Compound

Retention time, min
,------------ *------------ >

Ap L C 1540 MS

Odour
con

firmation
% in

extract
Ethyl acetate 2-4 2-0 + + T5
2,3-Butadione 2-4 + + 1-5
3-Methyl butanal 4-3 3-2 + + 1-5
n-Pent anal 4-6 3-5 + + 1-0
Dimethyl disulphide 6-9 5-5 + + 4-0
Butanol 14-0 + 0-5
Pentanol 7-6 18-5 + 4-5
Hexan-2-one 7-9 + tr
Hexanal 8-3 12-5 + + 5-5
Toluene 8-6 + 1-0
Heptan-2-one 14-5 34-2 + + 1-4
Heptanal 15-0 14-8 + + 4-2
Furfural 15-0 34-2 + + 1-4
Hexanol 28-8 + 2-5
Ethyl benzene 15-0 t tr
Dimethyl benzene 16-5 t tr
Methional 18-5 t + tr
Methyl furyl ketone 20-2 37-0 + 0-5
Octan-2-one 23-6 23-0 + + 1-4
Methyl furfural 24-0 + 1-4
Benzaldehyde 23-8 38-2 + + 34-5
Octanal 24-6 23-5 + + 21
Benzonitrile 24-8 + 0-5
Terpene 310 t tr
Nonan-2-one 32-3 31-0 + + 2-4
Acetophenone 330 46-0 + 0-5
Nonanal 33-7 31-3 + + 8-3
Phenylacetaldehyde 34-7 + + 0-5
Decan-2-one 40-7 -1- 1-4
Decanal 42-3 + 1-0
a-Terpineol 44-2 49-5 + + 1-2
Naphthalene 46-3 50-3 + 1-3
Undecan-2 - o ne 48-9 44-5 + 1-4
Undecanal 50-4 t 0-5
Methylnaphthalene 55-5 t tr
D o decan- 2 - one 56-5 + 0-5
Dodecanal 58-0 t 0-5
Tridecan-2-one 63-5 56-7 + 2-5
Tridecanal 65-0 t tr
Trimethylnaphthalene 730 t tr
Benzthiazole 63-0 + _u 2-5
Phenol 68-2 + + 1-5

* See p. 216. f  Not positively identified by MS but spectra similar.
+  Positive identification in MS.

I d e n t i f i c a t io n  o f  c o m p o n e n ts  o f  th e  n o n - v o la t i le  n o n - a c id  f r a c t i o n ,  
a n d  th e i r  r e le v a n c e  to  g lu e y  f l a v o u r

During the isolation of flavour components by method B, the residual steam- 
distillate, after removal of volatiles by reflux concentration, contains the non
volatile fraction. The non-acid non-volatile extract from stored casein was analysed
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by combined G C /M S using column 2 and its composition is shown in Table 3. These 
components increased on storage, from negligible quantities in fresh casein to about 
1-5 /ig/g in badly deteriorated casein.

Only one of these components, o-aminoacetophenone, was examined organoleptic
ally as Parks e t a l . (1964) found that it was an important constituent in the flavour of 
stale skim-milk powder. In 1 % sodium caseinate solution, it had a threshold of
3-10 parts in 109 (i.e. 0-3-1-0 ppm on the casein) and the panel were divided in their 
opinions—some thought it gluey while others described it as fruity, like grapes. 
It was also observed that the flavour of a solution of slightly gluey caseinate was 
intensified by subthreshold concentrations of o-aminoacetophenone (about 1 in 109).

Table 3. C o m p o s i t i o n  o f  th e  n o n - v o la t i le  n o n - a c id  e x tr a c t* f r o m  s to r e d  c a s e in

O f f - f l a v o u r  i n  s to re d  c a s e in

Compound % in extract

Approximate con
centration in 
casein, ppm

Lower boiling compounds’)* 37 0-6
2-Furfurol 25 0-4
Benzyl alcohol 10 0-2
Cresol 4 0-1
Phenol 8 0-2
Benzthiazole 4 0-1
o-Aminoacetophenone 4 0-1

* See p. 216.
f  Including benzaldehyde, furfural, alkanals, alkan-2-ones and terpenes.

S in ce  th is  c o m p o u n d  w a s  n o t  iso la te d  in  q u a n t i t ie s  a b o v e  th re s h o ld  a n d , m o re o v e r, 
s in ce  v o la tile  f ra c tio n s  w ere  iso la te d  w h ich  c o n ta in e d  n o n e , i t  is u n lik e ly  to  m a k e  a n  
e s se n tia l c o n tr ib u t io n  to  th e  g lu e y  f la v o u r. H o w e v e r , i t  is  c lea r  f ro m  th e  f la v o u r  t r ia ls  
t h a t  i t  h a s  so m e g lu e y  c h a ra c te r  a n d  c a n  e x e r t  a  sy n e rg is tic  o r  p o te n t ia t in g  e ffec t o n  
th e  o th e r  c o m p o n e n ts  o f  th e  f lav o u r.

DISCUSSION

T h e  o r ig in  o f  th e  f l a v o u r  c o m p o n e n ts

The range of compounds identified suggests that there are at least 2 degradative 
processes operating during the storage of casein—lipid oxidation and non-enzymic 
browning. The acids, alkanals, alkan-2-ones and alkanols are all common products 
of lipid oxidation and are likely to result from the degradation of the small amount 
(1-2 %) of milk fat remaining in commercial casein. Diacetyl and the furan derivatives 
are sugar fragmentation products occurring during non-enzymic browning while
3-methylbutanal, methional and phenylacetaldehyde can be formed during this 
reaction from leucine, methionine and phenylalanine.

The source of the major non-acid component, benzaldehyde, is unknown although 
it has been found as a product of the caramelization of sugars (Hodge, 1967). Small 
amounts of benzaldehyde are often found in dairy products but the present findings 
and those of Scanlan, Lindsay, Libbey & Day (1968) both suggest that it is formed 
during storage. Work in our laboratory has shown that benzaldehyde, as well as 
phenylacetaldehyde, is formed during reaction of phenylalanine/lactose mixtures.
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Moreover, if the reaction is continued benzaldehyde becomes the major product and 
the amount of phenylacetaldehyde is reduced. This apparently indicates that 
benzaldehyde can be formed from the phenylalanine residue as well as the sugar 
molecule in non-enzymic browning.

o-Aminoacetophenone is likely to be formed by breakdown of trvptoph an. Attempts 
to produce it by simple browning reaction of tryptophan and lactose have failed so 
far but tryptophan was easily degraded to o-aminoacetophenone in the presence of 
oxidizing agents such as periodate. Indole and other compounds were also produced. 
Thus, it is possible that the aminoacetophenone is produced by oxidation of the 
tryptophan coupled to the oxidizing lipid system, possibly in some free radical 
mechanism.

The results support the hypothesis put forward by Henry e t a l . (1948) and by 
Radema (1954) on chemical evidence that mechanisms of oxidation and browning 
are both operating in whole-milk powder and the final flavour depends on which 
reaction is dominant.

The involvement of the early stages of the non-enzymic browning reaction is 
supported by organoleptic evaluation of casein preparations of varying lactose con
tent. Removal of most of the lactose inhibits the development of gluey flavour 
although Nakanishi & Itoh (1967) were able to form some carbonyl compounds by 
heating carefully purified casein, presumably by reaction of the protein with bound 
carbohydrate.

T h e  f l a v o u r  o f  g lu e y  c a s e in

Fresh commercial casein usually has a relatively bland, clean flavour and a steam 
distillate contains only very small amounts of flavour components. On storage, the 
flavour becomes gluey and the steam-distillate contains 25-30 /ig of volatile com
ponents per g of casein. It is difficult to assess the relative amounts of the 3 fractions 
but an average breakdown might be 20 /ig of acid fraction, 5 /¿g of volatile non-acid 
fraction and 1-5 /ig of non-volatile non-acid fraction. The main efforts of identifica
tion have been concentrated on the volatile non-acid fraction as organoleptic evalua
tion indicated that most of the flavour was associated with this fraction. The acid 
fraction had no relevance but the non-volatile non-acids made some contribution to 
the overall flavour. This is in accord with the evidence (Nawar e t a l . 1963; Kurtz, 1965) 
that flavour components of high and low volatility are present in stored milk systems.

Most of the compounds identified have been isolated previously during one or other 
of the many investigations of dairy products and the specific gluey flavour seems 
more a result of a different quantitative balance of components than the effect of any 
one compound. The alkanals formed 20-25% of the non-acid volatile fraction— 
equivalent to about 1 ppm on the casein.

The results suggest that the overall gluey flavour is compounded of the flavour of 
n-alkanals and furan derivatives with some synergistic effect from o-aminoaceto
phenone. It is possible that other compounds isolated such as the higher alkan-2- 
ones, 2-furfurol, benzaldehyde and benzthiazole may make a contribution to the 
flavour. While more complex mixtures of these isolated compounds will, in time, 
be evaluated organoleptically, adding to our knowledge of the flavour, the work 
already done appears to point clearly enough to the chemical reactions which must 
be suppressed in practice if gluey flavour is to be eliminated from casein.
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S t o r a g e  o f  c h i l l e d  c r e a m  i n  r e l a t i o n  t o  b u t t e r  q u a l i t y

By a . k . r . m c d o w e l l

N e w  Z e a la n d  D a i r y  R e s e a r c h  I n s t i t u t e ,  P a lm e r s to n  

N o r th ,  N e w  Z e a la n d

(R e c e iv e d  23 O cto b er  1968)

S u m m a r y . The quality of fresh and stored butter made from chilled cream collected 
over 3 days and stored either by accumulation in a vat or by separate storage of each 
batch was compared with that of butter made from unchilled cream collected over 
one day.

Provided each batch of cream after separation at 85 °F was cooled to 55 °F before 
addition to the vat, accumulation of cream at either 40 or 48 °F gave butter similar 
in quality to the control butter. Butter from cream cooled to 55 °F and held at this 
temperature, however, was slightly inferior in quality. The addition of the cream to 
the vat with no cooling, or cooling only to 70 °F, after separation gave butter of 
inferior quality due to rancid or stale flavours.

Butter from cream cooled either to 70 or 50 °F before storage of each batch in 
separate containers at either 40 or 50 °F was only slightly inferior in quality and in 
keeping quality to the control butter.

D e fe c ts  in  th e  ch illed  c re a m  b u t te r s  a p p e a re d  to  b e  d u e  to  lip o ly s is  c a u se d  e i th e r  
b y  a c t iv a t io n  o f  th e  n a tu r a l  lip a se  o f  th e  c re a m  o r b y  lip o ly tic  b a c te r ia  o r  b o th .

Previous work at this Institute showed that the flavour of butter from chilled milk 
accumulated and stored over 3 days before separation and pasteurization of the 
cream was similar or even (with poor quality milk) superior to that of butter from 
unchilled milk collected only over one day before separation and cream pasteuriza
tion (McDowell, 19646). Since under certain circumstances it might be preferable to 
separate the fresh milk and store the raw cream on the farm, the effect of holding 
chilled cream on the quality of the butter was investigated and the results are pre
sented in this paper.

Several investigators (Fouts, 1940; Peters, Kester & Nelson, 1953; Crowe, 1955; 
Garrison, 1957) have shown that holding of cream for several days at temperatures 
between 38 and 55 °F causes lipolysis and that the extent of lipolysis usually is 
greatest at 38-40 °F and decreases with increasing temperature. Garrison (1957) 
found that the fat hydrolysis at 40 °F was due mainly to the action of the natural 
lipase of milk but that at 45-50 °F lipolytic bacteria also played a part. Fouts (1940) 
and Peters e t a l . (1953) considered, however, that even at 38-41 °F microbial lipases 
were of equal or greater importance than the milk lipase in promoting lipolysis.

If cold milk or cream is warmed and recooled, the activity of lipase is greatly 
stimulated (Krukovsky & Herrington, 1939; Krukovsky & Sharp, 1940). Thus, the
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addition of warm cream to cream stored at refrigeration temperatures and recooling 
of the mixture would, presumably, have the same effect (McDowall, 1953). Garrison
(1957), however, reported that lipolysis was no less after precooling cream to the 
storage temperature than it was after the addition of warm cream.

Garrison (1957) also showed that butter made from cream with a bitter or 
‘unclean’ flavour from fat hydrolysis would itself also be graded as ‘unclean’. He 
concluded that if the off-flavour from lipolysis was considered more objectionable than 
that from acid fermentation then the cream should be stored at 55-60 °F. At this 
temperature, not only is the action of milk lipase retarded but also acid production 
by other micro-organisms ensures that the growth of lipolytic bacteria is inhibited.

In a report on Australian research work (Gunnis & Loftus Hills, 1965) atemperature 
of 50 °F was recommended for farm storage of cream. In New Zealand, Burnett 
(1967) reported on a trial covering a number of farms where the cream from each 
milking over 2 days was held in separate cans in a trough at 40 °F. This treatment 
had no effect on the quality of the cream which was usually graded as ‘finest’.

EXPERIMENTAL

Good-quality milk which had been water-cooled over a surface cooler was collected 
from one or more farms immediately after each milking over a period extending from 
the evening milking on one day to the morning milking 3 days later. The milk arrived 
at the Institute experimental factory at temperatures ranging from 65 to 80 °F and 
was at once warmed to 85 °F and separated. The cream, uncooled or cooled to a 
selected temperature, was divided into 2 or 3 portions and stored either by accumula
tion in a vat or in separate containers at 2 (or 3) different temperatures. After 3 dajrs 
the bulk cream stored at each temperature was neutralized, pasteurized, held over
night and then churned under conditions described in a previous paper (McDowell, 
19646). Two 56-lb boxes of butter from each churning were stored at 14 °F and with
drawn for grading, one after 4 months and the other after 8 months. The fresh and the 
stored butters were scored and classified by Department of Agriculture butter 
graders in accordance with the official procedure, in to: finest (93 points and over); 
first grade (90 points and under 93) and second grade (80 points and under 90).

Tests for peroxide value (cf. Holloway, 1966) and for free fat acidity (see below) 
were carried out in the laboratory on the butterfats obtained from the fresh and the 
stored butters after melting the butter, centrifuging, decanting the fat and filtering 
at 40 °C.

The free acidity of the fat in the cream was measured after extracting a mixture 
of 14 ml of diluted cream (10 ml diluted to 70 ml with water), and 14 ml of neutralized 
rectified spirit (90 % ethanol) with 20 ml of 2:3 diethyl-ether-light petroleum 
mixture. After centrifuging, 15 ml of the ether layer was withdrawn, 7-5 ml of 
neutralized rectified spirit added and the mixture titrated to the phenolphthalein 
end-point with 0-025 N-alcoholic potash. The acidity of the butterfat from the 
melted butter was obtained by bringing to the boil a mixture of 10 g butterfat and 
50 ml neutralized rectified spirit and titrating to the phenolphthalein end point with 
0-1 N caustic soda. All fat acidity results were recorded as ml of N alkali/100 g of fat.

S m all sa m p le s  fo r  b a c te rio lo g ic a l a n a ly s is  w ere  ta k e n  f ro m  th e  b u lk  c re a m  a f te r
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storage and also, when the cream was stored in separate containers (see project C 
below), from the first batch of cream just before it was mixed with the later batches 
to make up the bulk cream. Plate counts were determined on standard milk agar 
after incubation at 30 °C for 2 days. The milk agar contained (% w /v): yeast extract, 
0-2; peptone, 0-5; agar, 1-0; fresh whole milk, TO. The constituents were dissolved in 
distilled water and the pH value adjusted to 7-0 before dispensing in 10 ml quantities 
and autoclaving at 15 lb/in.2 for 15 min. Methylene blue reductase tests on the cream 
were carried out according to the method described in the New Zealand Food and 
Drug Regulations (New Zealand Government, 1946). The concentration of methylene 
blue was 10 times that specified for milk.

Studies were made of the effects of cooling cream to various temperatures after 
separation, of different holding temperatures and of storage of all the cream collected 
over 3 days in one vat or in separate containers for each milking. The various pro
jects are described in more detail below.

P r o je c t  A  (4 tr ia l s ) .  The uncooled cream after separation was divided into 3 portions 
and transferred to refrigerated vats at 40, 48 and 55 °F. A ‘ control ’ cream was pre
pared by combining half the milk (held overnight) from the penultimate milking with 
half the milk from the final milking, pasteurizing at 162 °F for 15 sec, cooling to 85 °F 
for separation and then cooling the cream to 40 °F. The control cream and the 
3 experimental creams were all held a further 24 h at their respective storage tempera
tures before neutralizing and pasteurizing.

P r o je c t  B .  The separated cream was cooled either to 70 °F (5 trials) or to 55 °F 
(5 trials) before dividing into 3 portions and transferring to refrigerated vats at 40, 
48 and 55 °F. Soon after the addition of the final batch of cream, the bulk cream 
from each vat was neutralized, pasteurized, cooled and held for churning on the 
following day. A ‘ control ’ cream was obtained after separating the mixed (unchilled) 
milks from the evening milking on the fourth day and the morning milking on the 
fifth day of the trial. Pasteurization and churning of this cream was therefore carried 
out one day later than the same operations on the experimental creams.

P r o je c t  C . After separation, each batch of cream was cooled either to 70 °F 
(4 trials) or to 55 °F (4 trials) and then divided into 2 portions and each portion run 
into an empty can held in a water tank maintained at either 40 or 50 °F. Thus, at the 
end of the collection period (cream received from the evening milking to the morning 
milking 3 days later) there were 6 cans in each tank. The cream from each tank was 
mixed in the neutralizing vat, neutralized, pasteurized and churned. A ‘control’ 
butter was obtained under the conditions described for project B.

C r e a m  s to ra g e  a n d  b u t t e r  q u a l i t y

RESULTS

All the butters were low—0-08 ppm or under—in copper content. Since, also, there 
were only small increases in peroxide value of the butterfat after 4 or 8 months’ 
storage any defects in flavour of the stored butters were unlikely to have been due to 
fat oxidation (McDowell, 1964a).

P r o je c t  A .  The addition of the earlier batches of cream at 78-84 °F to the vat at 
40 °F increased the temperature of the chilled cream already present by as much as
10-15 °F. The rise in temperature became smaller as further batches were added.
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Corresponding but smaller rises also occurred in the vats at 48 and 55 °F. Average 
results for the bulk creams for titratable acidity (as lactic acid) and for flavour are 
shown in Table 1. The creams from the 40 and 48 °F-vats were low in acidity and 
were usually described as ‘stale’ in flavour, whereas the cream from the 55 °F-vat 
was high in acidity and ‘acid and unclean’ in flavour. Unfortunately, there are no 
results for free fat acidity nor for bacterial counts or reductase times of these creams. 
Results for the butterfats from the butters (see Table 1) indicate, however, that the 
fat acidities for all 3 vats would have been much higher than that of the control cream 

Average results for the butters are also shown in Table 1. The increase in fat 
acidity of butters from all 3 cream storage temperatures in comparison with the 
control butter apparently was great enough to cause stale and unclean flavours in all 
the fresh butters and rancid, stale and unclean flavours after storage.

Table 1. E f f e c t  o f  a c c u m u la t io n  a n d  s to ra g e  o v e r  3  d a y s  (a n d  s to ra g e  f o r  a  f u r t h e r  d a y ) 
o f  c r e a m  (u n c o o le d  a f t e r  s e p a r a t io n ) a t  40, 48 a n d  5 5  ° F  o n  th e  q u a l i t y  o f  th e  h u lk  c r e a m  

a n d  o f  th e  f r e s h  a n d  th e  s to re d  b u tte r

Cream
temp. Holding vat temp., °F
into r A ---------- \

holding vat, 40 48 55
°F Control

78-84 Cream Titratable acidity 0-12 0-14 0-31 0-08
(as lactic acid %)

Grading Stale Stale Unclean Clean
and acid

Butter Free fat acidity 1-16 1-31 0-99 0-43
of butterfat

Average grade score (1) (1) (1)
Fresh 92-6 92-1 92-0 93-5

(2) (2) (2)
4 months 90-8 89-6 92-3 93-3

(2) (2) (2)
8 months 90-9 89-3 89-9 931

(1) Stale or ‘unclean’ flavour
(2) Rancid, stale or ‘unclean’ flavour

P r o je c t  B .  With cooling of the cream to 70 °F after separation, the rise in tempera
ture of the mixed cream vats at 40 and 48 °F after the addition of the earlier batches 
was 5-10 °F but only 3-5 °F in the vat at 55 °F. The average titratable acidity results 
for all 3 bulk creams were low but the reductase times decreased as the storage 
temperature rose (Table 2). The fat acidities were quite high for all 3 creams and 
‘stale’ and ‘slightly rancid’ flavours were predominant.

Cooling of the separated cream to 55 °F reduced the rise in temperature of the vats 
to only 3-6 deg F in the 40 and 48 °F-vats and to nil in the 55 °F-vat. The average 
titratable acidities of the bulk creams once again were quite low but there were 
considerable increases in bacterial population and decreases in reductase times as the 
storage temperature rose (Table 2). Slight stale flavours were again detected in the 
creams stored at 40 and 48 °F and unclean, slightly acid flavours at 55 °F.
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Results for the butters (Table 2) show th a t increases in fat acidity for the chilled 
cream butters from cream cooled to  70 °F after separation were not as great as in 
project A but rancid, stale and unclean flavours were still evident in the fresh and 
the stored butters with corresponding losses in grading points. B utter from cream 
cooled to 55 °F before storage a t 40 or 48 °F showed only small increases in fat 
acidity and was graded ‘ finest ’ with a grading score only slightly below th a t of the 
control butter even after 8 months storage (see Table 2). The butter from cream 
stored a t 55 °F, however, showed a slightly greater increase in fat acidity and was 
graded only as ‘first’ because of unclean or off-flavours.

Table 3. Effect of collection and storage in separate containers over 3 days of cream 
{cooled to either 70 or 50 °F after separation) at 40 or 50 °F on the quality of the hulk 
cream and of the fresh and the stored butter

Cream Holding temp, for
temp. cans, °F

into cans, ,--------------- *--------------- ^
°F 40 50 Control

70 Cream Titratable acidity, as lactic acid % 0-115 0-12 0-105
Beduetase time, h 5 3 5
Plate count in millions/ml 0-25-2 5-179 0-07-11
Free fat acidity of extracted fat 1-65 1-55 1-00
Grading Fairly clean Fairly clean Clean

Butter Free fat acidity of butterfat 0-87 0-72 0-63
Average grade score: fresh 93-5 93-6 93-7

4 months 93-3 93-3 93-6
8 months 93-2 (1) 93-0(1) 93-5

50 Cream Titratable acidity, as lactic acid % 0 - 1 1 0-125 0-10
Reductase time, h 5 4 5
Plate count in millions/ml 0-5-2 14-47 0-4-3
Free fat acidity of extracted fat 1-80 1-58 1-32
Grading Clean Clean Clean

Butter Free fat acidity of butterfat 0-80 0-77 0-64
Average grade score: fresh 93-2 93-4 93-7

4 months 93-2 93-4 93-5
8 months 93-1 (1) 93-2 (1) 93-5

( 1 ) Less attractive flavour than control butter.

Project C. Irrespective of the tem perature of cooling after separation, the bacterial 
counts for the bulk creams from storage at 50 °F were higher and reductase times 
were lower than  those for the bulk creams from storage a t 40 °F or for the control 
creams (Table 3). Free fat acidities were higher for the stored than  for the control 
creams but the stored creams were all clean or fairly clean in flavour. I t  should be 
noted th a t the fat acidities of the control creams and of the butterfats from the control 
butters were considerably higher than  those for the controls in projects A and B 
(compare Table 3 with Tables 1 and 2). One possible explanation is th a t in project C 
the proportion of Friesian compared with Jersey cows supplying the milk was much 
higher than in projects A or B.

Tests were also carried out after 2 | days of storage on the first batch of cream 
received in each trial. Usually it  was higher in bacterial count, lower in reductase



time and higher—often considerably higher—in fat acidity than  the bulk cream of 
which it eventually formed a part.

The butters even though they were higher in fat acidity than  the controls were all 
graded finest bu t were less attractive than  the control butters (see Table 3).

DISCUSSION

Despite large increases in total bacterial population of the bulk creams after holding 
or accumulating cream at the higher tem peratures (50 or 55 °F), the titratable 
acidities showed only small increases (0-0-06 %) compared with the control creams, 
with the exception of th a t of the 55 °F-vat in project A. The high acidity in this va t 
(0-31 %) could have been due to the fact that, in project A, after the addition of the 
final batch all the vats of cream were held a t their respective temperatures for a 
further 24 h before pasteurizing.

F a t  h y d ro ly s is  in  c re a m  s to re d  a t  38-60 °F  is d u e  p a r t l y  to  b a c te r ia l  lip a se s  a n d  
p a r t ly  to  n a tu r a l  lip a se  (F o u ts , 1940; P e te rs  et al. 1953; G a rriso n , 1957) a n d  i t  a p p e a rs  
p ro b a b le  t h a t  in c re a se s  in  fre e  f a t  a c id i ty  in  c re a m  a c c u m u la te d  a t  40, 48 a n d  55 °F  
o v e r 3 d a y s  w ere  d u e  to  b o th  th e s e  causes. S ince , a lso , th e  fre e  f a t  a c id it ie s  o f  th e  
c re a m s a n d  b u t te r f a t s  (fro m  b u tte r s )  f ro m  c re a m  coo led  to  55 °F  w ere  lo w er th a n  
th o s e  f ro m  c re am  coo led  o n ly  to  70 °F  (p ro je c t B), i t  m a y  b e  in fe r re d  t h a t  s t im u la tio n  
o f  th e  n a tu r a l  lip a se  b y  th e  a l te r n a te  w a rm in g  a n d  coo ling  re s u lt in g  f ro m  th e  a d d i t io n  
o f  e a c h  n e w  b a tc h  o f  c re a m  w o u ld  a lso  a c c o u n t fo r  som e f a t  h y d ro ly s is  in  a ll th e  v a t s  
o f  a c c u m u la te d  c re a m , w ith  th e  e x c e p tio n  o f  t h a t  a t  55 °F  fro m  coo ling  o f  c re a m  to  
55 °F .

The results indicate th a t provided each batch is cooled to 55 °F after separation, 
cream accumulated in one vat over 3 days a t a tem perature of either 40 or 48 °F will 
give a finest grade butter. Due possibly to  large increases in to tal numbers of 
bacteria in addition to lipolysis, accumulated cream stored at 55 °F appears, however, 
to  give a poorer quality butter.

W ith separate storage of each batch of cream, the bulk cream from storage at 
either 40 or 50 °F was still higher in fat acidity than the control cream. Since the 
first batch of cream received in each trial showed evidence of lipolysis after 2\ days 
storage, it may be inferred th a t the second and possibly the third batch also showed 
increases, though to a lesser extent, in fat acidity so th a t the value for the bulk 
cream from all 6 batches was higher than  th a t of the control cream held only for 
one day.

The tem perature to which the cream is cooled before storage of each batch in 
separate containers appears, in contrast to th a t of the accumulated cream, to  be 
unim portant. B utter from cream cooled to either 70 or 50 °F and held a t either 40 or 
50 °F was graded finest bu t was described as less attractive in flavour than  the 
control bu tter—possibly because of slight lipolysis. Burnett (1967) already has shown 
th a t cream run into cans a t temperatures as high as 84 °F after farm separation and 
stored a t 40 °F was almost invariably graded finest after 2 days storage. In  view, 
however, of the effect of slight hydrolysis of the fat on the quality of the cream and 
the butter reported in the present investigation, the extension to  3 days in the 
storage time of cream uncooled after separation should be approached with some 
caution.

C r e a m  s to ra g e  a n d  b u t t e r  q u a l i t y  231
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C o n d itio n s  in  th e  t r ia ls  d e sc r ib e d  in  th e  p re s e n t  p a p e r  w ere  n o t ,  o f  cou rse , id e n tic a l  
w ith  th o s e  fo r  fa rm  s to ra g e  o f  c re a m  sin ce  th e  m ilk  w as  w a te r-c o o le d  o n  th e  fa rm  a n d  
re w a rm e d , p o ss ib ly  w ith  som e s t im u la tio n  o f  lip ase , a t  th e  f a c to ry  fo r  s e p a ra tio n .  
O n  th e  o th e r  h a n d , th e  b u lk  c re a m  w as  n e u tra l iz e d  a n d  p a s te u r iz e d  so o n  a f te r  th e  
s e p a ra tio n  o f  th e  f in a l b a tc h  w h e re a s  w ith  fa rm  c re am  th e  d e la y  b e tw e e n  th e  t im e  
th e  c re a m  le av e s  th e  fa rm  a n d  th e  c o m m e n c e m e n t o f  f a c to ry  t r e a tm e n t  co u ld  b e  
q u ite  c o n s id e rab le  w ith  a  c o n s e q u e n t r ise  in  te m p e r a tu re  a n d  a  p o ss ib le  in c re a se  in  
f a t  a c id ity .

T h e  a u th o r  th a n k s  D r  R . M. D o lb y  fo r  a d v ic e  a n d  c rit ic ism  a n d  M essrs B . S. 
L e  H e ro n  a n d  R . W . R u sse ll fo r  su p e rv is in g  th e  t r e a tm e n t  o f  th e  c re a m s a n d  th e  
m a n u fa c tu re  o f  th e  b u t te r .
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M e t a b o l i s m  o f  [ U - 14C ] d - f r u c t o s e  b y  t h e  i s o l a t e d  p e r f u s e d  u d d e r

By R . V E R B E K E , A N N E -M A R IE  M A S S A R T -L E E N  
a n d  G . P E E T E R S

Physiological Department of the Veterinary College,
University of Ghent, Belgium

{Received 25 October 1968)

S u m m a r y . A  la c ta t in g  m a m m a ry  g la n d  o f  a  sh e e p  a n d  a  g o a t  w ere  p e r fu s e d  fo r  
s e v e ra l h o u rs  in  th e  p re se n c e  o f  [U -14C ]D -fruc to se  a n d  re c e iv e d  a d e q u a te  q u a n t i t ie s  
o f  a c e ta te ,  g lu co se  a n d  a m in o  ac id s .

I n  b o th  e x p e r im e n ts , th e re  w a s  a  sm a ll in c o rp o ra t io n  o f  14C in  th e  e x p ire d  C 0 2. 
S m a lle r  r a d io a c tiv it ie s  w ere  m e a s u re d  in  m ilk  c i tr ic  a c id , la c to se , ca se in  a n d  f a t ,  th e  
a c tiv i t ie s  d e c re a s in g  in  t h a t  o rd e r . T h e  specific  a c tiv i t ie s  o f  th e  a m in o  a c id s  f ro m  o n e  
ca se in  h y d ro ly s a te  w ere  d e te rm in e d . T h e  h ig h e s t r a d io a c tiv it ie s  w ere  fo u n d  in  
a la n in e  a n d  s e r in e ; m e th io n in e , g lu ta m ic  a c id  a n d  a s p a r t ic  a c id  sh o w ed  a  sm a lle r  
in c o rp o ra t io n  o f  14C.

T h e se  r e s u l ts  in d ic a te  t h a t  f ru c to se  is  m e ta b o liz e d  o n ly  to  a  v e ry  l im ite d  e x te n t  
b y  th e  m a m m a ry  g la n d . T h e  r e la t iv e  d is t r ib u t io n  o f  14C o b se rv e d  a m o n g  th e  d if 
f e re n t  su b s ta n c e s  iso la te d  m a y  b e  e x p la in e d  b y  a  d ire c t  s p l i t t in g  o f  f ru c to se  in to  tw o  
C3-fra g m e n ts , g ly co ly s is  a n d  m e ta b o lis m  v ia  th e  K re b s  cycle .

Fructose is a minor component in the blood plasma of ruminants. Determinations 
carried out on samples of venous blood plasma from the mammary gland of lactating 
cows showed a mean concentration of 1-2 mg % fructose compared to 70m g%  
glucose (Heyndrick & Peeters, 1960).

T h e  m e ta b o lism  o f  [U -14C ]fru c to se  in  i n ta c t  d a i ry  cow s w as  s tu d ie d  b y  L u ic k , 
K le ib e r , L u c a s  & R o g e rs  (1957). A fte r  in tr a v e n o u s  in je c t io n , [U -14C ]fru c to se  d is 
a p p e a re d  r a p id ly  f ro m  th e  p la s m a  a n d  th e re  w as  a  s im u lta n e o u s  rise  in  14C in  th e  
p la s m a  g lucose . F ro m  th e  r e la t iv e  14C in c o rp o ra t io n  in  th e  d if fe re n t m ilk  c o n s t i tu e n ts  
a n d  th e  m o re  r a p id  a p p e a ra n c e  o f  14C in  e x p ire d  C 0 2, a s  c o m p a re d  w ith  s im ila r  
e x p e r im e n ts  w ith  [U -14C ]glucose, i t  w as  co n c lu d e d  t h a t  a b o u t  50%  o f  th e  f ru c to se  
c a rb o n  w a s  tr a n s f e r r e d  to  C 0 2 a n d  m ilk  p ro d u c ts  w i th o u t  p a s s in g  th r o u g h  th e  
p la s m a  g lu co se  pool.

In fu s io n  o f  [U -14C ]fru c to se  in to  th e  c is te rn  o f  th e  m a m m a ry  g la n d  (L u ick , K le ib e r  
& L u c a s , 1959) p ro d u c e d  th e  h ig h e s t  specific  a c t iv i ty  in  14C 0 2 o f  th e  m ilk  fo llo w ed  
b y  d e c re a s in g  a c tiv i t ie s  in  c i tr ic  ac id , m ilk  p ro te in , la c to s e  a n d  m ilk  f a t .  T h e  specific  
a c t iv i ty  o f  m ilk -C 0 2, c i t r a te  a n d  m ilk  p ro te in  f ro m  th e  in je c te d  q u a r te r  w as  s e v e ra l 
t im e s  h ig h e r  th a n  th e  c o rre sp o n d in g  a c tiv i t ie s  f ro m  th e  n o n - in je c te d  q u a r te rs .  S ince  
th e  specific  a c t iv i ty  o f  la c to s e  w as  a b o u t  th e  sa m e  in  a ll q u a r te r s ,  i t  w as  c o n c lu d e d  
t h a t  f ru c to se  w as  n o t  a c tin g  a s  a  p re c u rs o r  o f  la c to se  w ith in  th e  g la n d .
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These experiments suggested th a t fructose may be metabolized in the mammary 
gland by a mechanism different from th a t observed with the in tact lactating cow. 
Since fructose metabolism may proceed via different pathways, depending on the 
mammalian tissue studied (Hers, 1955), perfusion experiments with [U-14C]fructose 
on isolated udders were conducted to provide more information on the metabolism 
of this precursor in this organ.
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EX PER IM EN TA L

Two perfusion experiments were carried out. For the first experiment, a mammary 
gland was taken from a sheep, and for the second a mammary gland was taken from 
a goat. The techniques used for the preparation and perfusion have been described 
previously (Verbeke, Peeters, Massart-Leën & Cocquyt, 1968). The glands were 
perfused with heparinized sheep or goat blood containing 1 mg BOL (bromolysergic 
acid diethylamide; Sandoz, Switzerland)/1.

In  the sheep experiment, 350mg d-fructose + 50/iC [U-14C]D-fructose (Commissariat 
à l’Energie Atomique, Saclay, France) were dissolved in 0-9% (w/v) NaCI (specific 
activity: 355 nC/mg fructose-C). One hour after the onset of perfusion, 2-8 /¿C 
[U-14C]fructose were added to the perfusion blood by way of the artificial lung and 
25-8 /iC to the fluid of the artificial kidney as a priming dose. 21-4 juC were added to 
200 ml substrate solution containing glucose, acetate and amino acids. During the 
experiment, the substrate solution was infused continuously a t a rate of 12-33 ml/h. 
Intestinal lymph, collected through a fistula from the intestinal lymph duct of a 
sheep, was infused at a rate  twice th a t a t which milk was produced. The purpose of 
the lymph infusion was to  improve milk-fat synthesis (Lascelles, Hardwick, Linzell & 
Mepham, 1964) since lymph is very rich in chylomicra.

In  the goat experiment, 100 /iC [U-14C]d-fructose (The Radiochemical Centre, 
Amersham, England) and 350 mg D-fructose were dissolved in 0-9 % NaCI (specific 
activity : 710 nC/mg of fructose-C). As compared to  the sheep experiment, the priming 
dose was doubled and intestinal lymph was not added to the perfusate.

After administration of the isotope-labelled fructose the sheep experiment was 
continued for 8 h and the goat experiment for 10 h. The quantitative analysis of the 
milk components and the determination of the 14C 02 production during the experi
ment were carried out as described by Verbeke et al. (1968). The conditions employed 
for hydrolysis of casein and chromatographic separation of the amino acids were as 
described by Verbeke, Lauryssens, Peeters & James (1959).

Triglycerides were obtained from crude milk fat after adsorption chromatography 
on Florisil (Hopkins and Williams Ltd.) (Carroll, 1961). After transesterification of 
the triglycerides, the fa tty  acid methyl esters were extracted with diethylether and 
the glycerol isolated as its trinitrobenzoate (Wood, Joffe, Gillespie, Hansen & 
Hardenbrook, 1958). Fructose and glucose were isolated from 10-ml samples of 
plasma collected from the artery and vein a t different time intervals during per
fusion. Following precipitation of the proteins (Somogyi, 1945) 95-99%  of the 
glucose was oxidized to  gluconic acid by incubation with glucose oxidase for 2 h  a t 
37 °C a t pH  5-8 and in presence of 0 2. After adsorption of the gluconic acid on a 
1 x 3-cm column Dowex 2, HCOg form (Fluka, A. G., Germany), the eluate was 
lyophilized. Fructose and residual glucose were isolated as their borate complexes
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by column chromatography on Dowex 2 (Walborg, Christensson & Gardell, 
1965).

The radioactivities of the water-soluble compounds were measured by liquid 
scintillation counting as described by Verbeke, Feteanu & Peeters (1967). The milk 
fat derivatives were measured by liquid scintillation counting after the addition of 
15 ml toluene containing 0-5% di-methyl POPOP and 5%  PPO.
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R ESU L TS

Composition of milk. In  its fat, lactose and protein fractions the composition of the 
milk obtained during the perfusions was not different from th a t observed for milk 
from intact animals in the week preceding the experiments. In  both experiments the 
citric acid content was somewhat higher in the milk collected during perfusion.

Specific activities of plasma sugars. In  the goat experiment, fructose was isolated

Fig. l
Time of perfusion, h 

Fig. 2

Fig. 1. Perfusion of a sheep mammary gland with [U-14C]D-fructose. The gland weighed 770 g 
and yielded 19-7 ml milk/h before the experiment (average for 8 days, shown as 100%). The 
infusion of substrates in presence of [U-14C]D-fructose was started at 0 h. The mean blood flow 
during perfusion was 29 ml per min per 100 g of tissue; the maximal 0 2 consumption was about 
1-3 ml per 100 g per min. (a) Specific activity of expired C02; (6) specific activities of milk com
ponents; (c) hourly milk yield (% of previous hourly yield).
Fig. 2. Perfusion of a goat mammary gland with [U-14C]d-fructose. The gland weighed 1000 g 
and yielded 48-5 ml of milk/h before the experiment (average for 8 days, shown as 100 %). The 
infusion of substrates with [U-14C]D-fructose was started a t 0 h. The mean blood flow during 
perfusion was 24 ml per 100 g per min; the maximal 0 2 consumption was about 1-1 ml per 100 g 
per min. Changes during the course of the perfusion in the specific activities of: (a) substrate 
fructose and plasma fructose; (6) expired C02; (c) milk components; (d) hourly milk yield as a 
percentage of the yield during the previous hour.

15-2



from 3 different collections of plasma. Samples obtained after 4 and 8 h of perfusion 
showed a variation of less than  7 % in the specific activity of the precursor (Fig. 2). 
The specific activity of fructose, isolated from venous plasma after 4 h of perfusion, 
did not differ significantly from th a t of arterial plasma. The specific activity of 
plasma glucose in this experiment varied between 0-10 and 0-15 nC/mg carbon.
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Table 1. Specific radioactivities of milk fat and triglyceride- 
components during perfusion

(Specific radioactivity, pC/mg of C.)

Experiment Sheep Goat

Time of perfusion, h . ..  6 7 8 ' 6 7 8 9

Milk fat 2-0 21 1-6 0-36 061 1-00 1-40
Triglycerides 0-21 0-24 035 0-43 0-77 1-00 1-36
Glycerol 3-2 N.D. 4-5 7-8 9-0 N.D. N.D.
Fatty  acids (methyl- 0-20 0-25 030 017 0-40 0-79 0-90
esters)

N.D. =  not determined.

Table 2. Specific activities of amino acids isolated in casein from milk secreted by
sheep mammary gland after perfusion for 6 h with [U-uC]D-fructose

14C
Isolated Specific activity, recovered in amino-

substance pC/mg of C acids, %

Casein 16-2 + 0-2 98
Alanine 105 + 0-8 16-7
Serine 83-6 + 1-1 22-3
Methionine 44-5 + 2-0 6-2
Glutamic acid 38-5 + 0-2 43-5
Aspartic acid 27-5 + 0-3 8-6
Glycine 2-9±l-2 02
Proline 05  + 05 04
Valine 2-9+ 0-2 1-4
Histidine 3-9 + 06 07

Carbon dioxide. In  the sheep and goat experiment 0-62 and 2-3% of the admini
stered dose, respectively, were recovered as 14C 02 indicating th a t [U-14C]fructose is 
catabolized by the isolated mammary gland. The specific activity of 14C 02 increased 
during both experiments, reaching a constant level in the final 3 h  of perfusion 
(Figs 1, 2).

Synthesis of milk components. In  both experiments, the highest specific activities 
were found in citric acid. The maximum specific activity measured in citric acid was 
about one-fifth to  one-third of the maximum measured in 14C 02 (Figs 1,2).

The increase in time with the specific activities of lactose and casein was very 
similar in both experiments. However, the maximal specific activities of these milk 
components amounted to only one-fifteenth of the specific activity found in 14C 02. 
The specific activity of the crude milk fat was very low in both experiments (Fig. 1 
and Table 1).

Synthesis of fat. Very low specific activities were found in the triglyceride fraction 
(Table 1), the 14C being mainly localized in the glycerol moiety. The radioactivity
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measured in the glycerol fraction was only one-tenth of th a t observed in lactose. 
Similar results were obtained whether lymph was added to the perfusate, as in the 
sheep experiment, or om itted as in the goat experiment.

Synthesis of casein amino acids. Amino acids were isolated from a sample of casein 
obtained from milk secreted in the sheep experiment after 6 h of perfusion. The 
results are shown in Table 2. The highest specific activity was found in alanine, 
followed by serine. The 14C incorporation in these non-essential amino acids was 
of the same order as th a t found in citric acid. A lesser incorporation of 14C was found 
in methionine and glutamic acid, followed by aspartic acid. No appreciable labelling 
was found in any other amino acids.
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DISC U SSIO N

Since the specific radioactivity of plasma fructose and most milk components 
reached a constant value in these experiments (Figs 1, 2), the ratio of the specific 
radioactivity of isolated product to precursor provides a measure of the percentage of 
the product which derived from the precursor. The product quotients, calculated 
from the results, are presented in Table 3.

Table 3. Transfer of UC from [U-uC\d-fructose to carbon dioxide 
and milk constituents

Product quotient (% of product 
formed from precursor)

Experiment Sheep Goat
c o 2 O il 0-16
Citric acid 0 023 0-051
Lactose 0-007 0-013
Casein 0-005 0-014
Milk fat 0-0007 0-0002
Glyceride glycerol 0-001 0-0012
Triglyceride fatty acids 0-0001 0-0001
Casein alanine 0-030 0-100
Casein serine 0-024 0-076
Casein methionine 0-012 0-040
Casein glutamic acid 0-011 0-035
Casein aspartic acid 0-008 0-025

A low product quotient for any milk constituent indicates th a t the perfused 
mammary gland did not readily convert fructose into th a t constituent. I t  should 
be noted, however, th a t the perfusions were carried out in the presence of physio
logical concentrations of blood sugars, since the amount of fructose in the perfusate 
was only about 1 % of th a t of the glucose present.

The relatively high specific activities found in expired C 02, citric acid, alanine and 
serine as compared to  lactose suggest a fructose metabolism in the mammary gland 
directed towards intermediary products favouring the formation of C 02 and citrate 
rather than lactose. A similar pattern  of labelling for milk constituents was observed 
by Luick et at. (1959) after infusion of [U-14C]fructose into the udder cistern of a 
lactating cow. They suggested th a t fructose metabolism in the cow’s udder proceeds 
by a pathway which was first described by Hers & Kusaka (1953) in ra t liver,



according to  which fructose is first phosphorylated to fructose-1-P and then broken 
down into glyceraldehyde and dihydroxy-acetone-P.

The relatively high specific activities found in alanine and serine, isolated from 
casein, as compared to lactose suggests th a t in the present experiments fructose was 
also metabolized through degradation via C3-components. The participation of 
another more direct pathway for the conversion of fructose to hexose-6-P, not 
involving carbon chain fission (Muntz, 1968), would probably label lactose more than  
the other milk constituents.

I f  f ru c to se  w ere  m e ta b o liz e d  a c c o rd in g  to  th e  p ro p o se d  m e c h a n ism , la c to se  w o u ld  
a c q u ire  r a d io a c t iv i ty  as  a  r e s u l t  o f  g lu co n eo g en esis  f ro m  la b e lle d  C3-co m p o n e n ts . 
T h e  v e r y  lo w  specific  a c tiv i t ie s  fo u n d  in  p la s m a  g lucose , w h ic h  w ere  o f  th e  sa m e  o rd e r  
a s  th o s e  in  la c to se  a t  s te a d y  s ta te ,  su g g e s ts  t h a t  th e  iso la te d  u d d e r  is  a  p o o r  g lu co se  
fo rm e r  f ro m  f ru c to se . H o w e v e r , th e  r e s u lts  sh o w  t h a t  th e  u d d e r  c o n v e r ts  sm a ll 
q u a n t i t ie s  o f  f ru c to se  to  la c to se . L u ic k  et al. (1959) fa ile d  to  d e m o n s tr a te  th is  l im ite d  
sy n th e s is  o f  la c to se  b e c a u se  th e i r  te c h n iq u e s  la c k e d  s e n s itiv i ty .

By cleavage of fructose-1-P, arising from [U-14C]fructose, radioactive glycer
aldehyde and dihydroxyacetone-P would be formed. Conversion of dihydroxy- 
acetone-P into glycerol probably explains the radioactivity found in triglyceride- 
glycerol. Following phosphorylation of glyceraldehyde, the triosephosphates may be 
metabolized by the glycolytic scheme giving 3-phosphoglyceric acid and pyruvic 
acid, which act as precursors of serine and alanine, respectively. Direct oxidation of 
D-glyceraldehyde to d-glyceric acid would provide an alternative route for serine 
synthesis (for a review, see Meister, 1965). By decarboxylation of pyruvic acid, 
radioactive C 0 2 and acetyl-CoA would be formed. In  contrast with the acetyl-CoA 
formed from acetate, the acetyl-CoA arising from pyruvate seems to be a poor 
precursor for fa tty  acid synthesis in the perfused udder preparation (Hardwick & 
Linzell, 1960). This would account for the relatively low 14C activities found in 
the isolated triglyceride fa tty  acids during the present studies.

S ince  c i t r a te  is  s y n th e s iz e d  f ro m  o x a lo a c e ta te  a n d  ace ty l-C o A , p y r u v a te  m a y  la b e l 
c i t r a te  a n d  in te rm e d ia te  p ro d u c ts  o f  th e  K re b s  cyc le  v ia  e i th e r  o r  b o th  o f  th e se  
su b s ta n c e s . T ra n s a m in a t io n  o f  a -k e to g lu ta r ic  a c id  a n d  o x a lo a c e tic  a c id  w o u ld  r e s u l t  
in  th e  p ro d u c tio n  o f  th e  co rre sp o n d in g  a m in o  ac id s . T h ese  re a c tio n s  m a y  e x p la in  
th e  r e la t iv e  o rd e r  o f  la b e llin g  fo u n d  in  th e  e x p ire d  C 0 2, c i tr ic  ac id , g lu ta m ic  a c id  a n d  
a s p a r t ic  ac id .

In  the present experiment, there was significant incorporation of 14C into the 
essential casein amino acid methionine. Since the methionine residues of casein 
originate mainly from free methionine in plasma (Verbeke, Simeonov & Peeters, 
1967), the relatively high 14C level in this amino acid was probably the result of 
exchange processes between the methyl group of methionine and radioactive C:1 
components. Radioactive Cx groups, bound on tetrahydrofolic acid, may arise in the 
conversion of radioactive serine to glycine (cf. Meister, 1965). Radioactive glycine 
formed by this reaction will be considerably diluted by plasma glycine since the 
glycine residues of casein originate from free plasma glycine (Verbeke, Feteanu & 
Peeters, 1967). Moreover, in our experiments, inactive glycine was included in the 
substrate mixture.

Black & Kleiber (1962) injected [U-14C]fructose into the udder cistern of a lactating
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cow and observed an efficient incorporation of 14C in some casein amino acids on the 
injected side. In agreement with our present results, the highest specific activity was 
found in alanine. However, they found considerably greater incorporation of 14C 
into glycine than into serine. This was not observed in the present studies. The 
contradiction in results obtained may be due to the non-physiological route which 
Black & Kleiber (1962) used for the introduction of the metabolites in the mammary 
gland.

This work was supported by grants from the Belgian I.R.S.I.A. Foundation and the
U.S. Public Health Service (Grant 1 R01 HD 02563-01) from the National Institute 
of Child Health and Human Development.

M e ta b o lis m  o f  f ru c to s e  in  the u d d e r

REFERENCES

Black, A. L. & Kleiber, M. (1962). In  Symposium on use of Radioisotopes in Animal Biology and 
Medical Sciences, vol. 2, p. 137 (ed. M. Fried). London and New York: Academic Press.

Carroll, K. K. (1961). J. Lipid Res. 2, 135.
H ardwick, D. C. & Linzell, J . L. (1960). J. Physiol., Lond. 154, 547.
H ers, H. G. (1955). J. biol. Gliem. 214, 373.
H ers, H. G. & Kusaka, T. (1953). Biochim. biophys. Acta 11, 427.
H eyndrick, G. V. & Peeters, G. J . (1960). Biochem. J . 75, 1.
Lascelles, A. K., Hardwick, D. C., Linzell, J . L. & Mepham, T. B. (1964). Biochem. J . 92, 36. 
Luick, J . R., Kleiber, M. & Lucas, J . M. (1959). Am. J. Physiol. 197, 677.
Luick, J . R., K leiber, M., Lucas, J . M. & R ogers, T. A. (1957). Am. J. Physiol. 191, 90.
Meister, A. (1965). In  Biochemistry of the Amino Acids, Vol. i i . New York, London: Academic Press. 
Muntz, J . A. (1968). J. biol. Chem. 243, 2788.
Somogyi, M. (1945). J. biol. Chem. 160, 61.
Verbeke, R., F eteanu, A. & P eeters, G. (1967). Archs int. Physiol. Biochim. 75, 675.
Verbeke, R., Lauryssens, M., P eeters, G. & J ames, A. T. (1959). Biochem. J . 73, 24.
Verbeke, R., Peeters, G., Massart-Leen , A. M. & Cocquyt, G. (1968). Biochem. J . 106, 719. 
Verbeke, R., Simeonov, S. & Peeters, G. (1967). Archs int. Physiol. Biochim. 75, 658.
Walborg, E. F., Christensson, L. & Gardell, S. (1965). Analyt. Biochem. 13, 177.
Wood, H. G., J oefe, S., Gillespie, R., H ansen, R. G. & H ardenbrook, H. (1958). J. biol. Chem. 233, 

1264.

Printed in Great Britain



J .  D a ir y  R e s .  (1 9 6 9 ), 3 6 , 241 241

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

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

By N. J. BERRIDGE

WITH THE TECHNICAL ASSISTANCE OF

P. G. SCURLOCK a n d  R. ASTON
N a t i o n a l  I n s t i t u t e  f o r  R e s e a r c h  i n  D a i r y i n g ,  S h in f i e l d ,  R e a d in g

(R e c e iv e d  7 N o v e m b e r  1968)

S u m m a r y . Curd was made in a continuous curd-making apparatus (Berridge & 
Scurlock, 1969) and immediately separated from its whey. Its temperature was 
maintained at a high level (41-48 °C) as it was moved continuously in the form of a 
thin layer through a set of rollers. The curd then had a moisture content similar to 
that of normal curd at the end of scalding in the traditional process. After a suitable 
period of cheddaring the pH value and the moisture content of the continuously 
made curd were the same as those normally reached at the same stage in the tradi
tional process.

In the traditional methods of making hard-pressed cheese such as Cheddar and 
Cheshire the curd is heated for periods of about 60-160 min while it is stirred in the 
whey. Besides its effect on the microflora of the curd this heating, or scalding, has 
the important function of accelerating the shrinkage of the curd particles and hence 
the drainage of whey from within them. In a continuous process such as that de
scribed by Berridge (1968) it would be advantageous to reduce this long heating 
period as much as possible, and Berridge & Scurlock (1969) have shown that it can 
be reduced to 4 min or less by using higher temperatures than are normal or even 
possible in the traditional process. Even a scalding period as short as 4 min constitutes 
an inconvenience in a continuous process partly because of the necessity of keeping 
the curd suspended in the whey, by stirring, for example, while at the same time 
ensuring ‘plug flow’ so that all the curd receives treatment at the required tempera
ture for the required time. It would, therefore, be convenient if curd could be removed 
from the whey at an early stage and processed as a solid rather than as a suspension. 
This might also accelerate still more the rate of exudation of the whey.

It is well known that the rate of drainage of moisture from curd is sensitive to the 
mechanical conditions under which drainage takes place. The effectiveness of the 
traditional manner of cheddaring is evidence of this sensitivity. Another example of 
the importance of the mechanical conditions is provided by the procedure that 
Schulz & Kley (1956) found necessary in order to determine the shrinkage of curd in 
a reproducible manner. They allowed the cut curd to shrink for a period of 24 h, in 
presence of a preservative, in order to avoid errors resulting from the drainage of the
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whey from within the particles under the influence of mechanical forces which begin 
to operate only when the curd is removed from the hydrostatic support of the 
surrounding whey. The effect of such mechanical forces was not significant with 
older, and therefore firmer, curd. Similarly, Thome, Axelsson & Liljegren (1958) 
concluded that the removal of a curd cylinder from whey for the purpose of weighing 
affected the rate of whey drainage because a piece of curd which was weighed several 
times lost more whey than a similar piece which was weighed only once. The same 
effect was observed with a single weighing if the weighing time was prolonged. 
Lawrence (1959) observed that stirring accelerated the exudation of whey from cut 
curd, and Beeby (1959) noted that since stirring influenced the rate of syneresis, a 
constant speed of stirring was necessary during his measurements of syneresis.

In the traditional process of cheese manufacture the curd is kept suspended in the 
whey so that it does not mat together into a large mass and thus prevent the escape 
of the whey. The whey also acts as a heat-transfer medium while the temperature 
is being raised to that necessary for scalding. When curd is made by the continuous 
process it is already at a high temperature, and no heat-transfer medium is needed. 
The curd can be processed in a thin layer so that the escape of whey is not impeded. 
Experiments were therefore carried out to determine whether curd suitable for the 
making of hard cheese could be prepared by the immediate removal of the whey 
from continuously produced curds and whey. Preliminary batchwise experiments 
(described below) indicated that this could be done. Apparatus for doing it con
tinuously was therefore designed. It was anticipated that something similar to a 
scalding process would be needed and as scalding for 4 min at 48 °C had been shown 
to be satisfactory, the apparatus was designed to retain the curd at approximately 
this temperature and in a thin layer for about this period.

METHODS

The methods of curd-making, cheddaring, and moisture and pH determinations 
were as previously described (Berridge & Scurlock, 1969). Moisture determinations 
were made in duplicate and mean values are reported, except where otherwise stated.

APPARATUS

The batchwise preliminary experiments were done with curd produced in the single 
membrane apparatus previously described (Berridge & Scurlock, 1969). The curd was 
received either on filter paper in a water-jacketed Buchner funnel or on fine nylon 
mesh or on expanded aluminium with diamond-shaped holes 7 mm x 3 mm. Scalding 
was simulated by keeping the curd in an incubator at 37 or 45 °C.

The apparatus used for the experiments in continuous processing was devised to 
produce and process curd to a stage equivalent to that at the end of scalding in the 
traditional procedure.

In its final form this apparatus contained 3 rotating rollers 8-5 in. diam. mounted 
one above the other and in contact, so that curd spread on the uppermost roller 
would descend with the rotation and at the lowest point be transferred to the inter
mediate roller, from which it would in turn be transferred to the lowest roller (see
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Fig. 1). The speed of rotation of the rollers and the movements of the curd spreader 
were adjusted to give the required curd thickness and processing time, these being 
capable of variation above and below the preferred values. The preferred value for 
mean thickness was that obtained when the strands of curd originally 6 mm in diam. 
were deposited almost in contact with one another. Although the curd begins as a 
cylinder 6 mm in diam. it soon flattens and shrinks until it is much thinner. The
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Fig. 1 (sectional). The relative positions of the rollers, curd spreader and curd removers. The 
route of the curd is shown by the thick line. The polyurethane foam layer is shown on roller no. 2 
but the nylon mesh coverings are not indicated. A  and B  indicate positions in which the small 
heavy roller was used in some of the experiments. L I  and L 2 are 250 watt reflector lamps. 
The vertical line by roller no. 2 represents a screen to prevent overheating of the cover of roller 
no. 2. O and D are curd removers (see text).

preferred time was 4 min. The apparatus is described in fuller detail under 3 headings 
as follows: (1) the curd-maker, (2) the curd spreader and (3) a set of rollers in an 
enclosure.

(1) T h e  c u r d - m a k e r .  This was similar to that already described (Berridge & 
Scurlock, 1969) except that it had 4 membranes mounted in parallel inside a larger 
jacket and capillaries were used to control the rate of flow of milk into the membrane.
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When relying on capillaries, i.e. on viscosity, to control a flow of milk it is of course 
necessary to control the temperature. In this apparatus, as in the first, it was neces
sary to maintain the lower end of the jacket at a low temperature and the milk itself 
was also kept cool. Both these controls were maintained with ice and water, so the 
use of capillaries was convenient. They were mounted in the bottom of the water 
jacket and opened directly into the membranes. Each capillary was 0-8 mm i.d. and 
approximately 5 cm long, the exact length being obtained by trial and error.

(2) T h e  c u r d  s p r e a d e r . This was necessary because curd was extruded from the 
curd-maker at the rate of about 7 ft/min, and to receive it at this rate would have 
needed an inconveniently large apparatus. The spreader was, therefore, designed to 
move to and fro over a roller parallel to its axis. Four outlets on the spreader were 
connected to the curd-maker with PVC tubing. As the roller was rotating at the same 
time at a suitable speed, the start of the 4 strips of curd first laid down had moved 
away from the spreader by the total width of the 4 strips by the time it had com
pleted its return stroke, giving, ideally, a criss-cross pattern of parallelograms. The 
ideal pattern was, however, seldom produced owing to the cylindrical shape of the 
curd strips which caused them to take up a parallel position for a proportion of the 
return stroke, leading to some parts of the curd layer being too thick while large 
holes remained elsewhere. The trouble was overcome by imparting a zig-zag motion 
to the spreader.

(3) T h e  ro lle r s . These were made from high density polythene bottles with a 
cylindrical portion 8-5 in. diam. and 8-5 in. long. A spherical glass joint was sealed 
into the opening to permit the use of vacuum or pressure in the first roller and a 
Meccano wheel was bolted on to the opposite end of each roller. Three such rollers 
were mounted with their axes horizontal in a large Meccano framework permitting 
ready variation in the relative positions of the rollers. Perforations about 1 in. apart 
were made in the first roller with a hot nail. The following coverings were tried singly 
or in combination on one or more of the rollers: Polyurethane foam y0 in. thick, and 
l j  in. thick; nylon mesh 140 strands/linear in. (nylon sifting cloth grade 14N, 
aperture 90 [i, made by Henry Simon Ltd., Cheadle Heath, Stockport), nylon mesh 
40 strands/linear in., stainless steel mesh, 80 strands/linear in. and 30 strands/linear 
in.

The rollers were electrically driven through suitable reduction gears at different 
speeds for different experiments. In some experiments a small extra roller was used 
to press the curd. The roller was made of brass, round which was cemented a layer 
of expanded polyurethane and a covering of thin rubber. This is referred to below as 
‘the small roller’. This roller was mounted at positions A  or B  in Fig. 1 and the curd 
remover (see immediately below) was not used.

In the later experiments a device for ensuring that curd parted from one roller to 
continue on the next was added. The device consisted of a number of ‘fingers’ cut 
from |  in. thick polyurethane foam and fixed spirally to a spindle. Two of these were 
used at the positions indicated by G  and D  in Fig. 1. Each was rotated in the same 
direction as the roller it was designed to wipe and at about the same peripheral speed, 
or slightly faster. As the foam fingers were soft there was no noticeable wear on the 
roller covering but the device was effective in preventing curd from adhering to the 
rising side of the roller.
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In order to maintain the temperature of the curd a cabinet of timber (1 in. x 1 in.) 

and polythene film was constructed to contain the rollers and the spreader. The 
cabinet itself was not however sufficient to maintain the temperature of the curd. 
In the early experiments two 250 W reflector lamps were mounted to shine on the 
curd on the rollers, and in later experiments a thermostatically controlled 3 kW fan 
heater was installed in the cabinet. When the lamps were used the temperature of 
the curd at the bottom of the first roller and halfway down the third roller was 48 °C. 
Nevertheless, curd leaving the third roller was already down to 41 °C. Shields were 
inserted to prevent the lamps heating the uncovered surfaces of adjacent rollers since 
this was found to cause adhesion between curd and roller.

RESULTS

B a tc h w is e  e x p e r im e n t s

Curd from milk with 2 % starter was deposited directly from the P.V.C. outlet tube 
on to nylon mesh 14N supported on expanded aluminium. The outlet tube was 
moved so that the cylinders of curd on the nylon were just touching one another 
but not overlapping. This was called standard thickness. A second sample of curd 
was deposited with the curd cylinders spaced at their own thickness from one another, 
and this was designated half thickness. A third sample was prepared at double 
thickness. These samples, while still on the nylon mesh and aluminium support, were 
wrapped loosely in polythene to prevent evaporation and scalded in the incubator at 
37 °C for 30 min. Cheddaring for 90 min in tubes with weights as described by 
Berridge & Scurlock (1969) was then carried out and moisture contents determined. 
The results for standard, half and double thickness were 46T, 44-8 and 49-6%, 
respectively, and the pH values next day were 4-97, 4-97 and 4-90. Pimblett’s (1962) 
maximum for moisture content at the end of cheddaring was 45 %. The low pH values 
recorded indicated a slightly high lactose, and therefore a high moisture content, in 
the curd, but as the moisture figures were only slightly above the acceptable level 
it appeared that early removal of whey from the curd would not have any deleterious 
effect.

The experiment was repeated with the temperature of the incubator for scalding 
raised to 44 °C. A curd layer of standard thickness was used. The pH values of the 
curd during cheddaring fell from 5-73 to 5-42 in 1 h and to 5-32 in 2 h. The moisture 
content of this curd was 42-9%.

The experiment was repeated using different times of scalding in the incubator at 
44 °C. The curd layers were made by superimposing 2 layers of half thickness at right 
angles to one another. This made a fabric of normal mean thickness which was easier 
to peel off the mesh. The curds were cheddared as usual, and then allowed to remain 
at 30 °C until 4 h had elapsed since the end of the scalding period. The scalding periods 
used were 7-5, 10, 20 and 30 min and the moisture contents of the curds at the end of 
the incubation period were, respectively, 44-4, 42-8, 40-2 and 40-3%. The respective 
pH values were 5-38, 5-41, 5-33 and 5-38. These results indicated that scalding in the 
incubator was not inferior, as regards rate of loss of moisture, to scalding in whey. 
Although the curd samples were transferred to the incubator at 44 °C as quickly as 
possible it is likely that their temperature dropped considerably and did not regain
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44 °C at once. The time actually spent at 44 °C was, therefore, less than that recorded 
as the scalding period.

Other similar experiments showed that: (1) a curd fabric could be collected on the 
expanded aluminium without the use of a nylon mesh and could be peeled off at the end 
of scalding; (2) the curd fabric so collected did not fall off the aluminium if the plane 
of the latter was raised to vertical 15 sec after collecting the curd; (3) with the use of 
nylon mesh it was possible to collect at least 6 layers of curd fabric, one above the 
other with nylon between them, without impeding the drainage, the resulting curd after 
scalding appearing firmer and dryer than when collected in a single layer; (4) curd 
fabric could be collected and drained by suction on filter paper (Whatman, no. 54) 
using a vacuum equivalent to 10 in. of water and the curd could then be peeled off 
the paper without first releasing the vacuum.

C o n t in u o u s  p r o c e s s in g

T h e  e ffe c t o f  m o d i f i c a t io n s  i n  th e  a p p a r a t u s  o n  th e  b e h a v io u r  o f  th e  c u r d

The criteria by which the behaviour of the curd was assessed were that the flow of 
curd through the apparatus should be self-starting as soon as curd production began 
or after an interruption in the flow and that the flow should continue for several 
hours without hindrance due to the sticking of curd to the rollers or to its falling off 
the rollers.

The spreader was effective in producing a curd fabric which could often be passed 
over all 3 rollers without breaking. There was a natural tendency for the curd to fall 
off the surface of the first roller as it descended, but this actually happened only when 
the roller was rotating too slowly (so that the curd was too thick) or when an un
perforated roller was used and the whey could not escape.

R e la t iv e  p o s i t i o n s  o f  r o l le r s . Various arrangements in which the curd had to leave a 
lower roller and climb up the rising side of a higher one were tried in the hope of 
obtaining a more compact apparatus, but for reliability in operation the arrangement 
shown in Fig. 1 was found to be necessary.

U se  o f  s u c t io n .  Suction prevented curd falling off the first roller but also tended to 
prevent it leaving and going on to the second. Whey could be sucked out of the bottom 
of the first roller if an adequate air intake were provided, but an advantage of not 
sucking out the whey was that if allowed to drain out of the bottom of roller 1 (Fig. 1) 
it assisted the transfer of curd.

U se  o f  d i f f e r e n t  c o v e r in g s  o n  r o lle r s . A covering was necessary on the first 2 rollers to 
prevent the curd sliding off. Stainless steel mesh proved unsatisfactory because the 
curd adhered to it too tenaciously after the first trial followed by efficient cleaning. 
Coarse nylon mesh was also not very good because of curd adhesion; possibly curd 
was forced through the meshes. Fine nylon mesh was satisfactory but even this was 
not as good after cleaning with strong detergents as it had been when new. After the 
cleaning there was some tendency for the curd to stick to the nylon, but this was 
overcome by the curd removers. A layer of polyurethane foam beneath the nylon on 
the first or second roller (preferably the second) seemed to be an advantage, but this 
was probably due to the irregularities in the shape of the rollers after some weeks 
of use.

P e r fo r a t io n s  i n  th e  ro l le r . These were necessary in the first roller since in their
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absence some of the curd failed to cling to the roller until it reached the second roller. 
The curd behaved as though a layer of whey were retained beneath it.

E x t r a  r o l le r s  p r e s s in g  th e  c u r d . The effects on curd moisture of a heavy extra roller 
pressing against roller no. 3 (position B  in Fig. 1) are given below under moisture 
content. As regards the behaviour of the curd with respect to ease of transfer from 
one roller to the next a heavy roller on no. 2 (position A  in Fig. 1) seemed to have no 
effect when there was already some pressure between 1 and 2.

F u n c t i o n  o f  th e  c u r d  r e m o v e r s . Many experiments were made without the use of the 
curd removers and the curd often behaved in a satisfactory manner. Occasionally, 
however, there was light adhesion between curd and rollers but the curd was easily 
removed and the very soft foam fingers of the curd remover were adequate to main
tain the regularity of transfer of the fabric between the rollers as required.
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M o i s tu r e  c o n te n t  o f  th e  c u r d

Curd was prepared in the normal way and the speed of the roller apparatus was 
adjusted so that the process time was about 4 min. The temperature of the curd was 
maintained by reflector lamps as indicated in Fig. 1 and described on p. 245.

The temperature of the curd as it left the lower roller was 41 °C. As whey was still 
dripping rapidly from the curd it was allowed to drain for 5 min in an incubator at 
45 °C. Its moisture content was then 53-3%. The small rubber-covered roller 
weighing 400 g was then placed in position A  as marked on Fig. 1, the other conditions 
being maintained. The drained curd then had a moisture content of 51-5%.

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

The roller apparatus was modified so that the bearings of roller no. 2 (Fig. 1) were 
supported by nylon monofilament (fishing line) which passed over pulleys to a bar 
from which was hung a pan and weights. Enough weights were added to counterpoise 
the roller, and then additional weights totalling (a ) 200, (b ) 500 and (c) 1000 g were 
added.

Table 1. F o r c e  b e tw e e n  r o l le r s  a n d  m o is tu r e  c o n te n t  o f  c u r d  

Forces applied Moisture content of curd

Between rollers 
1 and 2, 

g
0
0
0
0

200
500
500
500
500

1000
1000
1000
1000

Between the small 
roller and roller

no. 3, 
g

400
600
900

1400
0 (no roller) 

400 
600 
900 

1400 
400 
600 
900 

1400

Expt 1 (drained 
at 45 °C 5 min),

o//o

Expt 2 (drained 
at 30 °C 5 min),

o//o
48 54
46 49
48 54
48 —

— 54
— 54
49 51
48 51
45 —

— 53
47 53
48 51
45 -—



248 N . J .  B e r r id g e

In a similar way the small roller at B  (Fig. 1) was pulled downwards with (a ) 200, 
(b) 500 and (c) 1000 g. As the roller weighed 400 g the total weights applied to the 
curd at this position were 400, 600, 900 and 1400 g. The pressure on the curd was not 
determined because the area over which the force was applied was unknown and 
with the small roller at B  the area of contact increased as the force increased owing 
to the softness of the expanded polyurethane beneath the rubber surface.

The experiment was done on 2 different occasions. On the first the curd samples 
were drained for 5 min at 45 °C, and on the second for 5 min at 30 °C. Only single 
moisture determinations were made. The results are given in Table 1.

The effects of pressure on the moisture content of the curd were not very clear cut 
but the higher pressures did usually produce curd of lower moisture content. Thus, in 
expt 2 curd containing 51 % of moisture was obtained only with the following combina
tion of forces (force between large rollers given first), 500, 600; 500, 900; 1000, 900. 
The largest force on the small roller produced smearing of the curd and cloudy whey.

The effect of pressure was not, however, on moisture content only. After passing 
over all the rollers without pressure the curd fabric was weak; it broke easily under 
its own weight. A moderate force (e.g. 500 g) between only the first 2 rollers pro
duced a notable increase in the tensile strength of the curd sheet; it broke less easily 
under its own weight and its passage over the remaining rollers was less liable to 
interruption by breakages.

T h e  e ffe c t o f  d i f f e r e n t  te m p e r a tu r e s  a n d  d i f f e r e n t  c u r d  th ic k n e s s e s

A small rise in the temperature of the curd when other conditions were maintained 
constant produced, as was expected, a diminution in moisture content. When curd 
was at 41 °C as it was received off the third roller its moisture content was 55-8%. 
This was reduced to 53-1 % when the temperature of the curd moving through the 
apparatus had been raised to 43 °C by increasing the air temperature in the enclosure.

The thickness of the curd fabric was inversely proportional to the speed of rotation 
of the rollers. Thus, a thicker curd layer could be formed by reducing the speed of the 
rollers. Such thicker curd might be expected to retain more moisture but since it had 
longer to drain while it was on the rollers its moisture content was in fact not signifi
cantly different from that of the curd of normal thickness. Figures obtained in one of 
the experiments were 57-8% moisture for thin curd and 57-6% for thick curd. In 
another example both the thickness of the curd and its temperature were varied. 
The results were as follows:

Enclosure temp., °C 48 48 46
Curd temp., °C — 47 45-4
Time of passage over rollers, min 3 4 7
Resulting thickness Thin Standard Thick
Moisture content, % 60-1 57-2 59-4

In this experiment the curd sample was blotted lightly and rapidly (5-10 sec) on 
both sides with thick filter paper.

M o i s tu r e  c o n te n t  o f  r o l le d  c u r d  a f t e r  c h e d d a r in g

Cooled raw milk was inoculated with 2 % of cooled neutralized starter (NCDO 1200) 
at the time of renneting and made into curd in the usual way (Berridge & Scurlock,
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1969). It was cheddaredin vertical tubes with weights as already described (vol. 36, p. 55) 
for 90 min and then allowed to remain for a further period at 30 °C for acid production 
before sampling for moisture content. The experiment was repeated to obtain lower 
pH values in the curd at the time of sampling for moisture. The results of both 
experiments are shown in Table 2.

C o n t in u o u s  c u rd -m a k in g

Table 2. T h e  p H  v a lu e s  a n d  m o is tu r e  c o n te n ts  a f t e r  i n c u b a t io n  o f  c u r d  
p r e p a r e d  a t  d i f f e r e n t  ro l le r  s p e e d s

Time on rollers,
Time a t 30 °C 

including eheddaring, Final
Final

moisture content,
min h pH value 0/ /0
4-5 5'5 6-60 42-5
9-5 5-0 5-70 43-2
2-0 7-0 5-46 44-3
4-0 6-5 5-57 43-4
60 6-25 5-61 44-0

DISCUSSION

Having shown that there might be advantages in removing the curd from the whey 
as soon as possible we felt it desirable to find out, with the minimum of delay, 
whether curd could conveniently be processed from such an early stage as a solid. 
Therefore, apparatus was constructed from materials at hand. This apparatus was 
adequate to show that it is indeed convenient to process curd in this way. What it 
failed to show was whether a more rapid exudation of whey could be achieved by 
this means, and what the quantitative relations were between time, temperature and 
pressure on the one hand and curd moisture on the other. This was partly because of 
inadequate control of the temperature of the curd. Later measurements with a 
thermocouple showed large differences between the temperature of the curd and that 
of the air surrounding it. However, the values given in this paper are temperatures 
of the curd itself measured with a thermometer. The measurement of the temperature 
of a thin layer of curd in this way is to be regarded only as a first approximation. 
Moreover, under the prevailing conditions the temperature of the curd fluctuated as 
it passed over the rollers and it was impossible to determine its average temperature. 
The general impression was one of difficulty in maintaining curd temperature. This 
is confirmed by the low values given in the results. The reasonable figures that were 
nevertheless obtained for curd moisture may have been due to the effects of early 
removal of whey and of the use of slight pressure. We hope shortly to be able to study 
the effect of temperature and pressure and possibly other variables on the rate of 
exudation of whey from continuously made curd.

The results of Table 1 show that the rate of passage through the rollers did not 
have a significant effect on the final moisture content of the curd. This was probably 
because the thicker curd layer formed when the rollers were rotating slowly had 
correspondingly longer to drain. However, a shorter time on the rollers would permit 
the use of higher temperatures without damaging the activity of the starter. The 
higher temperatures would cause more rapid drainage of whey and allow the time 
to be shortened further.

It remains to gain experience with the method described in this paper, applied on
1 6  Dairy Res. 3 6
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a larger scale. A larger apparatus is in the course of construction and it is hoped that 
the regular production of cheese will be possible. Meanwhile, methods of shortening 
the time between the end of cheddaring and the addition of salt are being explored.
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T h e  A . P . V .  G o . L t d . ,  C r a w le y ,  S u s s e x

(.R e c e iv e d  2 D e c e m b e r  1968)

S u m m a r y . In correctly operated continuous heat-treatment plant the processing 
temperature is maintained at a sufficiently elevated level to give the desired thermal 
death rate for any micro-organisms present before treatment. This paper shows that 
if through imperfect operation of the plant, the processing temperature fluctuates 
about the required level, the chances of survival for bacteria and spores will theoretic
ally be increased. Tabulated results show the magnitude of the effect under varying 
conditions and the compensating increase in processing temperature to counteract it.

Many continuous heat-treatment processes rely for a consistent bacteriological 
effectiveness on the maintenance of a constant temperature while the product passes 
through a holding tube at constant velocity or with a known distribution of velocities. 
The high-temperature, short-time pasteurization of milk and the ultra-high-tempera
ture sterilization of liquids are examples of such systems. There is little difficulty in 
assessing the probable bactericidal or sporicidal effectiveness from bacteriological 
thermal death data, for any holding tube and product velocity, provided the pro
cessing temperature is constant. However, in some circumstances the temperature 
may not be constant.

The product is heated to the holding temperature either by indirect heating in 
plate, tubular or scraped-surface heat exchangers, or by direct heating through the 
injection of steam into the product or by spraying of the product into steam. The 
heating process is normally controlled automatically by a pneumatic or electrical 
control system designed to maintain a set temperature at the entrance to the holding 
tube. With indirect heating, changes in the processing temperature caused by varia
tions in the operating conditions take place slowly because of the damping effect of 
the various thermal capacities, and the control system has no difficulty in acting at 
a comparable speed. With direct heating, however, particularly when steam is 
injected into the product, the processing temperature responds very much faster to 
any changes of input variables such as steam pressure. If the sensitivity of the control 
system is increased in a misguided attempt to counteract this speed of response, 
instability may instead develop and cause oscillatory temperature fluctuations. It 
is well known that such instability will give rise to sinusoidal oscillations provided

16-2
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the excursion is not too great. It is, therefore, of interest to examine the effect of 
such sinusoidal variations in the treatment temperature on the performance of a 
continuous processing plant.

If the packaged units of the processed product are small, i.e. one unit volume passes 
the end of the heating section in a time that is small in relation to the period of the 
temperature oscillation, and no bulking takes place subsequently, each unit can be 
considered as processed at a constant temperature corresponding to one point on the 
temperature-time curve. The distribution of the effectiveness of sterilization among 
the accumulated units can then be determined, with the maximum and minimum 
effectivenesses corresponding to the extremes of temperature.

Time
Fig. 1. Diagrammatic representation of the variation of processing 

temperature w ith time.

This is a somewhat artificial case, and in general the product will be bulked as it 
leaves the processing plant and before filling, so that the product then has an average 
bacteriological quality corresponding to the average effect of the temperature varia
tion over many cycles of the sinusoidal oscillation. It is this average quality that we 
wish to calculate, in order to determine by how much it varies from that corresponding 
to a constant temperature equal to the mean of the oscillation.

CALCULATION OF THE AVERAGE BACTERIOLOGICAL EFFECTIVENESS

The temperature variation of the product with time is as shown in Fig. 1. Mathe
matically, the instantaneous temperature 6  is given by

6  — d-  ̂+  d z  sin a, (1)

where 0 1 is the average temperature in °C, 0.2 is the peak value of the sine wave 
variation about the mean, in deg C and a is an angle representing the abscissa of the 
sine wave, in radians.



The thermal death curve of a population of micro-organisms can be considered to 
be semilogarithmic, or can be treated as a combination of 2 or more semilogarithmic 
curves. A semilogarithmic thermal death curve can be represented by the equation

L  =  - I C g t, (2)

where L  is the logarithm to base 10 of the proportion of surviving organisms, K e is 
the slope of the thermal death line at temperature 0  and t  is the time for which the 
temperature 6  is applied (Burton, 1958).

Over a restricted range of temperatures, K e varies with temperature in such a way 
that
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F g+ l/K g =  Q ,. (3)

Q 1 represents the way in which the thermal death-rate varies with temperature, and 
is characteristic of a particular strain. Typical values for resistant spores in milk at 
processing temperatures of 110-140 °C lie between 1-25 and 1-45 (Franklin, Williams 
& Clegg, 1958; Franklin, Williams, Burton, Chapman & Clegg, 1959), although 
values as low as 1-1 have been reported (Miller & Kandler, 1967).

From (3) it follows that
K e = K BiQ { -eK

If this is now related to the temperature curve of Fig. 1, expressed in (1),

K d = K d iQ

For a small amount of product passing the beginning of the holding tube while the 
temperature can be considered to be constant at 6 , the logarithm of the proportion 
of surviving organisms is given, from (2) by

L  =  - K 0 iQ f‘ s in a t.

The proportion of surviving organisms in this small amount of product is P  = 10P 
The average proportion of surviving organisms over one complete cycle of the 
temperature oscillation is therefore

= (1/2tt)J27T
10 L d a .

When there is no oscillation of the processing temperature

P 1 =  lO-^V. (4)
The effect of the oscillatory temperature on the number of surviving organisms is 

expressed by the increased survivors ratio
* 2  7T-  I f 2

P / P l  = 2 ^ p j o
10 L da ,

where L  =  - ( K dit ) Q ep sincc

and P i = 10-AW.

This ratio depends on the values of Q x and 0 2, i.e. on the thermal death charac
teristics of the organism being considered and on the excursion in the operating
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temperature. It also depends on the product { K 0 it) , which is the number of log cycles 
reduction in the content of the organism under ideal non-varying conditions. For any 
fixed value of this product, the results will be the same whatever are the individual 
values of K 0i and t , and also whatever combinations of processing temperature 0 1 

and thermal death characteristics of the micro-organisms concerned determine the 
value of K g .

As the definite integral which gives the increased survivors ratio, P j P , ,  is not 
easily evaluated analytically, it has been calculated by computer for a range of 
values of Q ,  and d 2, and for several values of the product { K 0 jt)  representative of the 
reduction in spore count found in practical sterilizing processes.

CALCULATION OF THE APPARENT DROP IN OPERATING TEMPERATURE 

The effective temperature d e is that temperature which, not being subject to the
sinusoidal variations, would give the same average proportion of survivors P .

Then 6 e =  6 , - A d

and P  =  10

therefore lOg P  = ~ K g t

=  - K g it Q , - Ae from (3)

therefore Q f  =  - K g j I l O g P ,

therefore A d  =  log ( - K g J / l o g  P ) l log Q v

This relationship can be written in terms of the increased survivors ratio P / P ,  as

The apparent drop in operating temperature, Ad , has been computed for each of 
the increased survivors ratios P /P x.

CALCULATION OF THE REQUIRED INCREASE IN THE SET OPERATING TEMPERATURE 
TO COMPENSATE FOR THE SINUSOIDAL VARIATION

It does not follow that an increase in the set point from 0 1 to (0 1 +  A O ) will correct 
for the loss in bacteriological performance. Because of the continuing effect of the 
sinusoidal variation, such an increase in temperature will fall short of what is 
required. To find the higher operating temperature it is necessary to use an iterative 
procedure in which the mean temperature is increased by successive small increments 
until a computed bacteriological effectiveness is obtained which is acceptably close 
to that given by the ideal processing conditions.

A computer program was written to carry out this process until the effective product 
( K t )  at the higher temperature but with oscillation about the mean was not less than 
the original ideal value ( K g J ) ,  and was not more than 1 % above it. The compensating 
rise in the set point temperature was computed for each of the conditions studied in 
the previous sections.



F lu c tu a t in g  te m p e ra tu re  in  s te r i l iz a t io n 255

RESULTS

Table 1 refers to a process with an ideal (K t ) value of 2, i.e. a process which reduces 
the count of micro-organisms by 2 log cycles under ideal non-varying conditions of 
temperature. For different values of Q 1 and of the temperature excursion d 2, the 
computed values of the increased survivors ratio P /P x, the apparent drop in operating 
temperature A6 , and the upward adjustment of the set point to restore the thermal 
death to the ideal ( K t )  value, are set out to 3 decimal places.

Table 1. C o m p u te d  v a lu e s  f o r  in c r e a s e d  s u r v iv o r s  r a t io ,  a p p a r e n t  d r o p  i n  o p e r a t in g  

te m p e r a tu r e ,  a n d  u p w a r d  a d ju s tm e n t  o f  s e t  p o i n t  f o r  ( K t )  =  2 ,  o r  2  lo g  c y c le s  r e d u c t io n  
i n  c o u n t  o f  m ic r o - o r g a n is m s  u n d e r  id e a l  c o n d i t io n s

02 «1
Increased survivors 

ratio P/P1

Apparent drop in 
operating temp, 

deg C

Upward adjustm ent 
of set point 

deg C

1-0 11 1-037 0-084 0-093
2-0 11 1150 0-325 0-357
3-0 11 1-340 0-689 0-757
4-0 M 1-605 1-137 1-302
5-0 M 1-946 1-639 1-913
1-0 1-2 1-138 0-156 0-187
2-0 1-2 1-553 0-551 0-636
3 0 1-2 2-247 1-061 1-273
4-0 1-2 3-217 1-605 2-044
5 0 1-2 4-447 2-147 2-845
1-0 1-3 1-286 0-214 0-247
2-0 1-3 2-148 0-692 0-831
3 0 1-3 3-579 1-235 1-606
4 0 1-3 5-533 1-770 2-442
6 0 1-3 7-906 2-271 3-309
1 0 1-4 1-471 0-260 0-298
2-0 1-4 2-888 0-778 0-986
3 0 1-4 5-205 1-318 1-800
4-0 1-4 8-237 1-819 2-663
5-0 1-4 11-695 2-269 3-560
1 0 1-5 1-684 0-296 0-343
2 0 1-5 3-736 0-831 1-086
3 0 1-5 7-003 1-354 1-933
4-0 1-5 11-056 1-819 2-825
5 0 1-5 15-362 2-218 3-728

The number of surviving organisms increases with both Q 1 and d 2, until with 
Q 1 — 1-5 and an excursion of 5 deg C, more than 15 times as many organisms survive 
as under steady-state conditions. However, it is only with relatively large values of 
Q 1 and d 2 that the increase in survivors is likely to be detectable by conventional 
bacteriological techniques. Values of P / P 1 which are below about 5 are likely to be 
insignificant bacteriologically. Peak temperature excursions of up to about 2 | deg C 
over the range of values of Q t  considered will therefore give acceptable results.

The upward adjustment of the set point to compensate for the effect of temperature 
oscillation correspondingly increases with Q 1 and 0 2. Under the most extreme condi
tions it is 50-75% of d 2, but under most conditions it is considerably less than half 
the peak temperature excursion.

Tables 2-4 present the corresponding data for ideal ( K t )  values of 4, 6 and 8,
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Table 2 . C o m p u te d  v a lu e s  f o r  in c r e a s e d  s u r v iv o r s  r a t io , a p p a r e n t  d r o p  i n  o p e r a t in g  
t e m p e r a tu r e ,  a n d  u p w a r d  a d ju s tm e n t  i n  s e t  p o i n t  f o r  ( K t )  =  4 , o r  4  lo g  c y c le s  r e d u c t io n  

i n  c o u n t  o f  m ic r o - o r g a n is m s  u n d e r  id e a l  c o n d i t io n s

e* Qx
Increased survivors 

ratio P/P 1

1 0 1-1 1175
2-0 11 1-751
3-0 11 2-872
4-0 1-1 4-786
5-0 1 1 7-846
1-0 1-2 1-682
2-0 1-2 4-382
3-0 1-2 11-106
4-0 1-2 25-203
50 1-2 51-035
1-0 1-3 2-532
2-0 1-3 9-969
3-0 1-3 31-900
4-0 1-3 81-195
5-0 1-3 170-521
1-0 1-4 3-768
2-0 1-4 19-811
3-0 1-4 71-358
4-0 1-4 185-519
5-0 1-4 377-035
1-0 1-5 5-439
2-0 1-5 35-039
30 1-5 132-783
4-0 1-5 336-919
5-0 1-5 646-586

Apparent drop in Upward adjustment
operating temp., of set point,

deg C deg C
0-186 0-204
0-658 0-724
1-276 1-404
1-955 2-193
2-656 3-040
0-318 0-360
0-959 1-084
1-661 1-945
2-365 2-839
3-054 3-738
0-405 0-458
1-094 1-263
1-797 2-179
2-473 3-090
3-111 4-044
0-462 0-520
1-164 1-391
1-849 2-299
2-488 3-250
3-070 4-193
0-501 0-569
1-203 1-451
1-866 2-389
2-464 3-348
2-991 4-312

Table 3. C o m p u te d  v a lu e s  f o r  in c r e a s e d  s u r v iv o r s  r a t io ,  a p p a r e n t  d r o p  i n  o p e r a t in g  
te m p e r a tu r e ,  a n d  u p w a r d  a d ju s tm e n t  i n  s e t  p o i n t  f o r  ( K t )  =  6 , o r  6  lo g  c y c le s  r e d u c t io n  

i n  c o u n t  o f  m ic r o - o r g a n is m s  u n d e r  id e a l  c o n d i t io n s

0, Qx
Increased survivors 

ratio P/P 1

Apparent drop in 
operating temp., 

deg C

Upward adjustment 
of set point, 

deg C
1-0 1-1 1-430 0-275 0-303
2-0 1-1 3-093 0-894 0-984
3-0 1-1 7-279 1-627 1-790
4-0 1-1 16-768 2-394 2-687
5-0 1-1 36-778 3-172 3-559
1-0 1-2 2-874 0-436 0-483
2-0 1-2 14-546 1-181 1-309
3-0 1-2 63-399 1-959 2-215
4-0 1-2 225-491 2-730 3-149
5-0 1-2 663-905 3-485 4-101
1-0 1-3 5-891 0-523 0-581
2-0 1-3 53-561 1-295 1-466
3-0 1-3 323-767 2-065 2-407
4-0 1-3 1344-499 2-808 3-356
5-0 1-3 4119-623 3-516 4-307
1-0 1-4 11-390 0-575 0-635
2-0 1-4 155-615 1-351 1-551
3-0 1-4 1105-331 2-103 2-500
4-0 1-4 4675-547 2-811 3-459
5-0 1-4 13486-631 3-464 4-436
1-0 1-5 20-577 0-609 0-679
2-0 1-5 373-839 1-381 1-601
3-0 1-5 2827-396 2-111 2-572
4-0 1-5 11408-734 2-781 3-542
5-0 1-5 29944-443 3-380 4-518
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respectively, i.e. for processes which give survivor ratios of 1 in 104, 1 in 10® and 
1 in 108. As the ( K t )  value increases, the effect of temperature oscillation in increasing 
the proportion of survivors also becomes much greater. For example, a process which 
ideally gives 1 in 100 million surviving organisms with a Q 1 of 1-5, gives 1 in 1 million 
survivors for a peak temperature excursion of 1 deg C, and more than 1 in 100 
survivors for an excursion of 5 deg C.

Table 4. C o m p u te d  v a lu e s  f o r  in c r e a s e d  s u r v iv o r s  r a t io ,  a p p a r e n t  d r o p  i n  o p e r a t in g  

te m p e r a tu r e ,  a n d  u p w a r d  a d ju s tm e n t  i n  s e t  p o i n t  f o r  ( K t )  =  8 ,  o r  8  lo g  c y c le s  r e d u c t io n  
i n  c o u n t  o f  m ic r o - o r g a n is m s  u n d e r  id e a l  c o n d i t io n s

F lu c tu a t in g  te m p e ra tu re  in  s te r i l iz a t io n

«i
Increased survivors 

ratio P / / \

Apparent drop in 
operating temp., 

deg C

Upward adjustment 
of set point, 

deg C
1-0 11 1-836 0-352 0-387
2-0 1-1 5-878 1-060 1-166
30 1-1 19-726 1-852 2-038
4-0 1-1 62-477 2-667 2-933
5-0 11 182-808 3-486 3-835
1-0 1-2 5-286 0-519 0-576
2-0 1-2 51-392 1-319 1-434
3-0 1-2 383-237 2-139 2-371
4-0 1-2 2130-798 2-950 3-336
5-0 1-2 9104-308 3-746 4-299
1-0 1-3 14-677 0-600 0-653
2-0 1-3 304-823 1-417 1-572
30 1-3 3468-460 2-227 2-520
4-0 1-3 23438-055 3-011 3-493
50 1-3 104527-328 3-762 4-474
1-0 1-4 36-691 0-646 0-713
2-0 1-4 1291-929 1-463 1-648
30 1-4 18031-692 2-256 2-604
4-0 1-4 123719-303 3-008 3-576
5-0 1-4 504964-807 3-708 4-565
1-0 1-5 82-720 0-675 0-738
2-0 1-5 4208-819 1-488 1-691
30 1-5 63284-859 2-260 2-660
4-0 1-5 404598-981 2-976 3-644
5-0 1-5 1446993-772 3-625 4-618

For a maximum excursion of 0 2 the required upward adjustment of the set point 
cannot exceed d 2, but increases towards this limiting value with increasing ( K t ) .  For 
high values of ( K t )  and Q i: the required adjustment is within 0-5 deg C of the peak 
excursion.

For the higher values of ( K t ) ,  and for Q 1 greater than 1-2, detectable changes in 
bacteriological results are likely to occur unless the temperature excursions are 
limited to less than about 1 deg C.

CONCLUSIONS

The calculations show that any oscillation of the processing temperature due to 
faulty control settings on a heat-treatment plant will reduce its bactericidal and 
sporicidal effectiveness. This is a theoretical conclusion. In practice, the increased 
survivor ratio will in most circumstances be difficult to detect by standard bacterio
logical counting methods if the maximum temperature excursion is less than 1 deg C.
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Larger oscillations, however, can cause very pronounced changes in the effectiveness 
particularly at high values of (K t ).

The authors thank the Directors of The A.P.V. Co. Ltd for facilities for preparing 
this paper ; and Mr N. A. J. Hudson for his work on the computer program.
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A  f r a c t i o n a t i o n  o f  t h e  a s - c a s e i n  c o m p l e x  o f  b o v i n e  m i l k

B y  W. D. A N N A N  a n d  W. MANSON 
T h e  H a n n a h  D a i r y  R e s e a r c h  I n s t i t u t e ,  A y r ,  S c o t la n d

{ R e c e iv e d  17 J a n u a r y  1969)

S u m m a k y . The nature of the as-casein complex of bovine milk has been investigated 
by cation-exchange chromatography on columns of sulphoethyl Sephadex C-50 of 
purified preparations of as-casein and of whole acid-precipitated casein. Three main 
fractions were separated from each. Two behaved as single homogeneous proteins as 
judged by starch-gel electrophoresis; they were the main constituent of the complex, 
asl-casein, and a closely related phosphoprotein, designated a^-casein, which was 
present in small amounts only. The third fraction also constituted only a small part 
of the total complex. It was heterogeneous on starch gel electrophoresis and contained 
2 major and 2 minor components. This fraction, while similar to other members of the 
as-casein complex and to /i-caseins hitherto described in that it contained phosphorus, 
nevertheless differed significantly from these since 3 at least of its components con
tained sulphur either in the form of disulphide bonds or of sulphydryl groupings.

Information is presented on the composition of the 3 fractions including C- 
terminal end group analysis.

The essentially heterogeneous nature of a-casein isolated from bovine milk was 
first successfully demonstrated by Waugh & von Hippel (1956) who separated its 
2 main components a s- and x-casein. Further investigation has shown that these 
components were themselves heterogeneous and that a major source of the hetero
geneity of a-casein was the occurrence of a number of closely related genetically 
controlled variants of its main constituent (Thompson, Kiddy, Pepper & Zittle, 
1962; Neelin, 1964). This heterogeneity of as-casein preparations is apparent from 
their behaviour when subjected to starch and polyacrylamide gel electrophoresis, 
and is not confined to that to be expected on the basis of genetic variation alone, 
since preparations obtained from the milk of homozygous cows have also been found 
to be heterogeneous (Thompson & Kiddy, 1964). Thus, while the major calcium- 
sensitive component of a-casein, when prepared from the milk of a homozygous cow, 
can be regarded as a single homogeneous genetic variant of asl-casein, it is invariably 
associated in the as-casein complex with small amounts of other proteins which have 
not hitherto been characterized. The present communication describes the fractiona
tion of as-casein by cation-exchange chromatography on sulphoethyl Sephadex C-50 
and the examination of certain of these minor constituents.
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EXPERIMENTAL

M a te r ia l s

A c id - p r e c ip i ta te d ,  w h o le  c a s e in . Milk was obtained from individual Ayrshire cows 
of the Institute herd which were selected as being free from mastitis, and centrifuged 
at 1500 g  for 30 min at 15 °C. The skim-milk remaining after removal of the layer of 
fat was diluted with an equal volume of distilled water and the mixture at 25 °C was 
acidified to pH 4-6 by dropwise addition of n -HCI. The precipitated casein was 
separated by filtration and washed 3 times by suspension in distilled water before 
being dissolved by addition of N-NaOH in such a way that the pH value never 
exceeded 7-5. The solution was clarified by filtration through a thin layer of Celite 512 
supported on glass-fibre paper (Whatman GF/A obtained from H. Reeve Angel and 
Co. Ltd., London). The filtrate contained approximately 1 % protein as determined 
by the method of Lowry, Rosebrough, Farr & Randall (1951) when compared with 
a standard solution of as-casein having a specific extinction coefficient of 10-6 at 
278 nm. The acid-precipitated whole casein had a specific extinction coefficient of 
8*1, measured at 278 nm.

ots- C a s e in . oq-Casein was prepared from acid-precipitated casein by electrophoresis 
in a column stabilized by a density gradient (Manson, 1965) and also by the procedure 
described by McMeekin, Hipp & Groves (1959) for the preparation of oq-casem.

<x - L a c t a lb u m in . a-Lactalbumin was prepared by the procedure of Aschaffenburg & 
Drewry (1957). The purification process was checked by starch-gel electrophoresis 
of the product under the conditions described below, which were also employed for the 
examination of casein fractions.

M e th o d s

S ta r c h -g e l  e le c tr o p h o r e s is . The vertical procedure described by Smithies (1959) was 
employed. The gel was prepared by dissolving 57 g starch in 343 ml buffer solution 
of pH 9-2 which had the following composition per litre: Tris 10-lg, EDTA.Na2.2H aO
1- 3 g, H3B 0 3 077 g (Aronsson & Gronwall, 1957). Urea was then added to the gel to 
a final concentration of approximately 5 m . Sufficient concentrated buffer solution 
and urea were added to solutions of casein preparations before electrophoresis to 
adjust their concentrations to be approximately equal to those in the gel. The total 
protein concentration in samples treated in this way was about 1 % immediately 
before application to the gel.

Electrophoresis was performed at 4 °C for 20-24 h with a potential gradient of
6-8 V/cm. In some determinations the samples were first reduced by treatment with
2- mercaptoethanol (ME) (0-2%, v/v) for 1 h at room temperature. In these circum
stances the gels used also contained 0-2 % (v/v) ME.

C h r o m a to g r a p h y  o n  s u lp h o e tJ iy lS e p h a d e x C - 5 0 . Casein preparations were fractionated 
on columns (2-0 x 44-5 cm) of sulphoethyl Sephadex C-50 (Pharmacia, Great Britain, 
Ltd., London) which were prepared in and equilibrated with sodium formate/formic 
acid buffer (4-0 g sodium formate, 11-5 g formic acid/1; I  =  0T0) containing 8 M-urea. 
This had a pH value of 4-0.

Before application to the column the casein sample was first dialysed against this 
buffer. When the fractionation was performed with reduced casein the reduction
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procedure of Anfmsen & Haber (1961), involving treatment of the protein with ME 
at pH 8-6, was first applied. The reduction was ended by addition of formic acid to 
pH 4-0 followed by dialysis of the mixture against the formate/urea buffer. In a 
typical fractionation, the casein sample (20 ml containing 0-5 g protein) was then 
applied to the top of the column followed by between 2- and 3-bed volumes of 
formate/urea buffer. Development was continued by washing the column with buffer 
solution incorporating a progressively increasing concentration of XaCl from zero to 
0-2 m . No ME was present in this eluting buffer. The flow from the column was 
maintained at a constant rate of 17 ml/h and the effluent was collected in fractions 
of 10 ml. Their protein content was determined by measurement of their light absorption 
at 278 nm, and selected fractions were combined. Casein components were isolated 
by freeze-drying after removal of buffer salts by dialysis, and stored at — 15 °C.

D e te r m in a t io n  o f  C - te r m in a l  s e q u e n c e s  o f  u s- c a s e in  c o m p o n e n ts .  as-Casein com
ponents were digested with carboxypeptidase A (EC 3 .4 .2 .1 ; purchased from 
Sigma Chemical Co. Ltd., London) which had been treated with diisopropylfluoro- 
phosphate to eliminate possible activity arising from contamination with trypsin or 
chymotrypsin. A portion (0-030 ml) of an aqueous suspension of the enzyme was 
centrifuged and the solid material obtained was washed 3 times with 2 ml distilled 
water. After each washing the enzyme was again recovered by centrifugation. Finally, 
it was dissolved by addition of 0-167 M-NaCl solution (7-0 ml), 0-5 M-NaHC03 
(1-0 ml) and 0-33 M-NaOH (0-5 ml). The pH value of the solution was reduced to
8-0 by dropwise addition of 0-33 m-HCI and the volume adjusted to 25 ml with dis
tilled water. The more concentrated solution used in the later stages of the digestion 
of the casein samples was prepared in the same way from 0-187 ml of the enzyme 
suspension diluted finally to 30 ml.

For end-group analysis the samples of as-casein components, containing approxi
mately 80 mg protein, were dissolved in 10 ml water and adjusted to pH 8-0 by addition 
of NaOH solution. The protein concentration in each sample was determined by the 
method of Lowry, e t a t . (1951). A 9-ml portion of each solution was incubated at 
21 + 1 °C with 2-0 ml of the dilute solution of carboxypeptidase A described above. 
Samples were withdrawn from the digestion mixture after 4 min and again after 
3 h, and immediately acidified by addition of 3 ml of 0-06 m-HCI to stop further 
enzyme action. After 3-5 h, a 6-0 ml portion of the remaining digestion mixture was 
taken and treated with 8-0 ml of the more concentrated carboxypeptidase A solution 
and the digestion was continued. Samples (3-0 ml) were withdrawn after a further 
10 min and after 4-5, 15-5 and 28-5 h, and acidified by addition of 1-0 ml 0-167 m-HCI. 
Two or three drops of toluene were added as preservative.

The amino acids released were separated from the protein remaining in the diges
tion mixture by passage of the samples through a column of Sephadex G-25 (fine 
grade particle size 20-80 f i )  of diam. 1-8 cm and length 29 cm, prepared from a 
suspension in 0-001 m-HCI and 0-01 M-aeetic acid. The column was washed with this 
solution and the effluent was collected in 3 ml fractions. Typically, protein was eluted 
in fractions 10-12. Fractions 15-44 were combined, neutralized by addition of
3-0 ml 0-1 N-XaOlI and concentrated in a rotary evaporator under reduced pressure 
at a temperature (external) of not more than 40 °C. The final volume was adjusted 
to 5-0 ml.

F r a c t io n a t io n  o f  as-ca se in  co m p le x
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Quantitative amino acid analyses were performed on these extracts using an 
automatic amino acid analyser (Evans Electroselenium Ltd., Halstead, Essex) 
following the procedure of Spackman, Stein & Moore (1958).

The possibility that some loss of tryptophan might occur during this isolation 
process was examined by subjecting solutions of tryptophan to the treatment de
scribed above. It was found that tryptophan was eluted from the Sephadex column 
in fractions 34-39 and that its recovery was 98-100 % of the calculated amount.

R e d u c t io n  a n d  a l k y l a t i o n  o f  a s-c a s e in . Urea (2-25 g) was dissolved in 3-0 ml as-casein 
solution containing 0-21 g protein, and the pH value of the resulting solution adjusted 
to 8-6 by dropwise addition of 1 % methylamine solution. The final concentration of 
urea was 8 m. ME (0-21 ml) was added and the mixture allowed to stand for 4 h at 
room temperature before addition of 0-5 M-Tris/acetate buffer of pH 8-5 followed by 
1-0 g iodoacetic acid or iodoacetamide dissolved in 5-4 ml N-NaOH. Sufficient Tris/ 
acetate buffer was added to reduce the urea concentration to approximately 2 M. 
Under these concentrations it has been reported (Anfinsen & Haber, 1961; Haber & 
Anfinsen, 1961) that alkylation of groups other than SH groups can be expected to 
occur only to an insignificant extent. The solution was stirred for 13 min after which 
excess of alkylating agent was destroyed by treatment with 4-2 ml ME for 30 min at 
room temperature. The pH was then lowered to 3-0 by addition of glacial acetic acid 
and the urea removed by dialysis against HCl/NaCl buffer of pH 2-0 (I  =  0-10). The 
precipitated casein derivative was redissolved by addition of 0-1 N-NaOH to pH 7-0 
and the resulting solution concentrated 3-fold by treatment with Sephadex G-25. 
A portion (4-0 ml) of the resulting solution was fractionated on a column (1-6 cm 
diam. x 19 cm) of Sephadex G-25 using Tris/HCl buffer of pH 7-1 containing 6-5 g  
Tris/1. of 0-05 m-HCI, and the effluent collected in 2-5 ml fractions. The purified 
casein derivative was eluted in fractions 8-11 as judged by light absorption measure
ments at 255 nm. These were combined and concentrated until the protein content 
was approximately 2 % before being examined by starch-gel electrophoresis.

P h o s p h o r u s  d e te r m in a t io n .  Phosphorus was determined by the method of Allen
(1940).

RESULTS AND DISCUSSION

Preparations of ag-casein B when examined by starch-gel electrophoresis at 
pH 9-2 in the Aronsson & Grônwall (1957) buffer system in the presence of 5 m  urea 
were found to contain 5 clearly distinguishable components in addition to the main 
constituent, agl-casein B, and also, occasionally, trace amounts of /?- and x-casein 
(Plate 1(a)). Following the practice adopted by El-Negoumy (1967) and in accord
ance with the recommendations of the Committee on Milk Protein Nomenclature 
(Thompson e t a l . 1965) those constituents which migrated more slowly than the main 
component have been designated, in order of decreasing mobility, as2-a s5. The 
remaining component which migrated immediately ahead of agl-casein has been 
arbitrarily designated ag0-casein. If the relative mobility of the ag4 band is taken as 
1-00 (El-Negoumy, 1967) the relative mobilities of the remaining components on 
starch-gels in this buffer system were as0 (1-18), agl (1-14), ag2 (1-11), a sS (1-06) and 
asB (0-88). A similar pattern was obtained when whole acid-precipitated casein was 
subjected to electrophoresis in the same starch-gel system (Plate 1 (a)) indicating that



none of these components arose as a result of procedures employed in the preparation 
of a,-casein from acid-precipitated casein.

This general pattern, however, differed in one important respect from that pro
duced (Plate 1 (b )) when the same electrophoretic procedure was applied to samples of 
as-casein and acid-precipitated casein which had previously been treated with ME, 
since in these circumstances the diffuse a s- band was no longer discernible. A similar 
effect has been observed by MacKinlay & Wake (1965) and by Thompson (1966) 
under different experimental conditions. In addition, the disappearance of this com
ponent under the action of ME was accompanied by an apparent increase in the
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Fig. 1. Fractionation of a,-casein (approx. 0-5 g) by chromatography a t pH 4-0 on columns of 
sulphoethyl Sephadex C-50 in the presence of 8m urea and a sodium chloride gradient. In  (6) the 
a s-casein applied to the column was first reduced by treatment with ME a t pH 8-6. In  (a) the 
as-casein received no such treatment.
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amounts of the as2, as3 and txs i bands and the appearance of traces of a further band, 
designated a s6, which had a mobility very close to that of the original diffuse asS band.

Further information concerning the constitution of these components and their 
interrelationships has been obtained from an examination of the products of the 
chromatographic fractionation of as-casein and of whole casein, on columns of 
sulphoethyl Sephadex C-50 in the presence of 8 m  urea. Many of the methods hitherto 
used in fractionation experiments with casein have involved exposure of the casein 
to neutral or alkaline solutions of urea for considerable periods of time. In such 
conditions there is considerable risk of the formation of small amounts of cyanate 
and of its subsequent reaction with casein (Marier & Rose, 1964; Manson, 1962). 
The present fractionation was performed in acidic conditions and thus the dis
aggregating effect of strong solutions of urea has been utilized without risk of side 
effects due to the presence of cyanate.

When as-casein was subjected to chromatography at pH 4-0 on columns of 
sulphoethyl Sephadex C-50 in the presence both of 8 m  urea and an increasing con
centration of sodium chloride, 3 main fractions were obtained, as is shown in Fig. 1 (a) .  

Chromatography of as-casein first treated with ME gave, in general, similar results 
with the exception that fraction 3 was much reduced in quantity and fraction 2 was 
proportionally increased (Fig. 1(6)). Each of these 3 fractions was examined by 
starch-gel electrophoresis and compared with the patterns obtained, under identical 
conditions, from the unfractionated as-complex and from whole casein (Plate 1 (a)  

and (6)). Those fractions originating in a,-casein which had not been treated with 
ME before chromatography behaved as follows.

Fraction 1 yielded bands corresponding to the oc^- and asl-components of the 
starting material together with traces of /c-casein, the as0-casein being associated with 
that portion of the fraction eluted earliest. The remainder of the fraction was essenti
ally pure asl-casein (Plate 1 (a)). The fraction 1 in gels incorporating ME (Plate 1 (6)) 
was similarly constituted. Fraction 2, when examined in a like manner, was found to 
be heterogeneous and to contain bands corresponding to those designated as2, a s3 and 
as4 in the electropherogram of the unfractionated complex. This pattern was repro
duced with the addition of traces of a fourth component as6 when the electrophoresis 
was performed in the presence of ME (Plates 1 (a)  and (6)). Fraction 3 clearly cor
responded in behaviour to the as5 component of unfractionated as-casein. In gels 
containing no ME it appeared as an ill-defined band in the as5 position, whereas after 
treatment with ME this disappeared and was replaced by well-defined bands cor
responding to the as2, as3, ag4 and as6 components in a manner similar to that of 
unfractionated as-casein itself. This pattern was indistinguishable in its essential 
features from that of fraction 2, as shown in Plate 1 (a)  and (6). It has consequently 
been concluded that the material constituting the as5-fraction of the as-complex is 
itself a complex from which simpler molecules characterized chiefly by the a s2, a s3 and 
as4 bands are released on reduction by ME.

The conditions under which fragmentation of this as5-fraction occurred are con
sistent with a reaction mechanism involving reduction of disulphide bonds in the 
complex and thus lend support to the contention of Waugh e t a l . (1962) that the 
as-casein complex contains cystine. Further evidence in support of this was obtained 
by reduction and alkylation of unfractionated as-casein followed by electrophoresis
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of the products in a starch gel in the presence of 5 M urea at pH 9-2. The results are 
shown in Plate 2. It is apparent that the distances migrated by the as3 and as4 
components after treatment with iodoacetic acid were greater than those of the 
untreated material, whereas the ag3 and a s i bands obtained after treatment with 
iodoacetamide travelled more slowly than the corresponding bands before alkylation. 
This is consistent with the formation from free sulphydryl groups in both the as3 and 
as4 components of s-carboxymethyl derivatives on treatment with iodoacetic acid, 
and of the corresponding amides, s -carboxamidomethyl derivatives, from iodoacet
amide. Examination of the original gel which was photographed to produce Plate 2 
suggested that the ocs2 component had behaved analogously to the ots3 and as4 com
ponents, thus indicating that it too contained free sulphydryl groups.

F r a c t io n a t io n  o f  as-ca se in  c o m p le x

Tube no.

Fig. 2. Fractionation of whole acid-precipitated casein (approx. 0-5 g), after treatment with 
ME, by chromatography a t pH 4-0 on a column of sulphoethyl Sephadex C-50 in the presence 
of 8 m  urea and a sodium chloride gradient.

The chromatographic procedure was applied to reduced whole casein in place of 
the as-casein complex in order to confirm that the as-casein components separated 
were not artifacts of the preparation of as-casein from whole casein. The results 
from a typical separation are shown in Fig. 2. In appearance the elution pattern is 
qualitatively very similar to those obtained from as-casein preparations, particularly 
so in the region between tubes 100 and 180. However, starch-gel electrophoresis 
revealed that while fraction 1 behaved in a manner indistinguishable from the 
fraction 1 obtained from as-casein, fraction 2 contained only the as2, as3 and as4 
components (Plate 3) and thus lacked the as6 constituent of the fraction 2 from a s- 

casein. In a like fashion fraction 3 contained the as3, as4 and a sfi bands (Plate 4) and 
lacked the as2 band of fraction 2 from as-casein. The final fraction of this group, 
fraction 4, contained all 4 components, as2, as3, as4 and as6 and could be considered 
as representing the unreduced aggregate containing these 4 components which was 
designated as5-casein in Plate 1(a). It may be further concluded that the fractions 
2 and 3 isolated from whole casein together represent the fraction 2 obtained from 
a5-casein.

17 Dairy Res. 3 6
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In addition to these 4 fractions, a further 2 major and 3 minor fractions were 
discernible in Fig. 2. From their electrophoretic behaviour the 2 main fractions have 
been identified, fraction 5 as /?-casein and fraction 8 as the major component of the 
/c-casein complex. The remaining fractions which were present only in very small 
amounts were discarded since they apparently formed no part of the as-casein 
complex.

Table 1. A n a l y s e s  o f  c o m p o n e n ts  is o la te d  f r o m  th e  a s- c a s e in  c o m p le x  

b y  c h r o m a to g r a p h y  o n  s u l p h o e th y l  S e p h a d e x  C -5 0

r ,  % E\°£m a t 278 nm
as0-Casein 1-05 10-4
asl-Casein 1-02 10-7
Fraction 2* 103 10-1

* Prepared from as-easein as described in the Methods section and illustrated in Fig. 1 (b).

Table 2. A m i n o  a c id s  r e le a s e d  f r o m  ocs-c a s e in  c o m p o n e n ts  b y  th e  

a c t io n  o f  c a r b o x y p e p t id a s e  A  *
(Amino acids released, moles/25000 g protein.)

Incubation time, min

4 180 220 480 1140 1920
as0-Casein

Tryptophan 0-84 0-91 0-90 0-86 0-99 0-85
Leucine 0-00 014 0-48 1-17 1-23 1-31

asl-Casein
Tryptophan 0-84 0-91 0-97 1-00 0-92 1-00
Leucine 0-00 0-11 0-46 1-20 1-24 1-29

Fraction 2t
Tyrosine 0-80 0-82 0-74 0-86 0-88 0-94
Leucine 0-82 0-82 0-79 0-97 0-85 0-90

* Experimental details are given in Methods section.
t  Fraction 2 was obtained by chromatography of a s-casein as described in the Methods section and 

illustrated in Fig. 1(6).

The main components of the as-casein complex were further characterized on the 
basis of phosphorus content, light absorption at 278 nm and C-terminal end-group 
composition. By selection of portions of fraction 1, samples of a sfl- and asl-casein 
were obtained which behaved electrophoretically in starch gels as single homo
geneous proteins. It was not, however, found possible to separate the remaining 
components completely on a preparative scale and consequently their aggregate, 
represented by fraction 2, was used for analytical comparison with a s0 and a s l - 
casein.

The light absorption properties and phosphorus contents of these 3 constituents 
are recorded in Table 1. It is apparent that on this basis the 3 fractions were virtually 
indistinguishable from each other. The figures shown in Table 1 are also close to 
those of 1-03 % phosphorus and E f f m  =  10-6 reported earlier for unfractionated 
a,-casein (Manson, 1965). Certain differences between the fractions were however 
apparent when each was digested with carboxypeptidase A. In these experiments the
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same samples of as0- and agl-casein from which the figures in Table 1 were obtained 
were used, together with fraction 2 which consisted of roughly equal amounts of the 
as3 and ag4 components accompanied by traces of ag2- and ag6-caseins. The amounts of 
amino acids liberated from the 3 preparations by the action of carboxypeptidase A 
are shown in Table 2.

The behaviour of a^-casein was clearly very similar to that of the agl component 
and is consistent with the belief that each protein contains a single stranded poly
peptide chain terminating in the sequence Leu-TrpCOOH. The amount of leucine 
released from both proteins is, however, sufficiently in excess of one molar proportion 
in each case to suggest that the third position from the C-terminal is also occupied 
by a leucyl residue whose release by carboxypeptidase A is hindered by the nature 
of the fourth residue which is itself completely resistant to the action of this enzyme. 
From the results set out in Table 2 the minimum molecular weights of cc^- and agl- 
casein can be estimated as approximately 28000 and 26000, respectively, in com
parison with the value of 31000 obtained earlier for unfractionated ag-casein (Manson, 
1961). More recently, Schmidt, Payens, van Markwijk & Brinkhuis (1967), using 
physical techniques, have reported a subunit molecular weight of approximately 
23000 for an agl-casein preparation comparable to that described here.

In contrast to these findings with a ^ -  and agl-caseins, the amino acids tyrosine and 
leucine were liberated from reduced ag5-casein by the action of carboxypeptidase A. 
The rates of release of these amino acids were apparently equal and it was not possible 
to determine with certainty whether they were released sequentially from a single 
protein or simultaneously from the ends of 2 polypeptide chains. In view of the known 
heterogeneity of fraction a s5 and of the speed of release of both the tyrosine and the 
leucine when compared with the rates of cleavage of the ag0 and agl components, it is 
not unlikely that the 2 main constituents of ag5-casein, the a,3 and a s i components, 
each contributed one of the liberated amino acids and that the penultimate residue 
in each case was resistant to attack by carboxypeptidase A. In this event, equal 
amounts of ag3 and ag4-casein would yield one molar equivalent of tyrosine and leucine 
per molecular weight of each of approximately 14000, calculated on the results 
shown in Table 2. It is noteworthy that a-lactalbumin, whose primary unit has a 
molecular weight of approximately 15000 when subjected to starch-gel electro
phoresis after reduction with ME and under the conditions employed with ag-casein 
components, migrated in a manner indistinguishable from that of ag4-casein. 
Furthermore, treatment of a-lactalbumin with carboxypeptidase A has been shown 
to liberate only one amino acid, leucine, per chain weight of 15000, the penultimate 
residue, lysine, being completely resistant to attack by this enzyme (Weil & Seibles, 
1961). The possibility cannot therefore be excluded that the as4 component of the 
ag-casein complex is lactalbumin.

From the experiments described above it can be concluded that the main com
ponent of the ag-casein complex of bovine milk, agl-casein, is accompanied in the 
complex by small amounts of a closely related component, ag0-casein, together with 
a group of 4 components, 3 of which at least contain disulphide bonds or sulphydryl 
groups, and which themselves form a minor complex. In addition, all 3 divisions of 
the ag-complex, the as<) and agl components and the ag5 minor complex, contain 
phosphorus.

F r a c t io n a t io n  o f  ocs-ca se in  c o m p le x
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EXPLANATION OF PLATES 
Plate 1

(a) Starch gel electrophoresis of casein components a t pH 9-2. Whole acid-precipitated casein is repre
sented by the pattern from slot 2 and the positions of individual constituents of the as-casein complex 
are indicated in the margin. Slot 5 was occupied by the as-casein complex and the remaining 4 
slots by the 3 fractions obtained from column chromatography of «.¡-casein, as illustrated in Fig. 1(a). 
Slot 1 contained the more quickly eluted material from fraction 1 and slot 3 the remainder of fraction 1. 
Fraction 2 is represented by the pattern from slot 4 and fraction 3 by that from slot 6.
(b) Starch gel electrophoresis of casein components at pH 9-2 after treatment with ME. The pattern 
obtained from whole acid-precipitated casein is shown in (2), and that from «¡-casein in (5). The pattern 
represented by (1) was obtained from that part of fraction 1, eluted earliest in the chromatographic 
fractionation of «¡-casein illustrated in Fig. 1 (6), and that represented by (3) was obtained from the 
remainder of fraction 1. Fractions 2 and 3 from the same separation migrated from slots 4 and 6, 
respectively.

Plate 2
Starch gel electrophoresis of reduced as-casein at pH 9-2 before and after alkylation with iodoacetic acid 
and iodoacetamide. The unfractionated reduced «¡-casein occupied slot 2. The material obtained after 
treatment of as-casein with iodoacetic acid is represented by (1) and tha t obtained by alkylation with 
iodoacetamide by (3).

Plate 3
Electrophoresis in a  starch gel incorporating ME a t pH 9-2 of major fractions obtained from chromato
graphy of whole acid-precipitated casein. The fraction numbers are those employed in Fig. 2. Unfraction
ated casein is represented by (4), fraction 5 by (1), fraction 8 by (2) and fraction 2 by (6). Fraction 1 has 
been subdivided into quickly (3) and slowly (5) eluted portions.

Plate 4
Electrophoresis in a starch gel incorporating ME of minor fractions obtained by chromatography of 
whole acid-precipitated casein. The fraction numbers refer to those employed in Fig. 2. Unfractionated 
casein is represented by (4), and fractions 6, 7, 9, 3 and 4 by the patterns from slots 1, 2, 3, 5 and 6, 
respectively.
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S o m e  e f f e c t s  o f  p r o c e s s  t r e a t m e n t  o n  t h e  b o d y  o f  c r e a m

By J. H. PRENTICE a n d  HELEN R. CHAPMAN
N a t i o n a l  I n s t i t u t e  f o r  R e s e a r c h  i n  D a i r y i n g ,  S h in f i e l d ,  R e a d in g

(R e c e iv e d  18 J a n u a r y  1969)

S u m m a r y . Effects of age and agitation of milk, temperature of separation, heat 
treatment and cooling, homogenization and ageing on the body of double cream were 
studied. Homogenization and temperature of heat treatment gave rise to the greatest 
effect. The effects of most treatments were inter-related to some extent, but this was 
most pronounced with cooling and ageing.

Cream containing 48 % by weight of butterfat is produced commercially only in 
Great Britain, and few papers dealing specifically with the production process have 
been published. Earlier work has been comprehensively reviewed by Crossley & Roth- 
well (1954). Much of the present-day information about cream stems from the work 
of Babcock (1931) and of Skelton & Herreid (1941), who observed that “ the body of 
cream is a temporary structural condition that can be altered by treatment ”, A paper 
by Rothwell (1962) summarized some of the effects of the processing treatments on 
the properties of the product, and more recently Rothwell (1966) described how 
processing affects the condition of the fat in cream. In addition, there is a considerable 
amount of ‘know how’ or technical expertise possessed by experienced individual 
technologists in the industry which has not been recordei.

An object of the present study was to establish what properties of cream could be 
ascribed to the physical processing conditions, and to determine to what extent the 
body of cream could be changed by changing the process. In particular, the experi
ments were designed to determine what factors affected the body of machine- 
separated cream under processing conditions that allowed interaction between several 
variables to be observed. They form part of an investigation to determine what 
processing variables and what characteristics of cream affect its body at the point of 
sale. It is assumed that the cream is processed throughout under good hygienic 
conditions so that the effects of bacterial contamination may be ignored.

D e f in i t i o n  o f  th e  ‘ b o d y  ’ o f  c r e a m

Cream is judged by its flavour, appearance, and consistency or body and it is only 
the body of the cream which has been considered in the present experiments. Body 
is a term which has not been precisely defined, but it is associated with the manner 
in which cream flows when it is poured slowly.

The flow of a liquid is described in terms of viscosity, but it is necessary to define 
what is meant by the viscosity of liquids such as cream. Viscosity is the coefficient 
connecting the applied stress with the induced rate of shear when a liquid is set in



steady flow and is independent of the method of measurement. Several workers, 
including Scott Blair, Hening & Wagstaff (1939), Crossley (1954), Rothwell (1966) 
and Scott Blair & Prentice (1966) have shown that cream does not follow such a 
simple relationship, but that the apparent viscosity, which is measured, depends 
upon the rate of flow at the time of measurement.

It has been shown by Prentice (1967) that within the limits of experimental error 
the flow of cream may be represented by an empirical formula r = ley'3-, where r is 
the applied stress, y  is the ensuing rate of shear, and Jc and a  are parameters charac
teristic of the cream sample. For the present purposes this is more conveniently 
written as rj’ = Ty-1 = k y ~ P , where i)’ is the apparent viscosity under the conditions of 
the measurement and /? (=  1 — a )  is an exponent defining the departure of the cream 
from the Newtonian behaviour of a true fluid. The value of Jc, which is numerically 
equal to the apparent viscosity when the shear rate y  is unity, is a convenient para
meter for describing the body of the cream and will be referred to in this paper as 
the viscosity of the cream. Saunders (1961) called the departure of a fluid from 
Newtonian behaviour the abnormality of that fluid, and in keeping with his termino
logy the exponent ¡3 may be called the coefficient of abnormality. These 2 parameters, 
viscosity and abnormality, are sufficient to define the flow behaviour of cream. In 
another series of experiments (unpublished) it has been shown that there is a close 
correlation between the technologists’ concept of body and the viscosity, as just 
defined.

2 7 0  J .  H .  P r e n t i c e  a n d  H e l e n  R .  C h a p m a n

EXPERIMENTAL

Cream samples used in the 3 experiments described here were produced from bulk 
milk from the Institute’s herd at Church Farm. The milk was warmed in cans and 
then separated to a nominal 48% fat in an Alfa Laval Separator Model 108 AE 
120 gal/h. The cream was heat treated and cooled in a small Alfa Laval pasteuriz
ing plant (throughput 10 gal/h).

V is c o s i t y

Viscosity measurements were made in a concentric cylinder viscometer; this 
instrument, and the theory of its use for non-Newtonian fluids, has been described by 
Prentice (1967). Some creams are very readily modified irreversibly by shear and if 
the shear rates are high this may occur as viscosity is being measured (Rothwell,
1966). Since this thickening is in fact the onset of the churning process as in making 
butter, it is commonly referred to as churning. In order to reduce this possibility, the 
viscometer was designed to operate at low shear rates around 1 sec-1, the highest 
shear rate used in this experiment being 3-67 sec-1. The resistance of the creams to 
this type of irreversible change was determined by observing the lowest shear rate 
at which the sample thickened spontaneously. Only the most sensitive creams 
churned at the shear rates that were used in the experiment. A second viscometer, 
of similar dimensions, but capable of shear rates up to 180 sec-1, was used to in
vestigate churning of the remainder of the samples.

Some consideration was given to the timing of the viscosity measurements, since 
preliminary experiments had indicated a dependence of viscosity on age of the cream, 
and it was therefore necessary to ensure that all comparative measurements were



made on cream of the same age. From these earlier experiments it was known that 
cream which was undisturbed in the laboratory increased in viscosity by about 4 %/h. 
The age of the cream was measured from the time at which it issued from the separator, 
since this is when cream begins to exist as an entirely different substance from the milk 
from which it is derived. It took approximately 1 h to measure the viscosity and other 
properties of the cream that were determined in this experiment. With this in mind 
it was possible to adopt a strict timetable of production and measurement whereby 
all measurements began 1 h after the sample was taken from the separator.

E f f e c t s  o f  te m p e r a tu r e

In a first series of experiments, milk was warmed to 4 different temperatures: 
90, 100, 110, 120 °F (32-2, 37-8, 43-3, and 48-9 °C) before separating, and these 
temperatures were maintained whilst the milk was in the separator bowl by circulating 
warm water through a heating coil immersed in the milk. The temperature at which 
the milk passed over the separator head was thus kept as near as possible to the 
nominal separating temperature. In every experiment the separator was allowed to 
run for a few minutes in order to settle down, then the cream sample for testing was 
drawn when the bowl was about half empty (i.e. during the third quarter of the 
separating run). Creams were separated over a range of fat contents, and each sample 
was analysed by the Gerber method.

The effect of varying both heat treatment and cooling temperatures was studied in 
a second series of experiments. In the light of results of the previous series of experi
ments 40 °C (104 °F) was taken as a satisfactory separating temperature, and one 
lower temperature, 35 °C (95 °F) and one higher temperature 45 °C (113 °F) were 
also used. The cream was then heat treated without delay. The proposed schedule 
(Milk and Milk Products Technical Advisory Committee 1967) for effective heat 
treatment of creams recommends as one treatment a holding time of 15 sec at 
74 °C (165 °F). Accordingly, 15 sec was taken as the standard time throughout the 
experiments. Two other temperatures also were included in the experiment, 66 and 
82 °C (151 and 180 °F), the lower temperature giving very inadequate heating, and 
the higher what we consider to be considerable over-heating. The cream was cooled in 
the plant, and the temperature at which it emerged was controlled at 10, 15 or 20 °C 
(50, 59, or 68 °F). It was possible on this occasion to complete 3 processing runs daily 
and this series of experiments conformed with a standard statistical pattern. As 
before, the order in which the samples were produced was completely randomized. 
The viscosities of all the creams were measured 1 h after processing and after storage 
for 24 h in a domestic refrigerator, at approximately 7 °C (45 °F).
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A g e  a n d  a g i ta t io n

In the third series of experiments 2 more factors were controlled: the age of the 
milk and the amount of agitation it received between milking and separating. The 
effect of homogenization of the cream was also studied. Inclusion of these variables 
resulted in a 6-factor experiment and to have studied these factors in as great detail 
as in the previous series would have resulted in an unwieldy and time-consuming 
experiment. An indication of the magnitude and significance of the effect of any
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process was obtained by studying each factor at only 2 levels, and a compact statistical 
design of half-replication was used.

To study the effect of age of the milk 2 ages were chosen to represent the intervals 
which occur in commercial practice between milk production at the farm and 
separation at the creamery. The fresher milk, under 24-h old, was drawn from bulked 
milk of the evening and morning milkings immediately before processing, and the 
older milk was drawn from bulked milk from the 2 milkings 24 h earlier. No really 
stale milk was used in these experiments.

Agitation, when required, was the normal intermittent stirring action provided 
by the stirrers in the bulk milk tank where the milk was held at 40 °F (4-4 °C). 
Unagitated milk was obtained by storing the required quantity of bulked milk in a 
separate tank also held at 40 °F (4-4 °C). Some agitation of the milk during milking, 
handling and transfer between tanks was unavoidable.

Separating, heat treatment and cooling temperatures were based on the results of 
the earlier experiments. The separating temperatures, 35 and 45 °C (95 and 113 °F), 
were used, followed by 2 heat treatments, at 66 and 74 °C (151 and 165 °F) and 
finally 2 cooling treatments, 10 or 20 °C (50 or 68 °F).

A Fannie homogenizer was included in the flow line between the heating and the 
holding sections of the heat-treatment plant so that homogenization was effected at 
the holding temperature. The homogenizing pressure was 35 kg/cma (500 p.s.i.). 
When homogenized cream was not required, the homogenizer valve was released and 
the homogenizer then merely served to pump the cream through the plant.

It was not possible in this experiment to adhere to the previous time-table of 
measuring viscosity 1 h after production. It was more convenient to make the 
measurements some 3 h after production. There was thus an element of the ageing 
effect in all these values of viscosity but it was felt that any uncertainty this intro
duced would be small compared with the effect of the main factors. The viscosity of 
1-day-old samples was measured after about 21-h storage in the refrigerator. A further 
subsample was retained and examined at the end of 7-day storage. The pH value of 
samples that were kept for 1 week was measured to give some indication of the 
effect of the different treatments on the keeping quality of the creams.

RESULTS

Viscosities of freshly separated cream obtained from the first experiment have been 
plotted against fat content in Fig. 1. There was a general increase of viscosity with 
concentration, the average values of rj[ at 20 °C being 0-65 Poise at 44 %, IT Poise at 
48% and 2-2 Poise at 52% fat. Not enough measurements were made at fat con
centrations greater than 52 % for a reliable average to be calculated. There is another 
pronounced feature of this figure. All the points relating to separation at 120 °F lie 
near the bottom of the band, and the points for 110 °F are more or less scattered 
amongst them. On the other hand, there is a tendency for the points for 100 and 
90 °F to lie above this band, greater with separation at 90 than at 100 °F, and this 
tendency was greater at higher fat concentration.

The results of the second series of experiments are collected in Table 1. The 
viscosity and the fat content of the creams varied considerably and were highly



correlated. In the statistical analysis, therefore, the fat content was treated as a 
covariate. Over and above the adventitious variation due to differences in fat content 
there was a highly systematic variation due to the heat treatment temperature. The 
effect of overheating (above 74 °C) was small but that of underheating was con
siderable, the adequately heat-treated cream being little more than half as thick as
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Fig. 1. Variation of apparent viscosity with fat content. 
O, 90 °F ; • ,  100 °F; A, 110 °F; A, 120 °F.

that heated to only 66 °C. There was also some tendency for the higher separating 
temperature to produce thinner cream, consistent with the findings of the earlier 
experiments, but this tendency was not large enough, compared with the residual 
variance due to uncontrolled factors, to be statistically significant.

The variation arising from differences in cooling temperatures was not linear, the 
most viscous cream, on average, being produced when cooled to 15 °C, the least 
viscous when cooled to 20 °C. A more important effect of cooling, however, is seen if 
the viscosities of the freshly produced cream and the day-old cream are compared. 
Cream cooled most quickly, that is down to 10 °C, increased in viscosity by only about 
20 % during storage, whilst that which was originally cooled most slowly, down to 
only 20 °C in the plant, increased in viscosity by about 60 %. If  the thickening had 
proceeded at the same rate for a further day the difference between the creams 
cooled to 15 and 20 °C would almost have disappeared, whilst that cooled to 10 °C



274
would have been appreciably the thinnest. Neither the temperature of separation 
nor the heat-treatment temperature had any significant effect on the rate of thicken
ing. The average values of the viscosity ( y f )  for each treatment are tabulated in 
Table 2, the values being corrected to a fat content of 50 % to facilitate comparison.

The residual variance in the analysis of this series was very large, giving rise to a 
standard deviation of approximately ± 18 % of the value of a single determination.
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Table 1. E f f e c t  o f  p r o c e s s in g  te m p e r a tu r e s  o n  v is c o s i t y  o f  c r e a m

Temp., °C

Separa- Pasteuriza
tion tion Cooling

Fat
content, %

Viscosity, Poise

Fresh 1 day old
35

40

45

66

74

82

66

74

82

66

74

82

Treatment
Separation

Pasteurization

10 51-3 3-52 4-33
15 51-4 4-08 4-59
20 51-3 1-64 1-88
10 52-6 2-69 2-82
15 50-6 1-32 3-46
20 49-2 0-77 M 2
10 51-0 1-61 1-76
15 50-3 106 1-80
20 50-5 0-77 1-45

10 50-1 2-40 2-36
15 50-7 2-71 3-43
20 49-1 1-50 2-27
10 48-5 0-79 0-94
15 49-3 1-07 1-36
20 50-0 0-83 2-20
10 48-8 0-64 0-91
15 48-8 0-79 0-95
20 49-4 0-71 0-95
10 50-5 2-50 2-73
15 49-9 1-58 2-30
20 50-0 1-92 3-24
10 50-5 0-77 0-94
15 47-3 0-77 0-97
20 51-4 1-07 2-10
10 50-9 1-20 1-41
15 47-2 0-60 0-79
20 47-6 0-54 0-74

'ect o f  t r e a tm e n ts o n  v is c o s i t y  o f  c r e a m

Viscosity, Poise

Temp., °C Fresh 1 day old
35 1-37 1-87
40 1-32 1-75
45 119 1-64
66 1-91 2-70
74 MO 1-52
82 0-95 1-30
10 1-28 1-56
15 1-50 2-04
20 1-05 1-69

Cooling
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This may be compared with the accuracy of the determination of the viscosity which 
is of the order of + 1-2 %. The remainder of the variance, by far the largest portion, 
was due to differences between individual samples and to the effect of uncontrolled 
factors.

The compact statistical design of the third series of experiments resulted in some 
loss of precision since high order interactions were confounded with the main treatment

Table 3. A v e r a g e  e ffe c t o f  t r e a tm e n ts  o n  s o m e  p r o p e r t i e s  o f  c r e a m

P r o c e s s in g  o f  c rea m

Viscosity, Poise Churning index pH

1 day 1 1 day 1 1 day 1
Treatment Fresh old week Fresh old 

(a) Unhomogenized cream
week Fresh old week

Age of milk,
24 h 117 2-08 1-92 i 2 2 6-66 6-69 6-69
48 1-00 1-88 1-97 1 2 4 6-71 6-71 6-62

Agitation of milk
None 1-21 1-73 1-91 t 2 4 6-69 6-71 6-68
Some 0-97 2-25 1-98 i 2 3 6-69 6-68 6-64

Separation temp., °C
35 1-08 2-46 2-24 î 2 3 6-69 6-69 6-63
45 1-09 1-59 1-69 18 2 3 6-68 6-71 6-68

Pasteurization temp., °C
66 1-36 2-86 2-63 i 2 3 6-69 6-72 6-64
74 0-86 1-37 1-43 1 2 3 6-68 6-68 6-67

Cooling temp., °C
10 M 2 1-92 1-77 Ï 2 3 6-68 6-70 6-64
20 105 2-03 2-14 0 3 

(6) Homogenized cream
4 6-69 6-70 6-67

Age of milk, h
24 15-4 — — 1 7 9 6-69 6-70 6-59
48 17-3 — — 2 7 9 6-71 6-68 6-52

Agitation of milk
None 15-5 — — î 5 7 6-71 6-67 6-55
Some 17-3 — — 2 9 11 6-70 6-71 6-56

Separation temp., °C
35 161 — — 2 7 7 6-70 6-68 6-55
45 16-6 — — 2 6 10 6-71 6-70 6-57

Pasteurization temp., °C
66 22-3 — — 2 8 10 6-69 6-67 6-45
74 120 — — 2 6 7 6-71 6-71 6-66

Cooling temp., °C
10 11-5 — — 3 6 9 6-72 6-69 6-56
20 23-2 — — 0 8 9 6-69 6-69 6-55

effects, and there was no replication of any measurements. Nevertheless, the analysis 
enabled the principal effects to be determined. Table 3 summarizes the average 
results, the viscosities being corrected to a standard fat content of 50 % as before. 
This table also contains a column headed ‘churning index’. This is a figure on an 
arbitrary logarithmic scale, a churning index of zero indicating that the cream was 
not observed to churn in the viscometer at a shear rate of 180 sec-1, the highest 
shear rate attainable. An index of 1 means that churning took place at the maximum 
shear rate, but not at a lower rate. Subsequent unit increments of the index cor
respond to reductions by a factor of 2 of the shear rate at which churning took place.
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DISCUSSION

The principal findings may be classified according to the treatments:

(i) H o m o g e n i z a t io n

This had by far the greatest influence on all the properties of cream. Examination 
of photomicrographs of the cream samples showed that at the low pressure of 
35 kg/cm2 true homogenization had not taken place, but the mean globule diameter 
had been reduced from 3-04 pm, the average for the unhomogenized creams, to
2-27 pm, whilst the distribution of the globule sizes about the mean was not significantly 
altered. The average viscosity of the homogenized samples was almost 15 times that 
of the unhomogenized samples. The range of viscosities encountered was also some
what increased, that is, the effect of other factors including both the controlled 
treatments and factors beyond our control, was greater. The homogenized samples 
also churned more readily than those that were not homogenized.

(ii) A g e  o f  m i l k

The age of the milk had no significant effect on the viscosity of the freshly prepared 
cream, nor on the rate at which it subsequently thickened. There was a slight 
tendency for the aged cream to churn more readily, but the difference was marginal. 
The pH value of the cream from the older milk fell more rapidly, and some of the 
homogenized creams from the older milk would have been too acid to be acceptable 
to a consumer at the end of one week.

(iii) A g i t a t i o n  o f  th e  m i l k

There was no significant difference between the viscosities of the cream from 
agitated and unagitated milk straight from the plant, but the agitated milk gave 
cream which thickened rather more rapidly at first. There was a very slight tendency 
for acidity to develop more rapidly in the cream from agitated milk, but not sufficient 
to affect its acceptability after one week. Homogenized creams from agitated milk 
showed a greater tendency to churn.

(iv) S e p a r a t io n  te m p e r a tu r e

Contrary to the findings of the earlier experiments, there was no significant dif
ference between the viscosities of the fresh cream at the 2 separation temperatures 
on this occasion. After ageing, however, the difference was quite pronounced, the 
lower temperature giving rise to the thicker cream as expected. Moreover, cream 
separated at the lower temperature developed slightly more acidity on ageing, but 
this was only a marginal difference with the homogenized creams.

(v) H e a t- t r e a tm e n t  te m p e r a tu r e

The effect of heat-treatment temperature was second only to homogenization in 
giving rise to differences in the viscosity of the creams. Creams which were in
adequately heat-treated by heating to only 66 °C (151 °E) were almost twice as 
viscous as those heated to 74 °C (165 °F). After 7-day storage the relative viscosities 
were unchanged, but the under-heated cream had developed some acidity. The under



heated homogenized cream was so acid after 7 days that it would have been un
acceptable. The heat-treatment temperature had no efFect on the stability of the 
unhomogenized creams, but the homogenized creams which were under-heated had 
a greater tendency to churn after ageing.

(iv) C o o lin g  te m p e r a tu r e

The cooling temperature had little effect on the viscosity of the unhomogenized 
creams immediately after production. As in the second series of experiments, the 
creams cooled to 10 °C had on average slightly higher viscosity than those cooled to 
20 °C, but this difference was not sufficient to be statistically significant. However, 
as before, the thickening rates of cream cooled to 10 and 20 °C were appreciably 
different. Cream cooled to only 20 °C in the plant almost doubled its viscosity during 
ageing, whilst in the same time cream cooled to 10 °C increased in viscosity only by 
about 60%. The behaviour of the homogenized creams was somewhat different. 
Three of the 16 samples were so unstable on the second day that measurements on 
them could not be made, so that a proper statistical treatment could not be under
taken. However, an inspection of the data showed that homogenized cream cooled 
to only 20 °C was approximately twice as viscous when fresh as that cooled to 10 °C, 
and that subsequently it continued to thicken faster, though less fast than the 
unhomogenized creams. The average for 6 creams which did not become too unstable 
was an increase of about 20 % after 1 day’s ageing.

CONCLUSIONS

All 3 series of experiments bear out the fact that any prior treatment may affect 
the properties of the cream. Any heating results in a reduced viscosity of the cream 
when it emerges from the plant, but this may to some extent be overshadowed by 
a subsequent thickening during storage. In particular, the temperature at the heat- 
treatment stage has an important effect but it has not been established whether this 
is solely due to the temperature to which the cream is heated, or whether more 
prolonged heating at the lower temperature might also reduce the viscosity. This 
point remains to be clarified.

In general, those treatments which tend to produce a thick cream also result in 
one less satisfactory from other points of view. For example, a low separation tem
perature gives rise on average to a thicker cream but more variability in the product; 
homogenization produces a much thicker cream, but with much less resistance to 
churning, and a greater tendency to acid development. From the point of view of the 
cream producer some compromise is therefore necessary if he wishes to produce a 
thick cream without risk of the product being unsatisfactory in other ways.

We thank Mr D. R. Westgarth, head of the Statistics Department, National 
Institute for Research in Dairying, and members of the Statistics Department for 
advice on planning and for carrying out the computations.
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I m p a c t  f o r c e  a s  a  p o s s i b l e  c a u s e  o f  m e c h a n i c a l  t r a n s f e r  o f  

b a c t e r i a  t o  t h e  i n t e r i o r  o f  t h e  c o w ’s  t e a t

By C. C. THIEL, CAROL L. THOMAS, D. R. WESTGARTH 
a n d  B. REITER

N a t i o n a l  I n s t i t u t e  f o r  R e s e a r c h  i n  D a i r y i n g ,  S h in f i e l d ,  R e a d in g  

(.R e c e iv e d  30 J a n u a r y  1969)

S u m m a r y . Using bacterial endotoxin as a tracer material, it has been shown that a 
jet of liquid impinging on the end of the teat for 1 min after milk flow had ceased 
during machine milking could force material past the barrier of the streak canal. 
Positive results were obtained when the maximum pressure at the centre of the 
impact area was about 0-25 bar, with a considerably higher frequency of positives at 
0-3-0-5 bar. It seems possible that such impact pressures might occur during milking 
and cause transfer of infective material to the teat sinus. Impact force could arise 
when milk returned to the teatcup liner as the result of local or general conditions of 
instability in the milking machine vacuum.

Evidence in support of the contention that a fluctuating vacuum in the m ilk in g  

machine increases the incidence of new infections in mastitis has been considerably 
strengthened by recent work in Eire (Cowhig & Nyhan, 1965,1966,1967). An excellent 
review of the effect of vacuum fluctuation on udder disease was given by Nyhan 
(1969). He distinguished between cyclic vacuum fluctuations associated with l in e r  

movement and milk flow, and irregular vacuum fluctuations which result from 
reductions in plant vacuum or from localized vacuum fluctuations in milk tubes and 
pipelines. Almost all the evidence for a relationship between vacuum fluctuation and 
increased udder infection relates to irregular vacuum fluctuations. After discussing 
the possible ways in which vacuum fluctuation might influence infection he concluded 
that it must in some way be related to physical transport of bacteria.

The ways in which bacteria gain entry to the udder are largely unknown. However, 
it is not unlikely that the milking machine causes mechanical transfer of infective 
material to the teat sinus during the course of a milking. A possible mechanism of 
direct transfer would be impact force exerted on the teat orifice by small or large 
masses of milk returning to the liner as the result of local or more general reversal of 
pressure gradients. A study by McEwen & Samuel (1946) lends some support to this 
suggestion. They exposed teats of cows at the abbatoir to cultures of E s c h e r i c h ia  c o li  

(3 x 108/ml) during milking, after which the animals were immediately slaughtered 
and samples of milk, scrapings from the inner orifice of the teat canal, and scrapings 
from the teat cistern were taken aseptically. No organisms were detected in the milk 
samples following hand milking with the teats and the milker’s hands contaminated 
with culture, or when the teats were dipped in culture at the end of milk flow and
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machine milking continued for 5 min. However, when the ends of the teats were 
jetted with culture during machine milking, mainly after cessation of milk flow, from 
a tube pointing upwards from the base of the liner, 20 % of the milk samples taken 
aseptically from the teat sinus after slaughter contained the test organism. The 
purpose of the jetting was to ensure a continuous high concentration of organisms on 
the ends of the teats, but from the description given it appears that a fairly powerful 
jet was used. The diameter of the nozzle was 0-5 mm and the pressure drop from the 
surface of the culture in its container to the interior of the teatcup liner was over 
0-8 bar. Thus, the positive results found with jetting might have been due not to 
increased supply of bacteria external to the teat but to impact force of the jet 
impinging on it.

The aim of the present work was to show whether impact of liquid on the end of the 
teat during milking could inject material into the teat sinus and if so to make some 
estimate of the force required.

Preliminary results with 2 cows have already been published (Thiel, 1969).

EXPERIMENTAL

Force was applied to the end of the teat by means of a jet of liquid from a nozzle as 
had been done by McEwen & Samuel (1946). Three intensities of jetting were used, 
the lowest just sufficing to keep the teat continuously wetted during treatment in an 
attempt to distinguish between the effect of mere presence of the test material and 
its effects when applied with increasing force. When milk flow ceases in machine 
milking, low pressure about equal to the vacuum in the pulsation chamber appears 
in the teat sinus. Jetting was therefore done at this stage in milking since pressure 
difference from the teat sinus to the space in the teatcup liner beneath the teat is then 
minimum (McDonald, 1969). Small amounts of bacterial endotoxin placed in the teat 
sinus cause an increase in leucocyte count in the milk (Carroll, Schalm & Lasmanis, 
1964; Reiter & Oram, 1967), and this provided a convenient means, repeatable on 
the same animals at intervals, of detecting material entering the teat sinus during a 
particular milking. The response of individual animals to increasing dose levels of 
endotoxin placed in the teat sinus was also measured in an attempt to determine the 
quantity of endotoxin solution of known concentration entering the teat sinus on 
each treatment occasion.

A p p a r a t u s  f o r  j e t t i n g  te a ts

Cows were milked one quarter at a time with a single transparent teatcup shell 
and liner (Bel-Mar Visa-flow shell M3; Bel-Mar Visa-flow inflation M2. The Bel-Mar 
Manufacturing Corp., Box 526 Siggelkow and Marsh Roads, McFarland, Wisconsin,
U.S.A.) at a vacuum level of 0-5 bar and a pulsation rate of 60 c/min, with the liner 
more than half open for 60% of each pulsation cycle. The claw milk tube (bore
11-5 mm) was cut short and attached to a nipple on the lid of a 150-ml metal chamber 
with a central vertical metal supply tube to a nozzle for jetting the teat (Fig. 1). 
With this arrangement it was possible, by holding the chamber with one hand and 
the teatcup with the other, to ‘ steer ’ the jet of liquid from the nozzle on to the end 
of the teat in the region of the teat orifice. The metal chamber was connected to a 
graduated jar by a 12-5-mm bore milk tube 75 cm long. To minimize fluctuations in
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liner vacuum the milk tube sloped continuously to the milk jar, and air was admitted 
at the rate of 7 1/min of free air through a hole in the lid of the chamber. The gradu
ated jar enabled data on cumulative yield against time to be collected, from which 
peak flow rate, machine rate, and machine yield could be taken.

A  p o s s ib le  m e ch a n ism  o f  u d d e r  in fe c t io n

Fig. 1. Diagram of the jetting apparatus. The lid of the metal chamber was attached by means
of a rubber band.

The bore of the nozzle, 0-50 mm, was the same as used by McEwen & Samuel (1946). 
The metal tube supporting the nozzle was connected by a nylon tube to a vessel con
taining the liquid to be jetted on to the teat. Air pressure in the space above the 
surface of the liquid in the supply vessel could be maintained automatically at any 
one of 3 preset values, which in conjunction with an almost constant vacuum of 
0-5 bar inside the teatcup liner gave 3 reproducible rates of flow through the jetting 
nozzle. The calculated mean velocities through the bore of the nozzle, corresponding 
to low, medium and high intensities of jetting were 1-9, 6-2 and 9-8 m/s. The lowest 
velocity ensured a plentiful supply of liquid to the end of the teat, which was 
nominally 5 cm above the nozzle, but with a very low impact force. The highest 
velocity was probably somewhat lower than that used by McEwen & Samuel (1946) 
but this is uncertain as insufficient detail was given to enable their equipment to be 
reproduced exactly.

C h a r a c te r is t ic s  o f  th e  j e t s  u s e d

A horizontal plate about 2-5 cm diam., capable of being moved by lead screws in 
2 directions at right angles in the horizontal plane, was arranged above the jetting

j 8 D a i r y  R e s . 36



282
nozzle. To measure localized pressures, a hole in the centre of the plate, 0-1 mm diam., 
was connected by a water-filled tube to a pressure transducer and a recorder. By 
adjusting the forward pressure of liquid to the nozzle, the mass flow rates corre
sponding to low, medium, and high intensities of jetting the teats of cows could be 
reproduced, and the pressure conditions in the area where the jet impinged on the

C . C . T h i e l  a n d  o t h e r s

Fig. 2. Distribution of pressure across a diameter of the area of impact of the jets on a plane plate 6, 
28 and 50 mm away from the nozzle. Upper curves: low intensity jet; middle curves: medium 
intensity; lower curves: high intensity.

plate explored with the plate at various distances above the nozzle. Once having 
found the point of maximum pressure at the centre of the pressure area by trial and 
error, pressure change across a diameter of the area of impact of the jet could then 
be explored by operating one lead screw. The results obtained are shown in Fig. 2. 
A summary of the main physical characteristics of the low, medium, and high 
intensity jets impinging on the horizontal plate when it was 6, 28, and 50 mm from 
the nozzle are given in Table 1. Since the pressure had in all instances fallen almost 
to zero at 1 mm from the centre of impact, total impact force was calculated from
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Table 1. S u m m a r y  o f  d a ta  o n  j e t  c h a r a c te r is t ic s

Je t intensity

Flow rate, ml/s
Mean velocity in the nozzle, m/s

Low

0- 36
1- 9

Medium

1-21
6-2

High

1-92
9-8

Distance of impact plate from nozzle, mm 6 28 50 6 28 50
r

6 28 50
Max. pressure a t centre of pressure area, 

bar
0-035 0-017 0-003 0-287 0-263 0-233 0-600 0-533 0-287

Total impact force, mN 2-2 1-3 0-1 16-7 15-7 16-8 36-3 37-9 37-5
Mean pressure on the 2 mm diam. 
prossure area, bar

0-007 0-004 0-001 0-054 0-051 0-054 0-118 0-123 0-122
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the curves in Fig. 2 on a circular area 2 mm in diam. Mean pressure was then derived 
for the same area from the total force.

It may be seen from Fig. 2 and Table 1 that impact force with the low intensity jet 
was extremely low at all 3 distances of the plate from the nozzle. The medium in
tensity jet was regular in operation with little change in maximum pressure or total 
impact force at the 3 distances. However, the high intensity jet was more erratic, 
and appeared to the eye to become broader as the distance from the nozzle increased. 
The total impact force was similar at all 3 distances but the maximum pressure at the 
centre of impact declined sharply at the greatest distance. Since the teats in the 
liner were not always at the nominal distance of 50 mm, but sometimes closer, the 
maximum pressure within the impact area was variable with the high intensity jet, 
tu t much less so with the medium intensity jet. Force applied to teats might not 
have been the same as that measured with the horizontal plate. Roughness and 
convex curvature of the end of the teat would result in somewhat lower values. 
Teats shaped so that the orifice was in a conical depression would tend to generate 
rather higher pressures.

D e te c t io n  o f  m a te r ia l  e n te r in g  th e  te a t s i n u s

Endotoxin was extracted from peptone-broth cultures of E s c h .  c o li 055-E 5 by the 
ether-water method of Ribi, Haskins, Landy & Milner (1961).

It was known from preliminary work that 0-1 /¿g of the preparation of endotoxin 
placed in the teat sinus regularly resulted in a substantial increase in leucocyte count 
of the milk obtained subsequently, but 10 f i g  quantities placed 2-3 mm into the 
streak canal had no effect. The rise in cell count was accompanied by a striking 
increase in the proportion of polymorphonuclear leucocytes. Leucocyte counts rose 
to a maximum in 12-48 h after injection of endotoxin and declined to normal in
4-7 days. A concentration of 0-1 /tg/mg in water was used for jetting teats. The 
procedure was to take 30 ml fore-milk samples aseptically from each udder quarter 
at 2 consecutive a.m. milkings, jetting taking place on the second occasion. Further 
milk samples were taken at the next 2 a.m. milkings. Smears were made for micro
scopic examination of the leucocytes, and leucocyte counts were made by means of 
a Coulter counter. The technique of Tolle, Zeidler & Heeschen (1966) was used, 
except that Lissapol NXP (I.C.I. Ltd.) was substituted as the surface active agent 
(Phipps, 1968). In addition, a duplicate set of fore-milk samples was taken aseptic- 
ally for the detection of pathogens.

O th e r  m e a s u r e m e n ts

The length of the streak canal was measured by inserting a fine plastics catheter 
slowly into the canal after milk ejection was complete, and noting the length of 
catheter inserted at the moment milk began to flow from it. To measure the length 
of teat entering the liner, the position of the liner mouth was marked on the teat at 
the end of the milking, the teatcup removed, and the length of the teat below the 
mark immediately measured. Streak canal patency was measured by applying a teat- 
cup to one teat at a time, equal vacuum within the liner and in the pulsation chamber 
then being steadily increased from zero until milk began to flow (Glover & Thomas,
1968). The pulse nipple of the teatcup shell and the claw tube of the liner were



attached to a small glass interceptor vessel. The readings were repeated until 3 con
secutive results were identical. The values were recorded as patency (cmHg).

C o w s  a n d  e x p e r im e n ta l  d e s ig n

Twelve Friesian cows of various lactation ages and stages of lactation were divided 
into groups of 3, one group only being milked at a time and treated with endotoxin 
solution. To minimize eifects of the length of the intervals between milkings on 
leucocyte count of the milk, the cows in each group were milked in the same order on 
successive days.

Treatments were 3 intensities of jetting of the ends of teats for 1 min with the 
teatcup still in place on the teat following the cessation of milk flow. The experimental 
design used four 3 x 3  Latin squares, each square comprising 3 cows, 3 periods, and 
the 3 treatments. All 4 quarters of each cow received the same treatment on any one 
occasion.

In addition, the response in terms of increased leucocyte count to a known amount 
of endotoxin in 1 ml of pyrogen-free water introduced into each teat sinus of the 
12 cows was determined by 2 identical assays, one preceding and the other f o l lo w in g  

the jetting experiments. Four dose levels of endotoxin were used, 0-01, 0-05, 0-1 and 
0-5 /¿g, and each cow received a different dose in each quarter. The basic design used 
in each assay was a 4 x 4 Latin square (4 cows, 4 quarter positions, 4 dose levels), the 
12 cows providing 3 such Latin squares.

RESULTS

In all the comparisons the mean of the 2 pre-treatment leucocyte counts (n b) was 
compared with the larger of the post-treatment counts (n a) on the assumption that 
this count was the best available estimate of the maximum concentration of leuco
cytes attained in the individual quarters. Statistical analysis was based on the in
crease, x ,  in log10 (count), i.e. x  =  log (n a) -  log ( n b) =  log (n j n b). To make some 
estimate of the proportion of occasions on which endotoxin entered the teat sinus 2 
arbitrary criteria defined a positive result. These were an increase of at least 5-fold 
in cell count, and a large increase in the proportion of polymorphs to at least 80%.

S u m m a r y  o f  d a ta  o n  in c r e a s e  i n  c e ll c o u n t

Increase in log (cell count) in the milk from each of the 48 udder quarters at the 
3 treatment intensities of jetting are given in Fig. 3. A line is drawn dividing the 
positive results according to the 2 arbitrary criteria from the results considered to be 
negative. On this basis, endotoxin solution did not enter a teat sinus on any occasion 
of 48 trials with the low intensity jet, but did so on 9 and 22 occasions with the 
medium and high intensity jets.

Cell counts before treatment ranged from 6 x 104/ml to 9 x 106/ml. Six of the 
12 cows were free from udder infection throughout, and 6 were infected in 1 or more 
quarters throughout with micrococci or a-haemolytic staphylococci. There was no 
obvious indication that these infections interfered with the treatment effects.

A  p o s s ib le  m e ch a n ism  o f  u d d e r  in fe c t io n  285
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I n t e n s i t y  o f  j e t t i n g  a n d  le u c o c y te  c o u n t  o f  th e  m i l k

Increases, x ,  in log (cell count) were calculated for each quarter and an arithmetic 
mean value obtained for each cow. Analysis of variance of cow values, following the 
Latin square design, revealed no significant period differences, so a simplified 
version of the analysis is given in Table 2. The error mean square is described as the 
interaction between cows and jet intensities.
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Fig. 3. Increase in log (cell count) when each teat of 12 cows was jetted with endotoxin solution 
a t low, medium and high intensities. Intensity of jet: low, 0  ; medium, • ;  high, O- Positive 
reactions defined as 5-fold increase in cell count with high % polymorphs after treatment. 
Positives: low, 0% ; medium, 19%; high, 44%. Figures in parentheses under cow numbers 
indicate no. quarters infected throughout.

Table 2. A n a l y s i s  o f  v a r ia n c e  o f  in c r e a s e  i n  lo g  (c e ll c o u n t )

Squares D.F. Mean square
Cows 11 0-2965*
Velocities 2 1-7021***
Cows x velocities 22 0-1285

Significance levels: * P  < 0 05; *** p<o-oo:

The mean value of the increase in log (cell count) for each intensity of jetting is given 
in Table 3, together with the standard error of a mean. The effect of increased jet 
intensity on the increase in log (cell count) was highly significant (P < 0-001). The mean 
value for the low jet intensity did not differ significantly from zero, even though the 
mean of the 2 pre-treatment leucocyte counts was compared with the larger of the 
post-treatment counts, a technique biassing the result in favour of a treatment effect.
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C h a r a c te r is t ic s  o f  q u a r te r s

The 48 quarters of the 12 cows were described in terms of peak flow rate of milkings 
average machine milldng rate, machine yield, teat length, streak canal length, and 
patency. Analysis of variance for each characteristic is given in Table 4 and the mean 
values for each quarter position (averaged over cows) are shown in Table 5. One cow, 
no. 286, with a recognizable abnormality (fibrosis of the streak canals of the 2 front 
teats) had exceptional patency values of 20, 22, 13, 13 cmHg for the left front, right 
front, left hind and right hind quarters, respectively, and has been excluded from the 
patency results of Tables 4 and 5. Missing patency values for 3 quarters among the 
remaining 11 cows have also been estimated.

Table 3. M e a n  v a lu e s  o f  in c r e a s e  i n  lo g  (c e ll c o u n t)  

a n d  n - fo ld  in c r e a s e

(a) (b)
Increase in n-Fold increase

log (cell count) (antilog of (a))
0-050 M
0-333 2-2
0-796 6-3

±0-1035 —
0-215 —

0-303 —

Differences between quarter positions were not significant for machine rate, streak 
canal length or patency (although a significant patency difference between front and 
hind quarters was obtained when cow no. 286 was not excluded from the patency 
results). The mean peak flow rate of the left quarters was significantly greater than 
that of the right (P < 0 -0 5 ); the mean machine yield of hind quarters exceeded that 
of the front quarters (P <  0-001), and the mean yield of the left quarters exceeded 
that of the right (P < 0-0 1 ); the mean length of front teats exceeded that of the rear 
teats (P < 0-001). Interaction between left v . right and front v . rear effects was not 
established for any characteristic.

Two of the effects, higher peak flow rate and higher machine yield of the left com
pared with the right quarters, were probably induced by the milking technique. The 
time taken to milk each cow one quarter at a time varied from about 10 min to as 
much as 30 min. To estimate the effect such protracted milking had on milking per
formance, the quarters of all cows were milked in a set order of left fore, left hind, 
right hind, right fore. The differences in peak flow rate and machine yield of the left 
and right udder halves show the adverse effects of prolonged milking, and to this 
extent the experimental milkings are known not to have been normal. A similar 
result was observed by Babcock (1889). It should also be mentioned that as a check 
on the milking performance of the transparent liner the 12 cows were milked 1 quarter 
at a time with the same apparatus but with a conventional liner. Peak flow rates, 
machine times, and yields were very similar with the 2 liners, indicating normal 
milking with the transparent liner.

Differences between cow means were significant (P<0-01, at least), except in

Je t intensity
Low
Medium
High

s.e . of a mean (22 d .f .)
5 % l .s.d . between a mean 
and zero

5% l .s.d . between 2 means
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terms of machine rate which revealed no significant hetween-cow variation (Table 4). 
For streak canal length and for patency (cmHg) the significant variation was 
associated solely with between-cow differences.

The range of cow means for each characteristic is summarized in Table 6.
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Table 6. R a n g e  o f  c o w  m e a n s

(Each cow value is the mean of the 4 quarters.)

No. of
cows Range Mean

Peak flow rate, kg/min 12 0-42-1-30 0-76
Machine rate, kg/min 12 0-42-0-84 0-60
Machine yield, kg 12 1-09-2-59 1-61
Teat length, cm 12 4-2-7-3 5-7
Streak canal length, cm 12 0-65-1-28 0-90
Patency, cmHg 11 3-2-13-2 7-5

Fig. 4. Relationship between increase in log (cell count) and peak flow rate (kg/min). Each cow 
value is the mean of the quarter values. Regressions:

12 cows (full line) y  =  — 0-153 +  0-719b; s.e . slope: +0-369
11 cows (dotted line) y = — 0-322 +  0-894*a; s.e . slope: +0-165 
(excluding 286, cross)

+ P <  0-1; * P < 0-05.

R e la t io n s h i p s  b e tw e e n  c e ll c o u n t  r e s p o n s e  a n d  te a t  c h a r a c te r is t ic s  

Mean increases in log (cell count) were obtained for each cow by averaging over 
quarters and the 3 jetting velocities. The simple regressions of these cow means on 
the corresponding values for peak flow rate, machine rate, machine yield, teat 
length, streak canal length, and patency (cmHg) are shown in Figs 4-9.

The level of significance of these regressions depended on whether cow no. 286 
was included, but the only major discrepancy arose with the regression on patency 
(Fig. 9) which was not significant with 12 cows and was very significant (P<0-01) 
with 11. Regressions on machine yield (Fig. 6) and teat length (Fig. 7) were not 
significant for either 11 or 12 cows, whereas regressions on peak flow rate (Fig. 4),
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Fig. 5. Relationship between increase in log (cell count) and machine rate (kg/min). Each cow 
value is the mean of the quarter values. Regressions:

12 cows (full line) y =  — 0-431+ l-375ta: s.K. slope: +0-690
11 cows (dotted line) y = —0-915 + 2-090**» s.E. slope: +0-646 
(excluding 286, cross)

1 P  < 0-1; ** P<0-01.

Fig. 6. Relationship between increase in log (cell count) and machine yield, kg. Regressions:

12 cows y =  0-370+ 0-014NS» s.e . slope: +0-195
11 cows y =  0-296 +  0-048ns» s.e . slope: +0-207
(excluding 286, 
cross)

NS P>0-1.
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Fig. 7. Relationship between increase in log (cell count) and teat length (cm). Each cow value is 
the mean of the quarter values. Regressions:

12 cows y =  1-139 —0-132NS* s.e . slope: +0-084
11 cows y =  1-087 —0-124NS* s.e . slope: +0-091
(excluding 286, 
cross)

NS P>0-1.

Fig. 8. Relationship between increase in log (cell count) and streak canal length (cm). Each cow 
value is the mean of the quarter values. Regressions:

12 cows (full line) y =  1-316 — 1-018** s.e . slope: +0-411
11 cows (dotted line) y =  1-291 — 1-011** s.e . slope: +0-421 
(excluding 286, 
cross)

* P  <0-05.
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machine rate (Fig. 5), and streak canal length (Fig. 8) were significant (P <0-1 , at 
least) with 12 cows and were enhanced by excluding cow no. 286.

The simple regressions showed that the larger increases in cell count tended to 
occur in those cows with the greater peak flow rate or machine rate, and in cows with 
shorter streak canal lengths or (if cow no. 286 is excluded) smaller values of patency.

Multiple regressions have also been examined relating the increase in log (cell 
count) to all possible combinations of the 4 independent variates: peak flow rate, 
machine rate, streak canal length and patency. The other variates, machine yield and

Fig. 9. Relationship between increase in log (cell count) and patency (cmHg). Each cow value is 
the mean of the quarter values. Regressions:

12 cows (full line) y =  0-670 — 0 033N8a: s.e . slope: +0-022
11 cows (dotted line) y =  0-978 — 0 079**x s.e . slope: +0-021 
(excluding 286, 
cross)

ns P >  0-1; ** P<0-01.

Table 7. S i m p l e  c o r r e la t io n  c o e ff ic ie n ts

Increase in Peak
log (cell count) flow

Machine
rate

Streak
canal Patency

(a) 12 Cows
Increase in log (cell count) 1-00 — — — —

Peak flow rate 0-52t 1-00 — — _____

Machine rate 0-53f 0-93*** 100 _____ _____

Streak canal length -0-61* — 0-35ns — 0-49NS 1-00 —

Patency — 0-43NS -0-81** 

(6) 11 Cows

-0-87*** 0-23ns 1-00

Increase in log (cell count) 1-00 — — _____ _____

Peak flow rate 0-63* 1-00 — _____ _____

Machine rate 0-73* 0-93*** 1-00 _____ _____

Streak canal length -0-62* — 0-38ns -0-66+ 1-00 —

Patency -0-78** -0-85*** -0-84** 0-32ns 100
Significance levels : ns P  > 0-1 ; ** P < 0-01 ; *** P<0-001.+ P  < 0-1 ; * P < 0 0 5 ;



teat length, which failed to correlate significantly with the cell count response, were 
excluded from the multiple regressions. All the simple correlation coefficients relating 
the 5 selected variates are given in Table 7, and Table 8 summarizes the percentage 
inter-cow variation in cell count response accounted for by the various multiple 
regressions.
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Table 8. P e r c e n ta g e  o f  in te r - c o w  v a r ia t io n *  i n  c e ll  c o u n t  r e s p o n s e  a c c o u n te d  f o r  b y  

m u l t i p l e  r e g r e s s io n s  o n  p a te n c y ,  s t r e a k  c a n a l  le n g th ,  p e a k  f l o w  r a te , a n d  m a c h in e  ra te

Regressions calculated over .. . 11 Cows 12 Cows
% variation accounted for

Independent variate(s)
Patency (PAT) 56 10
Streak canal length (SCL) 32 31
Peak flow rate (PF) 33 20
Machine rate (MR) 49 21
PAT and SCL 70 34
PAT and PF 51 11
PAT and MR 53 13
SCL and PF 47 37
SCL and MR 50 32
PF and MR 45 13
PAT, SCL and PF 69 29
PAT, SCL and MR 68 26
PAT, PF and MR 56 3
SCL, PF and MR 43 30
PAT, SCL, PF and MR 64 24
Total sum of squares of 1-0399 (IOd .f .) 1-0876 (11 d .f .)
increase in log (cell count):

* Percentage variation in total sum of squares accounted for by regression is p, where p  =  lOOr 
(b — s)IT %; b =  mean square due to regression; 8 — residual mean square; r = regression degrees of 
freedom; T  =  total sum of squares of dependent variate, increase in log (cell count).

Table 8 demonstrates that when cow no. 286 was excluded, the single variate 
accounting for the most inter-cow variation in response was patency (50%), but 
significance tests also showed that the variation accounted for by the multiple 
regression on streak canal length and patency (70%) represented a significant 
improvement over patency alone. Jointly these 2 variates gave as good an account 
of response variation between cows as that provided by the multiple regression on all 
other combinations including 4 independent variates. These findings are supported 
by the correlation coefficients of Table 7 (11 cows) which show that patency was 
closely related to peak flow rate and machine rate but not to streak canal length.

Hence, the multiple regression equation selected to describe the response variation 
between the 11 cows is

y  =  1-491 — 0-066*% — 0-680*a;2, (1)
(±0-019) (±0-294)

where y  =  increase in log (cell count), x x =  patency (cmHg), x 2 =  streak canal 
length (cm).

When cow no. 286 was included, the simple regression on patency was no longer 
significant and the most effective single independent variate was streak canal length
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which accounted for only 31 % of the variation in cell count response (Table 8). 
However, none of the multiple regressions improved significantly on the simple 
regression with streak canal length, and the selected equation describing the response 
variation between the 12 cows is

y  =  T313— T015*z2. (2)
(±0-414)

The failure to account for a substantial proportion of the variation among the 
12 cows and the recognizable abnormality of cow no. 286 suggests that equation (1) 
provides the better general description.

A s s a y  o f  e n d o to x in

A combined Latin square analysis of variance of increases in log (cell count) was 
calculated for each of the identical assays before and after the jetting experiments 
and showed no significant effect of positions of quarters. Hence, simplified versions 
of the analyses are given in Table 9 and show significant between-cow differences and 
dose effects. The mean response in the first assay did not differ significantly from that 
of the final assay nor was there evidence of significant interaction between assays 
and dose levels.

Table 9. A s s a y s :  a n a ly s e s  o f  v a r ia n c e  o f  in c r e a s e  i n  lo g  (c e ll c o u n t)

First assay, Final assay, Both assays,
D.F. mean square mean square mean square

Cows, C li 0-5836** 0-4396** 0-3771**
Doses, D 3 1-5000*** 0-8358** 1-1359***
C xD 33 0-1667 0-1283 0-1078

Significance levels: ** P < 0 01; *** PcO-001.

Table 10. A s s a y s :  m e a n r e s p o n s e s

F irs t!assay Final assay Both assays

Increase Increase Increase ’
Dose, in log n-Fold in leg n-Fold in log n-Fold

fig endotoxin (cell count) increase (cell count) increase (cell count) increase
0-01 0-685 4-8 0-928 8-5 0-807 6-4
0-05 1-246 17-6 1-360 22-9 1-303 20-1
0-1 1-223 16-7 1-409 25-6 1-316 20-7
0-5 1-532 34-0 1-536 34-4 1-534 34-2

;.e . of a difference + 0-1667 + 0-1462 + 0-1341
between 2 means
> % L.S.D. 0-339 0-298 0-273

Mean responses to each dose are given in Table 10 for the first and final assays and 
for the pooled data of both assays. An increase in dose level from 0-01 to 0-05 /tg was 
accompanied by a marked increase in response, but further increases in dose level 
show more gradual changes in response.

The relationship between the response, y ,  increase in log (cell count), and log (dose),



x ,  is illustrated in Fig. 10 and is approximately linear. The regression equation (calcu
lated over the 4 dose levels) is

y  =  l-719 +  0-416x
(s .e . + 0-093, with 2 degrees of freedom) 

and is significant (P < 0-05).
Values for individual quarters are also shown in Fig. 10, and clearly indicate that 

estimation of the dose from the response in a single quarter would be subject to large 
error.
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Fig. 10. Relationship between increase in log (cell count) and endotoxin (log dose). • ,  Quarter 
values (mean of 2 assays); O, mean response. Regression:

y = 1-719 +  0-416*2:
+ 0-093 (2 d.f .)

* P <  0-05.

DISCUSSION

The main conclusion from this work is that force of impact of the medium and high 
intensity jets caused penetration of fluid into the teat sinus (Tables 2, 3 and Fig. 3). 
Mere presence of the tracer material external to the teat from the low intensity jet
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did not appear to cause penetration during 1 min o f ‘over milking’. Treatment with 
the high intensity jet was similar to that used by McEwen & Samuel (1946), whose 
bacteriological results are strikingly analogous to ours. It seems reasonable to con
clude that force of the jet impinging on the end of the teat also led to most of the 
positive results they recorded. Both the present results and the data of McEwen & 
Samuel (1946) are consistent with the suggestion that the relationship between a 
fluctuating vacuum during machine milking and increased infection with bacteria 
causing mastitis may be associated with impact force of milk striking the end of the 
teat. It remains to be seen whether this mechanism operates during practical milking.

If the pattern of increased treatment effect with increased intensity of jetting is 
considered in relation to the jet characteristics shown in Eig. 2 and Table 1, it is 
evident that this information does not indicate the relative importance of maximum 
pressure at the centre of the 2-mm diam. area of pressure, and the mean pressure on 
this area. Also with the highest jetting intensity used, because distance from the 
nozzle to the point of impact became important (Eig. 2), the forces applied to the dif
ferent teats were probably a great deal more variable than with the medium intensity 
jet. It seems, therefore, appropriate to consider the characteristics of the medium 
intensity jet as the best guide to force needed to cause penetration of the streak 
canal during the over milking period. Penetration, as arbitrarily defined, occurred 
about once in every 5 trials, each of 1 min duration, under the following conditions: 
diameter of the circular area in the region of the teat orifice where force was applied, 
about 2 mm; total force on this area, about 17 mN (mean pressure about 0-05 bar); 
and maximum pressure at the centre, about 0-25 bar. Impact forces of this nature do 
not seem unlikely in machine milking, although they would be transitory.

Response in terms of increased leucocyte count of milk to known amounts of endo
toxin introduced into each quarter of the 12 cows indicated wide between-cow differ
ences. A dose level as low as 0-01 /eg of the particular preparation used increased the 
cell count significantly, but the response did not increase linearly with dose (Tables 9, 
10, and Eig. 10). There was no evidence of change in response as a result of repeated 
exposure to endotoxin. Taking into account the widely variable responses between 
cows to known dose levels, most of the observed treatment effects in the jetting 
experiments could have been accounted for if on each occasion that endotoxin 
entered a teat the quantity had been 0-1 /eg (i.e. the amount in 1 mg of solution). 
However, it seems more likely that widely differing quantities would have entered the 
teats on different occasions, the response depending partly on quantity of endotoxin 
and partly on the sensitivity of the animal or possibly of the particular quarter. Thus, 
the effect of increasing jet intensity giving higher mean values of increase in log 
(count), as shown in Table 2, would be expected to be a combined effect of increased 
number of occasions (as indicated in Fig. 3) and increased quantity of endotoxin on 
each occasion, but the assay responses were too imprecise to allow any separation of 
these factors to be attempted.

The cow and quarter differences described in Tables 4—6 show many of the usual 
characteristics for peak flow rate (Andreae, 1954), machine yield (Johansson & 
Korkman, 1952), teat length (Johansson, 1957) and streak canal length (McDonald, 
1968), although machine rate, which is a less sensitive measure of cow and quarter- 
differences than peak flow rate, showed no significant variation.
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When increase in log (cell count) was related to the teat characteristics of the cows 
it is interesting that characteristics which might he expected to favour mechanical 
injection of material into the teat sinus—large bore of the streak canal as indicated by 
high peak flow rate and high machine rate, short length of the streak canal, and ease 
of opening as indicated by low values of patency (cmHg)—all appeared to do so.

These relationships may be associated with the observations of Dodd & Neave 
(1951) that with increasing milking rate there was an increase in amount of mastitis, 
and the results of Murphy (1944) who found a lower incidence of mastitis in quarters 
which were not patent. A correlation between teat patency, measured as stretchability 
of the teat orifice, and peak flow rate has been shown by Andreae (1958).

The results of the multiple regression analyses of increase in cell count on patency, 
streak canal length, peak flow rate, and machine rate are particularly informative. 
Most of the differences in increased cell count between cows, in response to jetting 
with endotoxin solution, were accounted for by the regressions on patency and streak 
canal length (Table 8). Adding peak flow rate and machine rate did not improve the 
proportion of the differences accounted for, as they themselves were closely correlated 
with patency (Table 7). Thus, most of the differences between cows could be adequately 
described by 2 direct measurements of the properties of teats.

We are deeply grateful for extensive assistance throughout this work by many 
colleagues at the National Institute for Research in Dairying, in particular Mr J. 
Brock for making the large quantity of endotoxin preparation used, Miss Susan D. 
Drought and Mr M. J. Gowing for undertaking all the leucocyte counts under the 
direction of Dr L. W. Phipps, Mr D. L. Simpkin for preparing smears for microscopic 
examination, Mrs A. T. Ford for statistical analyses and Dr F. H. Dodd for critical 
appraisal of the work at all stages.

We also acknowledge the generous help and advice of Dr P. J. Musgrove, Depart
ment of Applied Physical Sciences, University of Reading, in defining the physical 
characteristics of the liquid jets used.
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E f f e c t s  o f  s o m e  p r o t e i n  m o d i f y i n g  a g e n t s  o n  t h e  p r o p e r t i e s

o f  r e n n i n

By G. C. CHEESEMAN
N a t i o n a l  I n s t i t u t e  f o r  R e s e a r c h  i n  D a i r y i n g ,  S h in f i e l d ,  R e a d in g  

(.R e c e iv e d  3 F e b r u a r y  1969)

S u m m a r y . L oss  of milk clotting activity when rennin was treated with urea at 
several concentrations and at different pH values was compared with the change in 
UV absorption of the protein. The change in absorption at 287 and 293 nm did not 
correlate with loss in activity, indicating that the loss of enzymic properties was not 
related to the extent of unfolding of the molecule but was related to the reaction 
of susceptible groups to the environmental conditions.

Reactions of modifying agents, for example A-bromoacetamide, 2-hydroxy-5- 
nitrobenzyl bromide and mercuric ions with tryptophan groups and the relationship 
of these changes to enzyme activity suggested that tryptophan was not specifically 
associated with enzyme action but was important in maintaining tertiary structure.

Rennin was not inhibited by the pepsin inhibitors p-bromophenacyl bromide and 
a-diazo-p-bromoacetophenone which suggested that the active site did not possess 
a reactive carboxyl group as in pepsin. However, the reversible inhibition with 
l-cyclohexyl-3(2morpholinoethyl)-carbodiimide methop-toluene sulphonate together 
with the results of oxidation by N  -bromo a c et ami d e indicated that a tyrosine group 
or groups was important in enzyme activity.

The enzyme rennin (E.C. 3 .4 .4 .3 ) is a peptide peptidohydrolase having charac
teristics similar to, but not identical with, pepsin for the hydrolysis of peptide bonds 
(Fish, 1957; Bang-Jensen, Foltmann & Rombauts, 1964). It was first obtained as a 
crystalline protein by Berridge (1943). Its amino acid composition has been established 
(Eoltmann, 1964; He Koning, 1967) and part of the amino acid sequence determined 
(Eoltmann & Hartley, 1967). Little, however, is known of the mechanism of its 
catalytic action nor, apart from the work of Hill & Laing (1965, 1967) discussed 
below, of the identity of the amino acid groups involved in this activity.

The enzyme has a molecular weight of about 31000 (Djurtoft, Foltmann & Johan
sen, 1964;De Koning, 1967).It contains a high proportion of acidic amino acids andhas 
a low optimum pH (about 3-5) for proteolytic activity. It shows good stability in salt 
solutions at pH 5-4 but loses activity rapidly at pH values above 6-5 (Eoltmann, 1959).

The enzyme is not inhibited by diisopropyl phosphorofluoridate, indicating that 
no reactive seryl hydroxyl is available (Cheeseman, 1963) nor are there free sulphydryl 
groups in the molecule capable of reaction (Cheeseman, 1965). Hill & Laing (1965) 
have reported that photo-oxidation of histidine groups results in the loss of en
zyme activity while the oxidation of methionine or the modification of tryptophan

IQ-2
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apparently has little effect. Modification of a lysine group in the molecule by treat
ment with dansyl chloride has been reported by Hill & Laing (1967) to result in loss 
of enzyme activity.

Enzyme catalysis depends upon the availability of the active or catalytic centre to 
react with the substrate. Interference with the properties of the amino acid residues 
comprising the active centre, either by chemical modification of these groups or by 
modification of groups—in regions away from the centre—which are involved in 
maintaining protein structure and in consequence the essential stereochemistry of the 
active centre, results in loss or modification of enzyme action.

The present paper reports the effects of some protein modifying agents on some 
properties of rennin and the relationship of these changes to enzyme activity.

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

All rennin preparations were made from crystallized rennin prepared in this 
laboratory. Urea, mercuric nitrate, mercuric chloride, mercuric acetate, hydroxyl- 
ammonium chloride and buffer chemicals were of A.R. grade and obtained from 
B.D.H. Ltd., Poole, England, p-Brornophenacyl bromide (PBB), 2-hydroxy-5- 
nitrobenzyl bromide (HNB) and p-bromobenzoyl chloride were also obtained from 
the same source. A-bromoacetamide (NBA' and p-bromophenone were obtained 
from Koch-Light Laboratories Ltd., Colnbrook, England. l-Cyclohexyl-3(2 morpho- 
linoethyl)-carbodiimide metho p-toluene sulphonate (CMC) was obtained from 
Aldrich Chem. Co., Milwaukee, U.S.A. a-Diazo-p-bromoacetophenone (DBP) was 
prepared from p-bromobenzoyl chloride by the method of Erlanger, Vratsanos, 
Wassermann & Cooper (1967). Yellow crystals, yield 11 %, which were obtained on 
recrystallization from n-butanol gave a melting point of 123-124 °C, identical with 
that reported by Erlanger e t a l . (1967).

Enzyme activity was determined by the milk-clotting technique of Berridge (1952). 
Portions (0-1 ml) of the solutions containing rennin were added to 10 ml of 0-02 m  

phosphate buffer of pH 5-4 and 1 ml of this solution added to 9 ml of reconstituted 
milk powder (12 g in 100 ml of 0-01 m  calcium chloride) and the time taken to clot 
the milk at 30 °C recorded.

E f f e c t  o f  u r e a

A solution of rennin (0-5% , w/v) was prepared in 0-01 m phosphate buffer of 
pH 5-4. The difference spectrum of rennin in the presence of various concentrations 
of urea and at different pH values was measured using the Unicam SP 700. The 
range of wavelength scanned was from 220 to 320 nm. Four 1 cm spectrosil cells were 
used, one pair in the reference beam and the ether pair in the sample beam. The base 
line was obtained with buffer in all 4 cells and the instrument was adjusted so as to 
set the base line in the centre of the chart to allow for positive and negative shift.

Eor each experiment 1 ml of the rennin solution was added to 4 ml of the appropri
ate buffer containing urea. The buffers used were 0-02 m  phosphate buffers of pH 7-0 
and 6-0, and 0-02 m  acetate buffers of pH 5-0 and 4-0. The rennin and urea mixture 
was placed in the first cell in the sample beam and the second cell in this beam was 
filled with buffer. A further 1 ml of rennin solution was added to 4 ml of the buifer 
without urea and the solution placed in the first cell in the reference beam. The 
second cell in this beam was filled with buffer containing the appropriate urea con-
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cen tration . T h e so lu tion s w ere k ep t a t  room  tem p eratu re an d  scann ed  over th e  
w a v elen g th s specified  a t  t im e  in terva ls  during a 6-h  period  and on ce again  after 24 h.

M e t h o d s  u s e d  t o  m o d i f y  t h e  e n z y m e

( a )  T he e ife c t  o f  N B A  on  rennin  in  so lu tio n  a t  several p H  va lu es w as exam in ed  b y  
preparing so lu tion s o f  renn in  con ta in in g  15 m g p ro tein /m l in  0-1 m  citrate , a ce ta te  
an d  T r is/a ceta te  bulfers a t  p H  v a lu es from  2-3 to  7-0. A  con cen trated  aqueous so lu tion  
o f  th e  reagen t w as ad ded  to  each  rennin  so lu tion  to  g iv e  a final con cen tration  o f  
0 -2  m g N B A /m l o f  reaction  m ixtu re . T h e m ix tu re w as in cu b ated  a t room  tem perature, 
sam ples w ere ta k en  a t  in terva ls  an d  th e  en zy m e a c t iv ity  w as com pared  w ith  th a t  o f  
u n trea ted  rennin . T h e effect o f  d ifferent con cen tration s o f  N B A  on  en zy m e a c t iv ity  
w as ex a m in ed  b y  u sing  1%  (w /v) so lu tion s o f  renn in  in  0 4  m  a ce ta te  buffers a t  
p H  4-0 an d  4-5. M ixtures w ere prepared  con ta in in g  1 -1 0  m ex cess  o f  reagen t, in 
cu b ated  for 3 -5  h  a t  30 °C an d  th e  a c t iv ity  o f  th e  trea ted  en zym e d eterm in ed . T h e  
rate o f  o x id a tio n  o f  try p to p h a n  and ty ro sin e  w as fo llow ed  b y  m easuring th e  change  
in  ab sorp tion  a t 280 nm .

(b )  T h e effect o f  P B B  an d  D B P  on  rennin  w as exam in ed  under th e  sam e exp er i
m en ta l con d ition s as th ose  described  b y  E rlanger, V ratsan os, W asserm ann  & Cooper 
(19 6 5 ,1 9 6 7 ) for th e  in a c tiv a tio n  o f  pep sin . T he m eth od  w as ch ecked  w ith  a p ep sin  so lu 
tio n  and th e  in h ib itory  properties o f  b o th  reagen ts on  p ep sin  a c t iv ity  w ere confirm ed. 
T h e reaction  m ixtu res con ta in ed  7 m l o f  0-006 m a ce ta te  buffer o f  p H  5-0, 3 m l o f  
m eth y l a lcohol, 0-1 m l o f  1 % rennin  so lu tion  and 0-1 m l 1 % (w /v) reagen t so lu tion . 
In  exp er im en ts u sing  D B P , 0-2 m l 0-01 M cupric ch loride w as ad ded  to  th e  reaction  
m ixtu re  b efore ad d ition  o f  th e  reagen t. T h e m ix tu res w ere in cu b ated  for 30 m in  a t  
40 °C an d  th e  a c t iv ity  o f  th e  en zy m e com pared  w ith  th a t  o f  u n treated  controls. Som e  
oth er p H  va lu es, and  a lcoh ol con centration s, w ere also exam in ed  as w as th e  effect o f  
th e  a d d ition  to  th e  reaction  m ixtu res o f  sod ium  d od ecy l su lp h ate  to  0-002  m an d  urea  
to  4 M.

(c) T h e effect o f  H N B  on  en zym e a c t iv ity  w as exam in ed  b y  ad din g  so lu tion s o f  th e  
reagen t in  d ry  aceton e to  a 0-25%  (w /v) so lu tion  o f  renn in  in  1 % ace tic  acid. 
M ixtu res w ere prepared  con ta in in g  5 -2 0 0  M excess  o f  reagen t; th e  reagen t (0-1 m l) 
w as ad d ed  to  4 m l o f  a  rap id ly  stirred  rennin  so lu tion  a t  room  tem perature. T he  
en zy m e w as sep arated  from  ex cess  reagen t b y  filtra tion  in  S ep h ad ex  gel G. 25 u sing  
th e  acetic  acid  as e lu tin g  buffer. E n zy m e a c t iv ity  w as d eterm in ed  and th e  y e llo w  
colour ob ta in ed  after so lu tion s o f  m odified  en zy m e w ere m ade a lk alin e w as m easured  
a t  410  nm  u sin g  th e  U n icam  S P  500 an d  1-cm  cells. T o ta l try p to p h a n  in  th e  en zy m e  
m olecule w as d eterm in ed  b y  th e  m eth od  o f  B arm an  & K osh lan d  (1967). T h e en zym e  
w as ca r b o x y m eth y la ted  b y  th e  m eth od  o f  Canfield & A nfinsen  (1963) an d  d isso lved  
in  8 M urea b efore tre a tm en t w ith  H N B .

( d )  T h e effect o f  m ercuric sa lts  on  en zy m e a c t iv ity  w as exam in ed  b y  th e  ad d ition  
o f  so lu tion s o f  10 % (w /v) m ercuric n itra te , 6 % (w /v) m ercuric ch loride an d  0-48 % 
(w /v ) m ercuric a ce ta te  in  1%  ace tic  acid  to  an  eq u al vo lu m e o f  0-05%  (w /v) renn in  
so lu tio n  in  1 % acetic  acid . T he m ix tu res (1 -4  m l) w ere in cu b ated  a t  room  tem p era
ture for 10 m in , 0-1 m l portions w ere tak en , d ilu ted  to  2 m l w ith  0-006 m  a ce ta te  
buffer o f  p H  5-0 an d  th e  a c t iv ity  o f  1 m l o f  th e  so lu tion  com pared  w ith  th a t  o f  
u n treated  rennin .

Effects o f  p ro te in  m o d ify in g  agents on re n n in
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T h e  c h a n g e  in  s p e c tru m  w h ich  o c c u rre d  w h e n  m e rc u ric  io n s  r e a c te d  w ith  th e  p ro te in  
(cf. R a m a c h a n d ra n  & W itk o p , 1964) w as c o m p a re d  w ith  loss o f  e n z y m e  a c t iv i ty .  
E ig h t  m l o f  a  so lu tio n  o f  re n n in  (1-5 x  10-5  m ) in  1 %  a c e tic  a c id  w as  m ix e d  w ith  8 m l 
o f  a  so lu tio n  o f  m e rc u ric  a c e ta te  (1-5 x  10~2 m ) in  1 %  a c e tic  a c id  a n d  th e  s p e c tru m  
c o m p a re d  w ith  t h a t  o f  th e  sa m e  c o n c e n tra t io n  o f  r e n n in  m ix e d  w ith  1 %  a c e tic  ac id . 
T h e  d iffe ren ce  s p e c tru m  h a v in g  p e a k s  a t  288 a n d  298 n m  w as m e a su re d  u s in g  th e  
U n ic a m  S P  700 w ith  c o n d itio n s  as  fo r  th e  u re a  p e r tu r b a t io n  d e sc r ib e d  a b o v e  e x c e p t 
t h a t  th e  b a se -lin e  w as  s e t in  th e  n o rm a l p o s itio n . P o r t io n s  o f  th e  m ix tu re  w ere  ta k e n  
a t  in te rv a ls  a n d  th e  a c t iv i ty  d e te rm in e d  as  d e sc r ib e d  ab o v e .

(e) T h e effect o f  CMC on  th e  a c t iv ity  o f  renn in  w as exam in ed  b y  ad ding aq ueous  
so lu tion s o f  th e  reagen t (4-3 %, w /v ) to  renn in  so lu tion s (0-05 %, w /v ) a t  p H  5-0 ± 1-0, 
to  g iv e  a p rotein  to  reagen t ra tio  w /w  o f  1:10 or 20. G lycine m eth y l ester  (G M E) 
(1 % w /v ) in  w ater w as ad ded  to  a c t as a su itab le  nucleop hile  to  prom ote th e  reaction . 
T h e m ixtu res w ere in cu b ated  a t  room  tem p eratu re and en zym e a c t iv ity  d eterm in ed  
as a lread y described .

M easurem ent o f  th e  difference sp ectrum  o f  CM C-treated rennin  w as as d escrib ed  
ab ove. T h e so lu tion  in  th e  reference b eam  con ta in ed  2 m l o f  th e  renn in  so lu tion , 
0 -2  m l o f  GM E so lu tion  an d  1-8 m l w ater, and  th a t  in  th e  sam ple b eam  2 m l renn in  
so lu tion , 0-2 m l GM E so lu tion , 0-2 m l CMC so lu tion  an d  1-6 m l w ater. T h e o th er cell 
in  th e  reference b eam  con ta in ed  0-2 m l carbodiim ide so lu tion  and 3-8 m l w ater and  
th a t  in  th e  sam ple b eam  4 m l w ater.

M olecular w eig h ts  w ere determ in ed  b y  an a ly tica l u ltracen trifu gation  u sing  th e  
Spinco M odel E  u ltracentrifu ge and th e  com b ined  schlieren  and in terference m eth od  
o f  C hervenka (1966). T h e 8-channel cell (Y p h an tis, 1960) w as u sed  an d  th e  m olecular  
w eig h t d eterm in ed  w h en  sed im en ta tion  equ ilibrium  w as ob ta in ed . D eterm in ation s  
w ere m ade in  buffers o f  4 d ifferent p H  va lu es a t  2 con centration s o f  buffer an d  a t  
2  con cen tration s o f  en zym e. T h e con d ition s u sed  for th e  a tta in m en t o f  equ ilibrium  
are g iv en  in  T ab le 2. T o ob ta in  su itab le  m ask ing  o f  th e  schlieren  p a ttern  before  
recording th e  in terferen ce p a ttern , an  ad ju stab le  bar (4-2 cm  x  0-47 cm ) w as fitted  to  
th e  sw in ging  g a te  m echan ism . W h en  th e  ga te  w as in  th e  lig h t p a th  th e  bar m asked  
th e  region  o f  th e  p hotograp h ic p la te  w h ich  corresponded to  th a t  requ ired  for th e  
in terferen ce p a ttern . M ovem en t o f  th e  sw in ging  ga te  rem oved  th e  bar from  th e  lig h t  
p a th  an d  en ab led  th e  in terference p a ttern  to  be recorded  on  th e  sam e fram e.

S ed im en ta tion  v e lo c ity  d eterm in ation s w ere m ade at 5 9 7 8 0 r e v /m in  w ith  2-6%  
(w /v) so lu tion s o f  renn in  in  0-08 m p h osp h ate  buffer o f  p H  5 con ta in in g  0-02 M-NaCl. 
In  som e exp er im en ts urea a t  a  con cen tration  o f  4 m w as also p resent.

A m ino acid  an a lysis  w as carried o u t b y  ion  exch an ge resin  ch rom atograp h y  according  
to  Spackm an, S te in  & M oore (1958). Sam p les o f  p rotein  were h yd ro lysed  a t  1 0 5 -110  °C 
for 24 h  in  6 n -HCI in  am pou les w hich  h ad  b een  p um ped  free o f  air an d  sealed .

RESULTS 

T h e  e f f e c t  o f  u r e a

T h e actio n  o f  urea resu lted  in  sp ectra l ch an ges a t  238, 287 and 293 n m . T h ese  
ch an ges w ere in it ia lly  p o sitiv e  b u t after a period, th e  len g th  o f  w h ich  d ep en ded  b o th  
on  th e  p H  va lu e  an d  con centration  o f  urea, ~hey b ecam e n eg a tiv e . A n  ex a m p le  o f
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th e  difference sp ectrum  ob ta in ed  in  8 m urea a t  p H  7-0 after a b o u t 1 h  is  sh ow n  in  
F ig . 1. T h e ch an ge in  ab sorp tion  ob ta in ed  after 24 h  w as ab ou t tw ice  as grea t a t  
238 m n  as a t  287 an d  293 n m . T here w as no difference in  ra te  o f  appearance o f  th e  
287 and 293 nm  sp ectra l change.

E ffects o f  p ro te in  m o d ify in g  agents on re n n in

Fig. 1. Exam ple of the difference spectrum obtained when rennin is treated w ith urea. Rennin  
0*1% (w/v) in 0-02 m  phosphate buffer o f pH  7-0 compared w ith rennin under the same conditions 
but in  buffer containing 8 m  urea. Reaction tim e 1 h  at room temperature. Troughs at 238, 287 
and 293 nm.

T h e re la tion sh ip  b etw een  urea con cen tra tion  an d  p H  v a lu e  to  th e  m axim u m  
ch an ge in  ab sorp tion  is sh ow n  in  F ig . 2, w here it  can  b e seen  th a t  th e  grea test change  
a t 238 n m  w as ob ta in ed  a t  6 M urea. In  exp er im en ts w ith  4 and 8 m  urea th ere w as a 
m axim u m  ch an ge a t  p H  6-0 b u t th ere w as lit t le  d ifference b etw een  th e  va lu es  
ob ta in ed  a t p H  5-0, 6-0 an d  7-0 w ith  6 m urea. T h e ch an ges a t  293 n m  appear to  be  
less d ep en d en t u p on  th e  ch an ges in  p H . T h e en zy m e w as n o t  so lu b le  in  th e  p resence  
o f  4 m urea  a t  p H  4, b u t th e  a c t iv ity  w as fu lly  recoverab le w h en  th e  p rec ip ita te  
w h ich  form ed  w as d isso lved  in  0-02  m p h o sp h a te  buffer o f  p H  5-4.

T h e ra te a t  w h ich  th ese  ch anges occurred  d ep en d ed  b o th  u p on  th e  urea con cen tra
t io n  an d  u pon  th e  p H  v a lu e  o f  th e  sy stem . In  general, th e  ra te in creased  as th e  urea  
con cen tra tion  an d  p H  v a lu e  in creased . T w o exam p les o f  th e  re la tion sh ip  o f  a c t iv ity  
an d  change in  ab sorp tion  are sh ow n  in  F ig . 3 (a ) an d  (b ), for so lu tion s o f  renn in  a t  
p H  4 con ta in in g  6 m urea an d  a t  p H  5 con ta in in g  8 m urea, re sp ectiv e ly . In  b o th  
exp er im en ts loss o f  a c t iv ity  occurred  as th e  ab sorp tion  b ecam e n eg a tiv e .

T h e a m o u n t o f  u n fo ld in g  o f  th e  renn in  m olecu le w h ich  w as co in cid en t w ith  50 % 
loss o f  a c t iv ity  a t  th e  variou s urea con cen tra tion s an d  p H  v a lu es ex a m in ed  h as b een  
su m m arized  in  T ab le 1, w here th e  a m ou n t o f  ch an ge in  ab sorp tion  a t  287 nm ,
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exp ressed  as A A  2 87 /A  280 a t  th is  a c t iv ity  v a lu e , and  th e  am ou n t o f  to ta l change th a t  is  
in v o lv ed  are g iven .

T h e increase in  ab sorp tion  in  th e  region  o f  280 an d  290 n m  w h ich  occurred  a t  th e  
b egin n ing  o f  each  exp erim en t (see F ig . 3 (a ) an d  (b ))  m a y  h a v e  b een  d ue to  p ertu rb a
tio n  o f  chrom ophore groups occurring b efore th e  ad ded  urea affected  th e  m olecu lar
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_________ I___________________ l-------------- 1
4 5 6 7

Buffer, pH
Fig. 2. Relationship of the pH  of the reaction m ixture and the urea concentration with the 
amount of change at 238 and 293 nm in rennin—urea solutions. Absorbance recorded after 6 h  at 
room temperature. Continuous line, 238 nm ; broken line, 293 nm ; O, 8m  urea; • ,  6 m  urea; 
A , 4m urea.

Fig. 3. Exam ples o f the relationship of enzym e activity to spectral change of the rennin-urea  
solutions, (a) Reaction at pH  4 w ith 6 M  urea. (6) Reaction at pH  5 w ith 8 m  urea, x  , Milk clotting  
activity; O, 238 nm ; • ,  287 nm ; A, 293 nm.
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stru cture. T o find w h eth er d issoc ia tion  o f  p o lym ers cou ld  h a v e  b een  an  im p ortan t  
factor in  th is  p h en om en on  th e  ap paren t m olecular w eig h t o f  renn in  w as d eterm in ed  
b y  a n a ly tica l u ltracen trifu ga tion  a t several p H  v a lu es an d  e lec tr o ly te  con cen tration s  
covering th e  range o f  exp er im en ta l con d ition s used . T h e resu lts o f  th is  in v estig a tio n  
are su m m arized  in  T ab le 2 an d  sh ow  th a t  a d im er p rob ab ly  ex iste d  in it ia lly  a t  m ost o f

Effects o f p ro te in  m o d ify in g  agents on re n n in

T ab le  1. T h e  r a t i o  A A  2 8 7 ¡ A  2 8 0  a t  5 0  %  l o s s  o f  r e n n i n  a c t i v i t y

Urea concentration

of solution 4 m 6 m 8m
4-0 __* 0-35 (94) 0-31 (64)
5-0 0-84 (56) 0-63 (49) 0-38 (40)
6-0 0-60 (52) 0-42 (34) 0-35 (27)
7-0 0-56 (89) 0-89 (80)f - Î

* Enzym e not soluble in this system.
t  Rapid change in absorption and activity made measurement difficult. Value given is probably too 

large.
% Loss of activ ity  was too rapid to allow it to be related to change in absorption.
Figures in parentheses give the percentage of the total absorption change that the data for 50 % 

inactivation represent.

T ab le 2. M o l e c u l a r  w e i g h t  o f  r e n n i n  d e t e r m i ? i e d  b y  a n a l y t i c a l  u l t r a c e n t r i f u g a t i o n  

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

Approx. 
% (w/v)

NaCl concentra Temp. Molecular
added, tion of Speed, of run, weight Mean

Buffer M pH rennin rev/m in °C (■Mapp.) t^app.)
0-02m acetic acid 0-08 3 1 1 0 16 200 23 29 930 29 930

0-6 29 930
0-38 3-1 1-0 24 630 23 30 500 30 950

0-6 31 390

0-02 m  Tris/HCl 0-08 5-8 0-5 12 590 23 65 190 63 620
0-3 62 040

0-38 5-7 1 0 12 590 23 61 510 60 160
0-6 58 810

0-02 m  Tris/HCl 0-08 6-5 1 0 12 590 23 65 820 67 345
0-6 68 870

0-38 6-5 1 0 12 590 23 65 290 63 400
0-6 61 510

0-02 M  Tris/HCl 0-38 8-1 1-0 6 166 26 970 000 960 000
0-8 950 000

th e  p H  v a lu es ex a m in ed  in  th e  urea exp er im en ts an d  th a t  th e  m onom er occurred  o n ly  
a t lo w  p H . A t  th e  h ig h est p H  va lu e  ex a m in ed  m ore e x te n s iv e  p o lym eriza tion  
occurred. T h e s lig h t effec t o f  increase in  ion ic stren gth  o f  th e  buffer in  g iv in g  a 
s lig h tly  low er m olecular w eig h t m a y  n o t be sign ifican t. D issoc ia tion  b y  urea a t  
con cen tration s o f  4 m  an d  ab ove w as a lso  confirm ed b y  sed im en ta tion  v e lo c ity  an d  it  
is  su ggested  th a t  th e  first e ifec t o f  urea w as to  cause d issoc ia tion  in to  m onom ers  
w h ich  h a v e  s lig h tly  m ore ab sorp tion  b y  th e ir  chrom ophore groups th a n  h a v e  th e  
corresponding dim ers.
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T h e  e f f e c t  o f  N B A

A fter trea tm en t o f  renn in  w ith  a 5 -1 0 -fo ld  m olar ex cess  o f  N B A  ab ou t 50 % loss o f  
a c t iv ity  w as ob ta in ed . In a c tiv a tio n  w as p H -d ep en d en t b u t n o t tim e-d ep en d en t as 
is sh ow n  in  F ig . 4. T w o regions o f  m ore ex te n s iv e  in a ctiv a tio n  occurred, on e co m 
m en cin g  ab ou t p H  5-5 an d  in creasing to  h igher p H  va lu es and th e  o ther w ith  a 
m axim u m  around p H  4. T h e relation sh ip  o f  con cen tration  o f  N B A  to  en zy m e in 
a ctiv a tio n  a t  p H  4-0 an d  4-5 is sh ow n  in  F ig . 5. T h e p lo t o f  in a ctiv a tio n  w as n o t  
linear and sh ow ed  a slow er in a ctiv a tio n  after a reagen t to  en zy m e m olar ratio  o f

R.atio:moles NBA/moles rennin, x10 ( ------- )
Loss of absorbance at 280 nm, %  (-------- )

Fig. 5

Fig. 4. The relationship between loss o f activity and the pH of the reaction when rennin is 
treated w ith N-bromoacetamide. NBA, 0'2 m g/m l, was added to solutions of enzym e, 15 mg/ml, 
in the appropriate buffer. The reaction mixture was incubated at room temperature and portions 
taken for determ ination of activity at 15 m in, O, and 30 min, • .
Fig. 5. The effect o f the concentration of N BA  on loss o f enzym e activity and the relationship 
of the loss of absorption at 280 nm to the loss o f activity. The experiment was carried out at 
pH  4-5, O, and pH  4'0, 9- The continuous line indicates the slope estim ated from these 
experimental results; A , loss of absorption at 280 nm at pH 4-0.

ab ou t 3 -1  is exceed ed . T h e relation sh ip  o f  loss o f  ab sorp tion  a t 280 nm  and loss o f  
a c t iv ity  is sh ow n  in  th e  sam e figure. T he resu lts o f  an  am ino acid  an a lysis  o f  renn in  
w h ich  h ad  b een  com p lete ly  in h ib ited  b y  trea tm en t w ith  a 60-fold  m olar ex cess  o f  th e  
reagen t sh ow ed  th a t  tyrosin e  an d  h istid in e  h ad  been  ox id ized  and th a t  m eth ion in e had  
b een  con verted  to  th e  su lph on e. W h en  sm all a m ou n ts o f  reagen t w ere used  so  as to  
g iv e  ab ou t 40 %  loss o f  en zym e a c t iv ity  th e  c n ly  sign ifican t loss w as in  ty ro sin e . 
U n d er th ese  con d ition s ab ou t 20 % o f  th e  ty ro sin e  w as ox id ized . T ryp top h an  w as  
n e t  determ in ed  in  eith er exp erim en t, b u t from  th e  red u ction  in  ab sorp tion  a t 280 nm  
i t  is ap paren t th a t  m ost o f  th e  try p to p h a n  w ould  h a v e  b een  ox id ized  under con d ition s  
w hich  resu lted  in  40 % loss o f  a c tiv ity .

T h e  e f f e c t  o f  P B B  a n d  D B P

B o th  o f  th ese  com p oun ds w ere sh ow n  b y  E rlanger e t  a l .  (1965, 1967) to  b e  effective  
in h ib itors o f  p ep sin . H ow ever, n either o f  th em  in h ib ited  rennin  w hen  used  u nd er th e  
sam e con d ition s an d  a t  th e  sam e m olar ra tios as u sed  to  in h ib it pep sin . A  parallel



exp er im en t w ith  p ep sin  confirm ed th a t  b o th  th ese  com p oun ds in h ib ited  p ep sin  
action . T o see i f  con d ition s cou ld  b e  ob ta in ed  w h ich  w ou ld  fa c ilita te  a reaction  
b etw een  renn in  an d  th ese  com p oun ds, th e  reaction  w as carried o u t a t  h igher an d  
low er p H  v a lu es and also in  p resence o f  0-002 m  sod ium  d od ecy l su lp h ate  or 4 m  urea. 
H ow ever, n eith er th e  ch an ge in  p H  va lu e  nor th e  p resence o f  th e  d issoc ia tin g  agen ts  
en h an ced  th e  reaction .

T h e  e f f e c t  o f  H N B

T h e a d d ition  o f  in creasing q u a n titie s  o f  H N B  to  th e  en zym e resu lted  in  m od ifica
t io n  o f  th e  try p to p h a n  residues in  p arallel w ith  loss o f  en zym e a c tiv ity . T h e resu lt o f  
th is  ex p er im en t is sh ow n  in  F ig . 6. A  200-fo ld  m olar ex cess  o f  H N B  g a v e  a 40 % loss

Effects o f  p ro te in  m o d ify in g  agents on re n n in  307

Fig. 6. The effect o f H N B  on loss of enzym e activity, • ,  and modification of tryptophan groups, 
O. Rennin 0-25 % (w/v) in 1 % acetic acid was treated w ith increasing concentrations of H NB. 
The modified enzym e, after separation from reagent on Sephadex gel G 25 using 1 % acetic acid 
as eluting buffor, was measured in alkaline solution at 410 nm.

o f  en zy m e a c t iv ity . T h e am ou n t o f  ab sorp tion  a t 410 nm  w ould  in d ica te  th a t  th e  
eq u iv a len t o f  1-5 try p to p h a n  residues w ere m odified  per rennin  m olecu le a t  th e  40 % 
in a c tiv a tio n  leve l. T h e d eterm in ation  o f  th e  to ta l try p to p h a n  b y  th e  m eth o d  o f  
B arm an  & K o sh la n d  (1967) u sing a 50-fold  m olar excess o f  H N B  in d ica ted  th e  
p resence o f  2 try p to p h a n  resid ues/m olecu le.

T h e  e f f e c t  o f  m e r c u r i c  s a l t s

M ercuric n itra te , ch loride an d  a ce ta te  a t  con cen tration s o f  5, 3 an d  0 -24%  re
sp ec tiv e ly , in a c tiv a ted  th e  e n z y m e ; con cen tration s ab ou t a ten th  o f  th ese  va lu es d id  
n o t. T he n itra te  an d  ch loride sa lts  g a v e  an  in so lu b le  p rec ip ita te  o f  renn in , w hich  
red isso lved  on  a d d ition  o f  a lit t le  so lid  cy ste in e  to  th e  su spension , b u t th e  loss o f
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Fig. 7. Exam ple of the difference spectrum obtained when rennin was treated w ith mercuric 
acetate. Rennin, 7*5 x 10-6m , in  1 % acetic acid compared w ith rennin solution under the same 
conditions but containing 7*5 x 10-3m  mercuric acetate. Reaction tim e 2 h a t room temperature. 
Peaks of absorbance occurred at 288 and 298 nm.

Absorbance, % , at 288 ard  298 nm, o f renn in  
treated w ith  m e rcu ric  acetate

Fig. 8. The relationship of activity to  the change in spectrum at 288 and 298 nm  o f rennin 
modified by mercuric ions. Conditions as for Fig. 7. Spectra and activity measured at intervals 
until maximum spectral change was obtained. O» 288 nm ; • ,  298 nm.
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a c t iv ity  w as n o t reversib le. T h e difference sp ectrum  ob ta in ed  w h en  th e  en zy m e w as  
trea ted  w ith  m ercuric a ce ta te  is  sh ow n  in  F ig . 7. T h e increase in  ab sorp tion  a t va lu es  
b elow  280 n m  w as p rob ab ly  d ue to  th e  d en atu ration  and  aggregation  o f  th e  en zy m e  
resu ltin g  in  som e lig h t sca tter in g  b y  th e  so lu tion . M axim um  ex tin c tio n  w as ob ta in ed  
a t  288 an d  298 nm  an d  th e  re la tion sh ip  o f  loss o f  a c t iv ity  to  th e  change in  ab sorp tion  
a t th ese  2 w a v elen g th s is  p lo tted  in  F ig . 8.

T h e  e f f e c t  o f  C M C

T his com p oun d, w h en  a llow ed  to  react w ith  rennin  a t  ab ou t a 750-fo ld  m olar  
excess , p rod uced  com p lete in h ib ition  o f  en zy m e a c t iv ity  and a soluble in a ctiv a ted  
en zym e. T here w as n o  ch ange in  th e  sp ectrum  o f  th e  in a ctiv a ted  en zym e nor d id  a
5-fo ld  m olar ex cess  o f  H N B  m od ify  a n y  m ore try p to p h a n  groups th a n  in  th e  a ctiv e  
en zym e, th u s su ggestin g  th a t  th ere w as no u nfo ld in g  o f  th e  m olecule. T h is in h ib itor  
ap p a ren tly  a lso  in a c tiv a tes  th e  en zy m e in  th e  ab sen ce o f  a su itab le  n u cleop h ile  
b ecau se th e  p resence o f  G M E  d id  n o t  en h ance th e  ra te o f  in a c tiv a tio n ; in d eed  a t  
higher con cen tration s, e .g . 25-fold  m olar excess o f  G M E  to  CMC, th ere w as a sign ifi
can t red u ction  in  th e  ra te o f  in a ctiv a tio n . A m ino acid  an a lysis o f  renn in  in a c tiv a ted  
b y  CMC in  th e  presence o f  G M E  d id  n o t in d ica te  th e  presence o f  ex tr a  g ly c in e  residues. 
T h e reversal o f  in a ctiv a tio n  b y  CMC w as ob ta in ed  b y  adding h yd roxy lam in e  to  th e  
so lu tio n  o f  th e  reactan ts. W h en  a m ix tu re (1-2 m l) con ta in in g  0-24 m g rennin  and
17-4 m g CMC w as a llow ed  to  react for 1 h  a t  40 °C there w as a 5 0 -6 0 %  loss o f  
a c tiv ity . W h en  h yd ro x y la m in e  (288 m g in  0-8 m l) w as ad ded  to  th e  m ix tu re fu ll 
recovery  o f  a c t iv ity  w as ob served  w ith in  a  few  m inu tes.

DISCUSSION

T h e  e a r lie r  o b se rv a tio n  (C heesem an , 1965) t h a t  r e n n in  is r a p id ly  in a c t iv a te d  in  
so lu tio n s  c o n ta in in g  u re a  w as  co n firm ed . D e n a tu r a t io n  b y  t r e a tm e n t  w ith  u r e a  w as  
sh o w n  to  r e s u l t  in  la rg e  t ro u g h s  in  th e  d iffe ren ce  s p e c tru m  a t  238, 287 a n d  293 n m  
w h ich  su g g e s ts  t h a t  co n s id e ra b le  u n fo ld in g  o f  th e  r e n n in  m o lecu le  o c c u rre d  g iv in g  
r ise  to  c h a n g e  in  th e  e n v iro n m e n t o f  th e  c h ro m o p h o re  g ro u p s  a s so c ia te d  w ith  th e  
s im u lta n e o u s  ir re v e rs ib le  c h a n g e  in  e n z y m ic  p ro p e r tie s .  T h e  s p e c tr a l  ch a n g e s  w h ich  
p a ra lle le d  loss o f  a c t iv i ty  w ere  p ro b a b ly  d u e  to  th e  in c re a se d  e x p o s u re  o f  t r y p to p h a n  
a n d  ty ro s in e  re s id u e s  to  th e  so lv e n t e n v iro n m e n t. T h e  re s u lts  sh o w n  in  T a b le  1 
su g g e s t t h a t  th e  a m o u n t  o f  u n fo ld in g  o f  th e  m o lecu le  re q u ire d  to  g iv e  50 % in a c t iv a 
t io n  v a r ie d , a n d  t h a t  in a c t iv a t io n  a n d  a lso  th e  to ta l  s p e c tr a l  c h a n g e  w ere  r e la te d  b o th  
to  th e  p H  v a lu e  a t  w h ich  th e  r e a c t io n  o c c u rre d , a n d  to  u r e a  c o n c e n tra tio n . T h e  
sm a lle s t p e r tu r b a t io n  (0-3-0-4 , A A 2 8 7 /A 2 8 0 ) w h ic h  r e s u lte d  in  50%  in a c t iv a t io n  
o c c u rre d  in  8 m u r e a  a t  a ll p H  v a lu e s . H o w e v e r , a s  th e  p H  v a lu e s  in c re a se d  th is  
a m o u n t  o f  c h a n g e  b e c a m e  a  sm a lle r  p ro p o r tio n  o f  th e  to ta l  s p e c tra l  ch a n g e . W ith  
d e c re a s e d  u r e a  c o n c e n tra t io n  a  g r e a te r  c h a n g e  w as  re q u ire d  to  g iv e  th e  sa m e  d eg re e  
o f  in a c t iv a t io n .  A cc o rd in g  to  th e  e x p e r im e n ta l  co n d itio n s , 50%  in a c t iv a t io n  w as  
o b ta in e d  w ith  ch a n g es  v a ry in g  f ro m  27 to  94 % o f  th e  to ta l  s p e c tra l  c h a n g e  w h ich  
w o u ld  su g g e s t t h a t  th e re  is n o  c o r re la tio n  b e tw e e n  d eg re e  o f  u n fo ld in g  a n d  th e  loss 
o f  a c t iv i ty .  F a c to rs  o th e r  t h a n  th e  a v a i la b i l i ty  o f  th e  ch ro m o p h o re  g ro u p s  b y  th e  
u n fo ld in g  o f  th e  m o lecu le  m u s t  in flu en ce  th e  loss o f  e n z y m e  a c tiv i ty .

E ffects  o f  p ro te in  m o d ify in g  agents on re n n in



3 1 0 G . C .  C H E E S E M A N

There also ap peared  to  b e, a t lea st under som e con d itions, 2 d ifferent rates o f  
sp ectral change, for i f  th e  d a ta  w ere p lo tted  as a first-order reaction  (F ig. 9) th e  
slop es o f  v a lu es ob ta in ed  from  exp erim en ts a t  p H  5 an d  6 in  th e  p resence o f  8 M urea  
su ggested  2 d ifferent ra tes o f  u nfold ing. There w as n o  correlation  b etw een  sp ectra l 
change an d  th e  loss o f  a c tiv ity .

Fig. 9. D ata of spectral change at 293 m n obtained from experiments on the effect o f urea on 
rennin plotted as first order reactions. Continuous lines, 8m  urea: O, pH  4; □ , pH  5; A, pH  6; 
V, pH  7. Broken lines, 4 m  urea: A , pH 5 ;  O, pH  6 .

In a ctiv a tio n  o f  renn in  b y  N B A  appeared  to  be d ue to  o x id a tio n  o f  one or several 
residues. W h en  th e  en zy m e w as com p lete ly  in h ib ited  b y  trea tm en t w ith  a large  
ex cess  o f  N B A , try p to p h a n , tyrosin e , h istid in e  an d  m eth ion in e w ere m odified . T he  
m ore ex te n siv e  in a c tiv a tio n  a t p H  4-0 (F ig. 4) an d  th e  ap paren t d ifference in  ra te o f  
in a ctiv a tio n  b etw een  th e  first 40 % loss o f  a c t iv ity  an d  su b seq u en t loss (F ig. 5) m a y  
in d ica te  th a t  som e p articu lar residue or residues are m ore su scep tib le  to  a tta c k  th an  
otners. T he tryp top h an  residues are u su a lly  th e  m ost su scep tib le  to  se lec tiv e  o x id a 
tio n  b y  iV -brom osuccin im ide and N B A  (Spande & W itk op , 1968). T h e a c t iv ity  o f  
en zym es trea ted  w ith  th e  reagen t w ill be affected  according to  th e  re la tive  im p ortan ce  
o f  th e  read ily  ox id ized  groups in  m ain ta in in g  en zym e a c tiv ity . F or exam p le, 90 % o f  
try p sin  a c t iv ity  is lo st  w hen  60 % o f  th e  try p to p h a n  groups are ox id ized  (V isw anatha , 
L aw son  &  W itk op , 1960). A n a lysis  o f  renn in  trea ted  w ith  o n ly  sufficient N B A  to  g iv e  
ab ou t 40 % in a ctiv a tio n  sh ow ed  th a t  under th ese  con d ition s o f  in a c tiv a tio n  ab ou t  
2 0  % o f  th e  ty ro sin e  residues w ere m odified , w hereas m ost o f  th e  try p to p h a n  w as  
ox id ized . T his resu lt su ggests th a t  som e tyrosin e  groups m a y  be sp ecifica lly  in v o lv ed  
in  m ain ta in in g  en zym e a c tiv ity .



T reatm en t w ith  H N B  a t  low  con cen tration s d id  n o t resu lt in  a n y  appreciable  
m odification  o f  th e  try p to p h a n  groups nor loss o f  a c tiv ity . I t  therefore appears  
u n lik e ly  th a t  there is v er y  m uch  exp osu re o f  th ese  groups in  th e  n a tiv e  m olecule. 
H igh er con cen tration s o f  H N B  reacted  w ith  try p to p h a n  groups cau sin g  lo ss  o f  
a c tiv ity , aggregation  an d  p rec ip ita tion  o f  th e  en zym e. T h e co n ten t o f  to ta l tr y p to 
p han , as d eterm in ed  b y  th e  m eth od  o f  B arm an  & K osh lan d  (1967), in d ica ted  
2  residues /m o lecu le . T h is va lu e  is a b o u t h a lf  th a t  reported  b y  F o ltm a n n  (1966). T he  
reason  for th is  d iscrep an cy  is  n o t k now n.

W h en  m ercuric ion s react w ith  try p to p h a n  in  p rotein s th e  ap pearan ce o f  th e  
m odified  try p to p h a n  can  be fo llow ed  b y  th e  sp ectra l change (R am ach an dran  & 
W itk op , 1964). T he resu lts w ith  rennin  su ggest th a t  m odification  o f  th e  try p to p h a n  
residues is  co in cid en t w ith  loss o f  a c t iv ity  (F ig . 8) an d  th a t  com p lete  lo ss  o f  a c t iv ity  
occurred w h en  th e  m ax im u m  sp ectra l ch an ge w as ob ta in ed . T h e difference sp ectrum  
sh ow ed  p eak s a t  288 an d  298 nm  an alogous to  th e  sp ectral ch an ges reported  b y  
R am achan dran  & W itk o p  for p rotein s con ta in in g  tryp top h an .

E rlan ger e t  a t .  (1966) h a v e  sh ow n  th a t  m odification  o f  th e  /^-carboxylic group  
o f  a  rea ctiv e  asp artic  acid  resid ue o f  p ep sin  b y  P B B  caused  loss o f  p ep sin  a c t iv ity .  
W h en  rennin  w as te s te d  under th e  con d ition s w h ich  in a ctiv a ted  p ep sin  no loss o f  
a c t iv ity  w as ob served . T h is resu lt, how ever, appeared  to  be con trary  to  th e  resu lts  
ob ta in ed  w ith  CMC, as H oare & K osh lan d  (1966) h a v e  sh ow n  th a t  carbodiim ides w ill 
react w ith  free carb oxy lic  grou p s. T h a t in a c tiv a t io n  w ith  CMC w a s n o t  p rim arily  d ue  
to  m o d ica tio n  o f  a  ca rb o x y lic  group w as su ggested  from  th e  ob serva tion  th a t  GM E  
ad ded  to  th e  m ix tu re  to  p rom ote th e  form ation  o f  a — CO— N H  lin k age d id  n o t en h ance  
th e  reaction  an d  in d eed  a t  h igh  con cen tration s in h ib ited  it . T h is ob serva tion  su g
g ested  th a t  CMC w as reactin g  w ith  a group o th er th a n  th e  carb oxy l for w hich  i t  w ou ld  
n orm ally  b e ex p ec ted  to  h a v e  a stron g preference. C arraway & K osh lan d  (1968) h a v e  
sh ow n  th a t  carbod iim id es can  also react w ith  p h en o lic  com p oun ds an d  i t  is, therefore, 
p ossib le th a t  th e  am ino acid  in v o lv ed  in  th e  reaction  is  tyrosin e . A m in o  acid  an a lysis  
o f  th e  CM C-treated renn in  d id  n o t in d ica te  a n y  sign ifican t d ifference in  th e  tyrosin e  
co n ten t from  th a t  o f  u n trea ted  m ateria l. H ow ever, as a to ta l o f  16 resid ues o f  
tyrosin e/m olecu le  are in v o lv ed , d etec tio n  o f  m odification  o f  one residue w ou ld  require  
furth er an a lysis. T h e in h ib ition  ob ta in ed  w ith  CMC w as reversed  b y  th e  ad d ition  o f  
h yd roxy lam in e . C arraway & K o sh la n d  (1968) h a v e  su ggested  th a t  carbodiim ides  
react w ith  ty ro sin e  to  form  th e  O -aryl isourea, w h ich  w h en  trea ted  w ith  a p ow erfu l 
n ucleop hile  su ch  as h yd ro x y la m in e  is  con verted  b ack  to  tyrosin e.

H ill & L ain g  (1965, 1967) h a v e  reported  th a t  h istid in e  an d  ly sin e  groups are in 
v o lv e d  in  en zy m e a c t iv ity . T h e w ork reported  here su ggests th a t  a ty ro sin e  resid ue  
or residues is also lik e ly  to  b e in v o lv ed  in  th e  a c t iv ity  o f  rennin . T h e ap paren t lack  o f  
stru ctural ch ange in  th e  m olecule w h en  rennin  is  in a c tiv a ted  w ith  CMC, an d  th e  lack  
o f  e x te n s iv e  m odification  o f  tyrosin e  groups m a y  in  fa c t  in d ica te  th a t  th e  group  
in v o lv ed  form s p art o f  th e  a c tiv e  centre. H ow ever, th e  actio n  o f  N B A  on  ty ro sin e  
residues d id  n o t  su ggest th a t  a n y  on e p articu lar resid ue w as m ore sen sitiv e  to  a tta ck  
th a n  th e  others. T h e p o sitio n  w ith  regard  to  try p to p h a n  in v o lv em en t has y e t  to  be  
clarified, b u t th e  resu lts m a y  in d ica te  th a t  m odification  o f  try p to p h a n  an d  su b seq u en t  
loss o f  en zym e a c t iv ity  is  re la ted  to  loss o f  stru ctural in teg r ity , sin ce a considerable  
proportion  o f  th e  try p to p h a n  can  be m odified  b y  N B A  w ith o u t to ta l lo ss o f  a c t iv ity ,
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an d  also sin ce th e  e x te n t  o f  m odification  w ith  m ercuric ion s parallels th e  degree o f  
in a ctiv a tio n . T h is w ould  be in  agreem en t w ith  H ill & L aing  (1965) w ho su ggest th a t  
p h o to x id a tio n  o f  try p to p h a n  d oes n o t resu lt in  loss o f  a c tiv ity .

T he ab le tech n ica l assistan ce o f  Mr G. C rutchfield and  M iss M. A . R a ith b y  and th e  
in terest and en cou ragem en t g iven  b y  D r N . J . B erridge are gra te fu lly  ack n ow led ged .
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INTRODUCTION

T h e fa c t  th a t  rum en m icro-organism s h a v e  a m od ify in g  effect on  th e  u tiliza tio n  o f  
food  n itrogen  b y  ru m in an ts h as b een  recogn ized  for v er y  m a n y  years (references to  
early  w ork  are g iv en  in  H u n g a te , 1966) b u t u n til ab ou t 1947, w hen  th is  su b ject w as  
rev iew ed  b y  M cX au gh t & S m ith  (1947), m a n y  o f  th e  processes in v o lv ed  w ere n o t w ell 
und erstood . S ince th a t  tim e  a large a m ou n t o f  w ork  has b een  done in  th is  field  and  
m ore recen t rev iew s (Chalm ers & S yn ge, 1954; B lack bu rn , 1965; H u n g a te , 1966; 
W ald o, 1968) p resen t a m uch  clearer p ictu re. M ost o f  th e  w ork  covered  b y  th ese  
au th ors w ill b e  m en tion ed  o n ly  briefly  in  th e  p resen t rev iew  an d  a tte n tio n  w ill b e  
d irected  m a in ly  to  d ev elo p m en ts reported  in  th e  la st  few  years. F ew  references to  
w ork  p ub lish ed  b efore ab ou t 1964 w ill be g iv e n  as th e y  m a y  read ily  b e foun d  in  la ter  
p u b lica tion s.

E ssen tia lly  th e  processes in  th e  rum en con sist, first, o f  th e  con version , b y  m icrobial 
action , o f  p art o f  th e  d ietary  an d  en d ogen ou sly  secreted  n itrogen ou s com p oun ds in to  
d egrad ation  p rod ucts. S om e o f  th ese  p rod ucts m a y  be absorbed  d irectly  b y  th e  
an im al, e ith er in  th e  ru m en  it s e lf  or in  th e  low er a lim en tary  tra c t, b u t m o st are 
n orm ally  u sed  in  th e  form ation  o f  th e  b od ies o f  m icro-organism s. T hus, th e  n itr o 
gen ou s su b stan ces p resen ted  to  th e  ab om asu m  and in te stin es o f  th e  ru m in an t con sist, 
u su a lly  to  a  considerable e x te n t , o f  th o se  p resen t in  m icro-organism s (bacteria  and  
protozoa) rath er th a n  th o se  in  th e  d iet. In  general, th e  ch an ges occurring in  th e  
rum en are ad va n ta g eo u s to  th e  an im al w h en  its  d ie t  con ta in s m a in ly  poor q u a lity  
p rotein  or a n on -p rote in  n itrogen ou s m ateria l su ch  as urea, b u t m a y  b e d isad 
v a n ta g eo u s w h en  good  q u a lity  p rotein  is  ea ten . C learly th e  re la tiv e  im p ortan ce o f  
th e  d ifferent rou tes an d  o f  th e  sizes o f  th e  p ools o f  d ifferent n itrogen ou s su b stan ces
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can  v a ry  w ith  d ifferent con d itions. T h e m erits an d  d em erits o f  su ch  varia tion s, as 
th e y  affect th e  n itrogen  econ om y o f  th e  an im al as a w hole, h a v e  b een  ex te n s iv e ly  
stu d ied  and a tte m p ts  h a v e  been  m ade to  m od ify  th e  processes for th e  b en efit o f  th e  
anim al. F rom  th e  p ractica l p o in t o f  v iew  m ost research has b een  d irected  a t  on e o f  
2 m ain  o b jectiv es: (1) to  m ake it  p ossib le to  use, e ffec tiv e ly  an d  sa fe ly , a h igh  p ro 
p ortion  o f  in exp en sive  n on-protein  n itrogen  (usu ally  urea) in  th e  d iet, or (2) to  avo id , 
as far as p ossib le, th e  d egrad ation  o f  good  q u a lity  food  p rotein  in  th e  rum en.

3 1 4

NITROGENOUS DEGRADATION PRODUCTS IN THE RUMEN 
A m m o n i a

M ost o f  th e  n itrogen ou s m ateria l in gested  b y  th e  ru m in an t receiv in g  natural feeds  
con sists o f  p rotein s. A  considerable am ou n t o f  w ork  (review ed  in  d eta il b y  B lackburn
(1965) and H u n g a te  (1966)) sh ow s th a t  th ese  are gen era lly  broken d ow n  b y  th e  rum en  
b acteria  to  y ie ld , first, free am ino acids, th e  ra te o f  p roteo lysis  b ein g  c losely  re la ted  to  
th e  so lu b ility  o f  th e  p rotein  in  rum en fluid, and  th en  am m on ia  (un less o th erw ise  
sta te d  th e  term  am m on ia  w ill be used  to  m ean  b o th  u n-ion ized  am m onia and  
am m on iu m  ions). M any in d iv id u a l sp ecies o f  rum en b acteria  use am m on ia  as a 
n itrogen  source in  preference to  am ino acids or other m ore elab orate com p oun ds and  
som e sp ecies h a v e  an  ab so lu te  requ irem en t for it. T h e m ixed  b acteria l p op u la tion  in  
rum en co n ten ts  appears to  d ig est starch  m ore efficien tly  in  th e  presence o f  am m on ia  
th a n  in th e  presence o f  am ino acids (Acord, M itchell, L itt le  & K arr, 1966; A cord, 
M itchell & L ittle , 1968). I t  seem s probable, in  fact, th a t  am m on ia  is th e  m ain  n itr o 
gen ou s n u tr ien t for b acteria l grow th  in th e  rum en. On th e  o ther h and , th e  p rotozoa  
in  th e  rum en are m a in ly  c ilia tes (H u n gate , 1966) and cilia tes in  general can  rarely  
use am m on ia  as a m ajor source o f  n itrogen . T h ey  u sually  h a v e  an ab so lu te  req u ire
m en t for m an y  o f  th e  am ino acids essen tia l to  h igher an im als and  for preform ed  
purine and p yrim id ine b ases (K idder, 1967). There is lit t le  reason  to  su pp ose th a t  th e  
rum en p rotozoa  are an y  excep tion . I t  seem s lik e ly  th a t  th ese  organism s ob ta in  their  
nitrogen ous n u trien ts b y  en gulfing and  d igestin g  b acteria  or sm all p articles d erived  
from  th e  food  su ch  as ch lorop lasts and b y  a c t iv e ly  tak in g  up free am ino acids, purine  
b ases an d  p yrim id ine b ases from  th e  m edium . A ll th ese  processes h ave b een  d em on 
stra ted  (M angan & Pryor, 1968; C olem an, 1967 a, b ,  1968) and  it  has b een  sh ow n  b y  
C olem an (1967a , b ,  1968) th a t  th e  rum en cilia te, E n t o d i n i u m  c a u d a t u m ,  in corporates  
am ino acids in to  its  p rotein  w ith o u t in ter-con version  an d  incorporates n u cleotid es, 
d erived  from  bacteria l n ucleic  acids, d irectly  in to  its  ow n n u cleic  acids. T h e finding  
o f  U lb rich  & Scholz (1966) th a t  15N , lab ellin g  rum en am m onia, accu m u la ted  rap id ly  
in  th e  b acteria  and m ore slow ly  in  th e  p rotozoa , is con sisten t w ith  th e  v iew  th a t  th e  
p rotozoa  d erive som e o f  their n u trien ts b y  in gestin g  bacteria  b u t th e  re la tive  im por
tan ce o f  bacteria , food  particles an d  soluble n u trien ts in  p rotozoal n u trition  is lik e ly  
to  v ary  w ith  th e  d iet. C hloroplast in gestion  m ay, for exam p le, be o f  particu lar im por
ta n ce  w hen  p la n t lea v es are fed  (M angan, 1968).

T h e d iets rece ived  b y  ru m in an ts n orm ally  con ta in  appreciable a m ou n ts o f  n itr o 
gen ou s m aterials o ther th an  protein s; p astu re p lan ts, for exam p le, con ta in  a b o u t  
2 0 -3 0 %  o f  their to ta l n itrogen  as n on-protein  n itrogen  (N P N ) (F ergu son  & T erry, 
1954; H ogan , 1964) and silage con ta in s a m uch greater proportion  (M cD onald ,



E d w a rd s  & G re e n h a lg h , 1966). M o st o f  th e  c o m p o u n d s  in  th e  N P N  f ra c tio n  su c h  as  
a m in o  ac id s  a n d  p e p t id e s  (L ew is, 1955; L ew is & E m e ry , 1962; V az P o r tu g a l  & 
S u th e r la n d , 1966; W rig h t & H u n g a te ,  19676), n u c le ic  ac id s  (M cA llan  & S m ith , 1968), 
n i t r a te  (L i C h u a n  W a n g , G a rc ia -R iv e ra  & B u rr is , 1961) a n d  v a r io u s  a m in e s  (N eu - 
m a rk , 1962; S ja a s ta d ,  19676) a re  r a p id ly  d e g ra d e d  in  th e  ru m e n  a n d  som e, a t  le a s t, 
fo rm  a m m o n ia . A p a r t  f ro m  N P N  d e r iv e d  f ro m  n a tu r a l  foods, a m m o n iu m  co m p o u n d s  
o r  o th e r  n itro g e n o u s  m a te r ia ls ,  o f  w h ich  th e  m o s t f re q u e n tly  u se d  is u re a , m a y  b e  
a d d e d  to  th e  d ie t.  T h e  a d d it iv e s  m a y  p ro v id e  th e  w ho le  o f  th e  d ie ta r y  n itro g e n  
(V irta n e n , 1967), a l th o u g h  a n im a l p e r fo rm a n c e  th e n  u su a lly  d e te r io ra te s  a n d , in  
p ra c tic e , n o t  m o re  t h a n  a b o u t  40 %  is n o rm a lly  u sed . T h e  u se  o f  u re a  in  r u m in a n t  d ie ts  
a n d  i ts  m e ta b o lism  in  th e  ru m e n  h a s  r e c e n tly  b ee n  re v ie w e d  (B riggs, 1967). T h e  r a p id  
co n v e rs io n  o f  u re a  to  a m m o n ia  in  th e  ru m e n  h a s  b e e n  d e m o n s tr a te d  m a n y  t im e s ; th e  
p o w erfu l u re a se  a c t iv i ty  is a p p a r e n t ly  r e s tr ic te d  to  th e  ru m e n  b a c te r ia  (Jo n e s , 
M acL eo d  & B lac k w o o d , 1964; A b d e l R a h m a n  & D ec k e r, 1966).

T h u s , fo r  a  w id e  v a r ie ty  o f  d ie ts  i t  a p p e a rs  t h a t  a m m o n ia  fo rm s  a n  im p o r ta n t  
in te rm e d ia te  in  th e  co n v e rs io n  o f  fo o d  n itro g e n  to  m ic ro b ia l n itro g e n . E x c e ss iv e ly  
h ig h  r a te s  o f  a m m o n ia  p ro d u c tio n  c a n  o cc u r, p a r t ic u la r ly  i f  la rg e  a m o u n ts  o f  u re a , 
o r  p ro te in s , su c h  a s  ca se in , w h ic h  a re  v e r y  so lu b le  in  ru m e n  flu id , a re  e a te n  r a p id ly . 
T h e  in g e s tio n  o f  sp r in g  g ra ss , p a r t ic u la r ly  th e  le a fy  p a r t s  g ra z e d  n a tu ra l ly ,  a lso  te n d s  
to  ca u se  r a p id  a m m o n ia  p ro d u c tio n  in  th e  ru m e n . I f  th e  r a te  o f  p ro d u c tio n  ex c ee d s  
th e  r a te  a t  w h ich  th e  b a c te r ia  c a n  u til iz e  th e  a m m o n ia , th e  c o n c e n tra t io n  o f  a m m o n ia  
in  th e  ru m e n  in c re ase s . T h is  b ec o m e s m o s t a p p a r e n t  i f  th e  d ie t  is d e fic ien t in  re a d ily  
a v a ila b le  c a rb o h y d ra te  su c h  a s  s t a r c h ; ce llu lose  is o f  l i t t le  v a lu e  in  e n a b lin g  b a c te r ia  
to  m a k e  u se  o f  a m m o n ia  (L ew is & M c D o n a ld , 1958; L ew is, 1962; H o g a n , 1964; 
R o b e r ts o n  & H a w k e , 1965; C h ris t ia n  & W illia m s, 1966; O ltje n  & P u tn a m , 1966; 
P u rs e r  & M oir, 1966a; W illia m s  & C h r is t ia n , 1966; D a v is  & S ta llc u p , 1967; D eif, 
e l-S h az ly  & A b o u  A k k a d a , 1968). A m m o n ia  a c c u m u la t io n  is a lso  in flu e n ced  b y  th e  
co m p o s itio n  o f  th e  m ic ro b ia l p o p u la tio n . A  n u m b e r  o f  e x p e r im e n ts  h a v e  sh o w n  th a t ,  
w h e n  th e  p ro to z o a  a re  su p p re sse d , a m m o n ia  c o n c e n tra tio n s  a re  re d u c e d  (A bou  
A k k a d a  & e l-S h az ly , 1964; C h ris tia n se n , K a w a s h im a  & B u rro u g h s , 1965; L u th e r ,  
T re n ld e  & B u rro u g h s , 1966; P u rs e r  & M oir, 19666; C h a lm e rs , D a v id so n , E a d ie  & G ill, 
1968). T h is  is p ro b a b ly  a s so c ia te d  w ith  a  c o n c o m ita n t  in c re ase  in  th e  b a c te r ia l  
p o p u la tio n  (E a d ie  & H o b so n , 1962; G iesecke, L a w lo r  & W a ls e r -K a rs t ,  1966) a n d  
m o re  effic ien t u t i l iz a t io n  o f  a m m o n ia . T h e  a d a p ta t io n  w h ich  o ccu rs  w ith  th e  c o n 
t in u e d  fee d in g  o f  d ie ts  c o n ta in in g  la rg e  a m o u n ts  o f  u re a  (H o lzsc h u h  & W e tte ra u ,  
1965; S c h a a d t,  J o h n s o n  & M cC lure, 1966; C lifford  & T illm a n , 1968) h a s  b ee n  sh o w n  
to  b e  r e la te d  to  th e  su p p re ss io n  o f  p ro to z o a  (V irta n e n , 1967) a l th o u g h  ch a n g es  in  th e  
p ro p e r tie s ,  a n d  th e re fo re  p ro b a b ly  th e  c o m p o s itio n , o f  t h e  b a c te r ia l  p o p u la tio n  h a v e  
a lso  b e e n  im p lic a te d  (C affrey , H a tf ie ld , N o r to n  & G a rrig u s , 1 9 6 7 ; W o r th a m , W ilso n , 
K n ig h t ,  H o lla n d  & S ch e ire r, 1968).

T h e accu m u lation  o f  am m on ia  in  th e  rum en gen era lly  has an ad verse effect on  th e  
a n im a l’s n u trition , m a in ly  becau se som e o f  th e  am m on ia  p asses d irectly  in to  th e  
blood . T o x ic  effects occur o n ly  in  ex trem e cases an d  are ap p aren tly  rare in  p ractice  
a lth ou gh  in h ib ition  o f  rum en m o tility  h as b een  reported  w ith  am m on ia  con cen tration s  
in  th e  rum en fluid  o f  ab ou t 100 m g/100  m l (Juh asz, 1965). T h e e x te n t  o f  n itrogen  
d isapp earance from  th e  d ig esta  ab ove th e  duod en um  has b een  d em on stra ted  in
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e x p e r im e n ts  w ith  sh e ep  (H o g a n , 1965; C lark e , E llin g e r  & P h illip so n , 1966; H o g a n  & 
W e s to n , 1967a , b ; B e e v e r, T h o m so n , P fe ife r & A rm s tro n g , 1969; N ich o lso n  & S u tto n ,
1969) a n d  b u ffa lo es (A liev , 1967) c a n n u la te d  a t  t h a t  s ite . W i th  low  n itro g e n  in ta k e s ,  
a n d  th e re fo re  low  c o n c e n tra tio n s  o f  a m m o n ia  in  th e  ru m e n , th e re  w as  u s u a lly  a  n e t  
in c re ase  o f  n itro g e n  b e tw e e n  th e  d ie t  a n d  th e  d u o d e n a l d ig e s ta ; w ith  h ig h  n itro g e n  
in ta k e s , o n  th e  o th e r  h a n d , th e re  w as  u s u a lly  a  loss o f  n i tro g e n  in  th e  s to m a c h s  w h ic h  
c le a rly  v a r ie d  w ith  th e  co m p o s itio n  o f  th e  d ie t  b u t  w h ich  w as  so m e tim e s  a s  m u c h  as  
50 %  o f  th e  n itro g e n  in ta k e .  I t  c a n  re a s o n a b ly  b e  su p p o se d  t h a t  m o s t o f  th e  n i tro g e n  
lo s t  w as  a b s o rb e d  a s  a m m o n ia , a n d  o th e r  e x p e r im e n ts  (Lew is, 1 9 5 7 ; I d e ,  S h im - 
b a y a s h i  & Y o n e m u ra , 1 9 6 7 ; W e s to n  & H o g a n , 1967) h a v e  d e m o n s tr a te d  a  close 
c o rre la tio n  b e tw e e n  th e  c o n c e n tra tio n s  o f  a m m o n ia  in  ru m e n  d ig e s ta  a n d  c o n c e n tra 
t io n s  o f  u re a  in  b lo o d  u n d e r  som e co n d itio n s . A m m o n ia  e n te r in g  th e  b lo o d  is r a p id ly  
c o n v e r te d  to  u re a  (p ro b a b ly  m a in ly  in  th e  liv e r  a l th o u g h  th e  re s u lts  o f  A lie v  & 
K o sa ro v  (1967) su g g e s t t h a t  so m e c o n v e rs io n  m a y  ta k e  p la ce  in  th e  ru m e n  m u c o sa )  
a n d  th is  c o r re la tio n  su g g e sts , th e re fo re , t h a t  th e  c o n c e n tra t io n  o f  a m m o n ia  in  th e  
ru m e n  d ig e s ta  is a n  im p o r ta n t  f a c to r  g o v e rn in g  th e  loss o f  n i tro g e n  f ro m  th e  s to m a c h s . 
A  h ig h  n itro g e n  in ta k e  p ro b a b ly  le a d s  to  su c h  loss o n ly  in  so  f a r  a s  i t  e n c o u ra g e s  
a m m o n ia  a c c u m u la tio n . I f  e n e rg y  in ta k e  is  su ffic ie n tly  h ig h  to  p r e v e n t  a m m o n ia  
a c c u m u la t io n  th e n  n o  lo ss  en su es  (N ich o lso n  & S u tto n ,  1969). H o w e v e r , a n o m a lie s  in  
th e  r e la t io n s h ip  b e tw e e n  ru m e n  a m m o n ia  a n d  b lo o d  u re a  h a v e  b e e n  r e p o r te d  (A bou  
A kkad  a. & e l-S h az ly , 1965) a n d  o th e r  fa c to rs  su c h  as  ru m e n  p H  (H o g a n , 1961) 
u n d o u b te d ly  a lso  in flu en ce  th e  a b s o rp tio n  o f  a m m o n ia . F u r th e rm o re ,  th e  s i tu a t io n  
is c o m p lic a te d  b y  th e  f a c t  t h a t ,  a l th o u g h  m u c h  a m m o n ia  u n d o u b te d ly  p asses  d ire c tly  
ac ro ss  th e  ru m e n  w a ll in to  th e  b lo o d  as  lo n g  a s  th e  ru m e n  p H  is n o t  m u c h  below  
n o rm a l (H o g a n , 1961), n o t  a ll le av e s  in  th is  w ay . H o g a n  & W e s to n  (1967a) fo u n d  
th a t ,  in  sh eep , u p  to  25 %  o f  th e  n itro g e n  lo s t  b e tw e e n  th e  d ie t  a n d  d u o d e n a l d ig e s ta  
w as a b s o rb e d  a s  a m m o n ia  b e tw e e n  th e  ru m e n  a n d  d u o d e n u m  a n d  w e h a v e  fo u n d  
(R . H . S m ith  & A . B . M cA llan , u n p u b lis h e d ) , in  r u m in a t in g  ca lves, t h a t  th e re  is  a  
v e ry  g r e a t  r e d u c tio n  in  a m m o n ia  c o n c e n tra t io n  in  d ig e s ta  b e tw e e n  th e  ru m e n  a n d  
d u o d e n u m  w h e n  ru m e n  c o n c e n tra tio n s  o f  a m m o n ia  a re  h ig h . A m m o n ia  w h ic h  r e 
m a in s  in  d u o d e n a l d ig e s ta  is la rg e ly  a b s o rb e d  in  th e  sm a ll in te s t in e . T h u s , th e  r e la t iv e  
im p o r ta n c e  o f  th e  d if fe re n t ro u te s  o f  a m m o n ia  a b s o rp tio n  a n d  th e  e ffec t o f  d iffe r e n t  
c o n d itio n s  u p o n  th e m  a re  n o t  y e t  fu lly  u n d e rs to o d .

I t  is w ell e s ta b l is h e d  t h a t  u re a  c a n  m o v e  fro m  th e  b lo o d  to  th e  ru m e n  b o th  in  th e  
s a liv a  a n d  b y  d ire c t  t r a n s f e r  ac ro ss  t h e  ru m e n  w all, th e  l a t t e r  p ro cess , a p p a r e n t ly ,  
b e in g  o f  g r e a te r  q u a n t i ta t iv e  im p o r ta n c e  (H o u p t , 1959). R e c e n t w o rk  h a s  co n firm e d  
t h a t  a n  in c re a se  in  u re a  c o n c e n tra t io n  in  th e  b lo o d , a c h ie v e d  e i th e r  b y  in tr a v e n o u s  
in fu s io n  o f  u re a  o r  b y  in fu s io n  o f  u re a , o r  so m e tim e s  case in , in to  th e  a b o m a su m , le a d s  
to  a n  a p p re c ia b le  in c re a se  o f  a m m o n ia  in  th e  ru m e n  o f  a n im a ls  rec e iv in g  low  n itro g e n  
in ta k e s  (E g a n , 1965; E g a n  & M oir, 1965; G u to w sk i, B a re j & K u la s e k , 1966; W e s to n  
& H o g a n , 1967). T h is  a m m o n ia  ca n  b e  u se d  as  a  m ic ro b ia l n u t r ie n t  a n d  M cC une (1967) 
sh o w ed  th e  in c o rp o ra t io n  in to  m ic ro b ia l p ro te in  o f  th e  15N  fro m  a n  in tr a v e n o u s ly  
in je c te d  t r a c e r  d o se  o f  la b e lle d  u re a . T h u s , th e re  a re  2 m a in  p a th w a y s  a v a ila b le  fo r  
th e  d isp o sa l o f  b lo o d  u r e a : e x c re tio n  in  th e  u r in e  o r  r e tu r n  to  th e  ru m e n . T h e  f a c to rs  
in v o lv e d  in  c o n tro llin g  th is  p a r t i t io n  a n d  th e  q u a n t i ta t iv e  n u tr i t io n a l  s ig n ifican ce  o f  
th e  r e tu r n  to  th e  ru m e n  a re  h o w e v e r  n o t  w ell u n d e rs to o d . B la x te r  (1964) h a s  e s t i 
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m ated  th a t  ab ou t 20 % o f  th e  n itrogen  absorbed  as am m on ia  is recycled  b u t th is  w as  
p resum ably  for sh eep  on  norm al n itrogen  in tak es. T h e process w ou ld  be o f  th e  
grea test va lu e  to  an im als on  low  n itrogen  in tak es. U n d er th ese  con d ition s, and  p ar
ticu lar ly  w h en  th e  w ater in ta k e  is low , ru m in an ts sh ow  a low  urea clearance b y  th e  
k id n ey  (Schm id t N ie lsen  & O saki, 1958; G ans, 1966) b u t there is lit t le  ev id en ce  to  
su ggest th a t  th is  is  accom pan ied  b y  an  increase in  th e  p roportion  o f  urea en ter in g  th e  
rum en. S uch  an im als h a v e  low  con cen tration s o f  urea in  th e  b lood  (in on e exp er im en t  
sh eep  rece iv in g  a d iet con ta in in g  6-2 % crude p rotein  h ad  b lood  u rea-n itrogen  co n 
cen tration s o f  o n ly  2-7 m g /100  m l (P reston , S ch nakenberg & P fan d er, 1965)) and  
W esto n  & H o g a n  (1967) sh ow ed  th a t  m o v em en t o f  urea from  b lood  to  rum en  
d ecreased  in  d irect proportion  to  b lood  urea-n itrogen  con cen tration  b elow  ab ou t  
] 8 m g /100  m l. I t  is still to  be estab lish ed  w heth er urea re-cyclin g  is o f  m uch  b en efit  
to  a ru m in an t under con d ition s o f  n itrogen  d eficiency.

A p a r t  f ro m  b e in g  c o n v e r te d  to  u re a  i t  is p o ssib le  t h a t  a m m o n ia  a b s o rb e d  in to  th e  
b lo o d  m a y  also  b e  u se d  in  th e  liv e r  fo r  th e  sy n th e s is  o f  n o n -e s se n tia l a m in o  ac id s . 
A lth o u g h  th is  p ro ce ss  h a s  n o t  a p p a r e n t ly  b e e n  d e m o n s tr a te d  in  r u m in a n ts  i t  h a s  
b e e n  sh o w n  to  o cc u r to  a n  im p o r ta n t  e x te n t  in  m a n  a n d  th e  r a t  (F ro s t  & S a n d y , 1951; 
R ic h a rd s , M e tca lfe -G ib so n , W a rd , W ro n g  & H o u g h to n , 1967; W ro n g , 1967).

O t h e r  p r o d u c t s

A lth ou gh  am m on ia  appears to  be th e  m ain  en d  p rod uct o f  m ost d egrad ation  p ro
cesses occurring in  th e  rum en, o th er n on -p rote in  n itrogen ou s com p oun ds accu m u 
la te  in  rum en fluid  to  a re la tiv e ly  sm all e x te n t , p articu larly  in  th e  first 1 or 2 h  
after feed in g  (Moore & K in g , 1958; B lack bu rn  & H ob son , 1960; S ta llcu p  & D a v is ,  
1966). A m ino acids, arising p a rtly  d irectly  from  th e  d iet an d  p artly  as in term ed iates  
in  p rotein  d egrad ation , are p rob ably  th e  m ost im p ortan t and som e con sid eration  has  
been  g iven  to  th e  possib le n u trition a l im portan ce o f  th e ir  u p tak e across th e  rum en  
w all. I t  h as b een  sh ow n  th a t  certain  am ino acids ad ded  in  fa irly  large am ou n ts to  th e  
rum en can  en ter  th e  b lood  in  th is  w a y  (D em au x , L e B ars, M olle, R era t & S im on n et, 
1961; Cook, B row n  & D a v is , 1965) b u t severa l w orkers (Yaz P ortugal, 1963; L eib holz , 
1965; W right & H u n gate , 1967 a ) ,  u sing  b o th  ca ttle  an d  sheep, h a v e  fou n d  th a t, after  
norm al feeds, th e  con cen tration s o f  in d iv id u a l free am ino acids in  rum en fluid  rarely  
ex ceed  ab ou t 0-3 m -m ole/1. L eibholz (1965) com pared  th e  con centration s o f  in d iv id u a l 
am ino acids in  d ep rotein ized  rum en fluid  w ith  th ose  in  sam ples o f  b lood  p lasm a tak en  
a t th e  sam e tim e . S he con clud ed  th a t  o n ly  ly sin e , h istid in e , cy stin e  and a lan in e w ere  
ever in  ap p reciab ly  greater con cen tration s in  th e  rum en th an  in  th e  b lood  and th en  
u su a lly  for on ly  a fa ir ly  sh ort t im e  after feed in g. B earing  in  m ind  th a t  th ese  rum en  
va lu es w ere ob ta in ed  after acid ification  o f  rum en fluid, w h ich  has b een  sh ow n  b y  
W righ t & H u n g a te  (1967 a) to  release som e in tracellu lar am ino acids from  th e  m icro
organism s, it  seem s u n lik e ly  th a t  ap preciable am ou n ts o f  am ino acids cou ld  n orm ally  
p ass from  th e  rum en to  b lood  b y  p a ssiv e  d iffusion, an d  a m echan ism  for a c tiv e  
tran sp ort h as y e t  to  be u n eq u iv o ca lly  d em on strated . Chand, V arm a & K u sh w ah a
(1968) h a v e  sh ow n  rem oval o f  g ly c in e  from  m ed ia  in cu b a ted  w ith  rum en m ucosal 
tissu e  w hich  th e y  regarded  as ev id en ce  o f  a c tiv e  u p tak e , b u t it  seem s th a t  th e  resu lts  
could  eq u a lly  w ell b e exp la in ed  b y  th e  g lyc in e h av in g  b een  m etab o lized  (cf. Cook e t  a l .  

1965).

N itro g e n  m etabolism  and  the rum en  317
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A m ines, o ther th a n  th e  com m on am ino acids, h a v e  b een  id en tified  in  rum en fluid. 
Som e o f  th ese  appear to  orig inate on ly  in  th e  d iet b u t som e m ay  be form ed  in  th e  
rum en b y  th e  d ecarb oxy la tion  o f  am ino acids or in  other w ays (e.g. cad averin e, 
putrescin e, h istam in e, p h en y le th y lam in e , 5-am ino valeric acid , /i-am ino p iperidone  
an d  a -am in o  isob u tyr ic  acid) (Sanford, 1963; v a n  der H orst, 1965; Clarke e t  a l .  1966; 
H endriks, P reston , P rin s & v a n  R h een an , 1966; S jaastad , 1967a). W ith  n orm al 
feed in g  th ese  su b stan ces are presen t in  on ly  sm all am ou n ts in  th e  rum en an d  clearly  
h ave no appreciable in fluence on  th e  a n im a l’s n itrogen  econ om y. Som e o f  th em  w ou ld  
be ex p ec ted  to  h a v e  m arked p harm acologica l effects i f  th e y  en tered  th e  b lood , ev en  
in  v er y  sm all am ou n ts, b u t th ere is no ev id en ce  th a t  th e y  do so.

N u cle ic  acids (R N A  or D N A ), ad ded  in  large am ou n ts to  th e  ca lf  rum en, are rap id ly  
degraded  (M cAllan & S m ith , 1968). T h e d egrad ation  w as show n (R . H . S m ith  & 
A . B . M cA llan, u np ub lish ed ) to  lead  to  tem porary  accu m u lation s o f  low  m olecular  
w eig h t p o lyn u cleo tid es (from  D N A  on ly ), m ono- an d/or o ligo -n u cleotid es, gu anosin e, 
ad en osine, p yrim id ine n u cleosid es an d  p yrim id ine (bu t n o t purine) b ases. T h ese  
su b stan ces d isapp eared  from  th e  rum en m uch  m ore rap id ly  th a n  p o ly eth y len e  g ly co l 
ad ded  as a m arker and w ere n o t p resen t in  appreciable q u an titie s in  th e  rum en fluid  
o f  ca lves rece iv in g  norm al d iets. V an  der H orst (1965) has sh ow n  th a t  th e  in cu b ation  
o f  th y m in e  or uracil w ith  rum en co n ten ts  from  ad u lt ca ttle  leads to  th e  form ation  o f  
/j-am ino isob u tyr ic  acid  and /7-alanine, resp ective ly .

FORMATION OF MICROBIAL NITROGEN COMPOUNDS IN  THE RUMEN

N u c l e i c  a c i d s

T h e  b a c te r ia  a n d  p ro to z o a  in  th e  ru m e n  a c q u ire  th e i r  n itro g e n o u s  n u tr ie n ts  in  
d if fe re n t w a y s  b u t  th e  n e t  r e s u l t  o f  th e i r  a c t iv i ty  is a  co n v e rs io n  o f  m u c h  d ie ta r y  
n itro g e n  to  m ic ro b ia l n i tro g e n . I t  is w ell rec o g n ize d  t h a t  ex cessiv e  p ro d u c tio n  o f  
a m m o n ia  d u r in g  th e  m ic ro b ia l a t t a c k  c a n  r e s u l t  in  a  w a s te  o f  n itro g e n  re so u rc e s  b u t  
a n o th e r  d is a d v a n ta g e o u s  f e a tu re  o f  th e  p ro cess , th e  p ro d u c tio n  o f  q u ite  la rg e  a m o u n ts  
o f  n u c le ic  ac id s  in  a s so c ia tio n  w ith  th e  m ic ro b ia l p ro te in , h a s  re c e iv e d  m u c h  less 
a t te n t io n .  O ne re a so n  fo r  th is  h a s  b e e n  th e  la c k  o f  a  s a t is fa c to ry  m e th o d  fo r  d e t e r 
m in in g  n u c le ic  ac id s  in  d ig e s ta . M c D o n a ld  (19546) co n c lu d e d  t h a t  e s ta b lish e d  m e th o d s  
u se d  fo r  d e te rm in in g  n u c le ic  ac id s  in  a n im a l t is su e s  w ere  u n s u ita b le  fo r  d ig e s ta  a n d  
th is  h a s  b e e n  co n firm ed  b y  M cA llan  & S m ith  (1968, 1969). S u ch  m e th o d s  h a v e  so m e 
tim e s  b e e n  u se d  (T o p p s  & E ll io t t ,  1965; R a d in , 1965), b u t  th e i r  a c c u ra c y  m u s t  b e  
o p e n  to  q u e s tio n  in  th e  a b sen c e  o f  d a t a  to  th e  c o n tra ry .  I n  a n  a t t e m p t  to  c irc u m v e n t 
th e  d ifficu lties  M c D o n a ld  (19546) su g g e s te d  u s in g  p u r in e  b ase  d e te rm in a tio n  a s  a n  
e s t im a te  o f  n u c le ic  ac id s , a n d  G au sse re s  & F a u c o n n e a u  (1965) d ev e lo p e d  a  m e th o d  
in v o lv in g  e la b o ra te  s e p a ra tio n s  o f  th e s e  b a se s  a n d  o th e r  n u c le ic  a c id  b re a k d o w n  
p ro d u c ts .  M ore re c e n tly , th e  so u rces o f  e r ro r  in  a p p ly in g  s ta n d a r d  m e th o d s  o f  n u c le ic  
a c id  a n a ly s is  to  d ig e s ta  sa m p le s  h a v e  b e e n  e x a m in e d  in  d e ta i l  a n d  s a tis f a c to ry  
m o d ific a tio n s  o f  th e  m e th o d s  in tro d u c e d  (M cA llan  & S m ith , 1968, 1969).

I t  w as p o in ted  o u t b y  B la x te r  (1961) th a t  s tarva tion  produced  a  b igger decrease in  
th e  excretion  o f  a llan to in  in  th e  urine o f  ru m inan ts th a n  o f  non-ru m inan ts. T h is  
su ggested  th a t  m uch  o f  th e  a llan to in  in  ru m in an t urine w as u su a lly  o f  d ieta ry  origin. 
A llan to in  is th e  m ajor en d  prod uct o f  n ucleic  acid  m etab o lism  in  m ost m am m als so
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th e  resu lts su ggested  also th e  form ation  o f  appreciable a m ou n ts o f  n u cleic  acids in  
th e  rum en. T h is w as confirm ed b y  T op ps & E llio tt  (1965) an d  R ad in  (1965) w ho  
reported  es tim a tes  o f  to ta l n u cle ic  acids in  th e  rum en fluid  o f  sh eep  o f  up  to  ab ou t  
50 m g /100 m l. T op p s & E llio tt  (1965) fou n d  som e d ep en d en ce on  d iet and  a sign ifican t  
correlation  b etw een  con cen tration s o f  n u cleic  acids in  th e  rum en and th e  a m ou n t o f  
a llan to in  excreted  in  th e  urine. S m ith , M cA llan  & H ill (1968 an d  unp ub lish ed ) foun d  
m uch  h igher m ax im u m  con cen tration s o f  n u cleic  acids (250 m g/100  m l) in  th e  rum en  
fluid  o f  ca lves, w ith  m arked  d ifferences b etw een  d ifferent d iets w h ich  appeared  to  be  
re la ted  to  n itrogen  in tak e  (T able 1). There w ere a lso  m arked d iurnal varia tion s, 
p articu larly  in  th e  first few  hours after feed in g  d iets con ta in in g  urea w h en  n ucleic  
acid  con cen tra tion  a p p rox im ate ly  d oubled .

T ab le 1. M e a n  n u c l e i c  a c i d  c o n c e n t r a t i o n s  ( m g 1 1 0 0  g  w a t e r  ± s .E . )  i n  s t r a i n e d  r u m e n  

f l u i d  f r o m  c a l v e s  g i v e n  a  v a r i e t y  o f  d i e t s  (R . H .  S m i t h ,  A .  B .  M c A l l a n  &  W .  B .  H i l l ,  

u n p u b l i s h e d )

N itro g e n  m etabolism  and  the rum en

D iet

Main constituents

5
Approximate 

nitrogen 
content, 

g/100 g dry 
m atter

No.
calves

No.
samples RN A  DNA

Total
nucleic

acid

Cellulose, starch, 0-2 2 8 7 + 1  3 + 0 1 0 + 1
glucose +  straw

Barley, fishmeal, 1-5 2 24 26 +  2 14 +  2 40 +  3
starch +  straw

Flaked m aize 4- hay 1-5 4 40 32 +  3 19 +  2 51 +  5
Flaked maize, decortic- 4-0 4 39 67 + 6 34 +  3 101 +  9

ated ground-nut 
meal +  hay

Pasture (spring grass) 4-0 4 35 116±  8 61 +  3 177 +  12

T h e p rob able q u a n tita tiv e  im p ortan ce o f  n u cleic  acids in  ru m in an t n u tr ition  w as  
first d em on strated  b y  E llis  & P fan d er (1965) w ho sh ow ed  th a t  R N A  an d  D N A  
in creased  in  sam ples o f  rum en fluid in cu b ated  i n  v i t r o  and  to g eth er  accou n ted  for 
ab ou t 15 % o f  th e  m icrobial n itrogen ou s com p oun ds form ed. T heir resu lts, an d  o ther  
va lu es for th e  n u cleic  acid  com p osition  o f  rum en b acter ia  an d  certain  o th er m icro
organ ism s, are sh ow n  in  T able 2. R u m en  b acter ia  con ta in  ab ou t 7 5 -8 5 %  o f  th e ir  
to ta l n itrogen  in  th e  form  o f  p rotein s, p ep tid es or free am ino acids (W eller, 1957; 
P urser & B uech ler , 1966) so th a t  th ese  su b stan ces and n u cleic  acids to g eth er  appear  
to  accou n t for n early  all th e  b acter ia l n itrogen . I t  appears th a t  for ev ery  4 p arts o f  
d ietary  n itrogen  con verted  to  b acteria l p rotein  or am ino acids a p p rox im ate ly  one  
p art is con verted  to  n u cleic  acids. T h e s itu a tio n  is less clear w ith  resp ect to  th e  p ro 
to zo a ; n o  n u cleic  acid  an a lyses o f  rum en organ ism s h a v e  b een  reported  b u t b y  
a n a logy  w ith  resu lts on  o th er p ro tozoa  (T able 2) i t  seem s lik e ly  th a t  th e y  con ta in  
som eth in g  lik e h a lf  as m uch  to ta l n u cleic  acid  as th e  b acter ia  per u n it  o f  to ta l  
n itrogen . T h is is co n sisten t w ith  th e  fa c t  th a t  th e  m ix ed  b acteria l an d  p rotozoal 
sam ples ex a m in ed  b y  E llis  & P fan d er (1965) con ta in ed  rath er less to ta l n u cle ic  acid  
per u n it  o f  to ta l n itrogen  th a n  d id  our b acter ia l sam ples.
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I t  can b e ex p ec ted  therefore th a t  n u cleic  acids w ou ld  m ake a  su b sta n tia l con trib u 
tio n  to  th e  n itrogen ou s com p oun ds in  th e  rum en and, in  fa c t, sam ples o f  stra in ed  
rum en flu id  ta k en  from  ca lves ab ou t 4 h  a fter  feed in g  a v a r ie ty  o f  d iets u su a lly  con 
ta in ed  a b o u t 1 0 -1 6  % o f  th e ir  to ta l n on -am m on ia  n itrogen  in  th e  form  o f  n u cleic  acids  
(Sm ith  e t  a l .  1968 an d  F ig . 1 ( a ) ) .  S tra in ed  rum en fluid  p rob ab ly  corresponds fa ir ly  
clo sely  to  m ateria l p assin g  from  th e  ru m en  to  th e  ab om asu m  an d  there w as no  
m arked d estru ction  o f  n u c leic  acids b etw een  th e  rum en an d  duod en um . S am p les o f  
d ig esta  en ter in g  th e  d uod en um  u su a lly  con ta in ed  on ly  a b o u t 8 -1 3 %  o f  th e ir  to ta l  
n on -am m on ia  n itrogen  in  th e  form  o f  n u cleic  acids (F ig . 1 (6)), th e  low er p ercen tages  
p resum ably  b ein g  d ue to  ad d itio n  o f  en d ogen ou s n itrogen  m a in ly  in  th e  abom asu m . 
I t  appeared  from  th ese  resu lts th a t, under th e  con d ition s u sed  (adequ ate read ily

N itro g e n  m etabolism  and  the rum en

Total non-ammonia nitrogen, mg/100 g water

Fig. 1. Relationship between nucleic acid nitrogen and total non-ammonia nitrogen in strained 
rumen fluid (a) and abomasal effluent (b) o f a calf receiving different diets. The diets were as 
described in Table 1 and samples were taken about 4 h  after feeding diet A, y ; diet B , ■; 
diet C, • ;  diet D , O or while the calf was at pasture, ▲ (R. H . Smith, A. B. McAIlan & W. B. 
H ill, unpublished).

ava ilab le  en ergy  b u t d ifferent n itrogen  in tak es), th e  p rod uction  o f  m icrobial n ucleic  
acids, an d  presum ably , therefore, th e  grow th  o f  th e  m icrobial p op u la tion , w as  
con tro lled  b y  th e  to ta l n itrogen  con cen tration  in  th e  rum en and b road ly , therefore, 
b y  th e  n itrogen  in tak e  (see a lso  T ab le 1). E x c ep tio n s  to  th e  relation sh ip s w ere, h o w 
ever, o ften  seen  w h en  large am ou n ts o f  d ecortica ted  grou n d-nu t m eal w ere ad ded  to  
th e  d iet (F ig. 1) im p ly in g  a re la tiv e ly  sm aller response in  m icrobial grow th  w h en  th e  
d ietary  n itrogen  w as in  th is  form .

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

S om e o f  th e  foregoing  con clusions d ep en d  u p on  th ere b ein g  a fa ir ly  co n sta n t  
p rop ortion a lity  b etw een  to ta l n u cle ic  acids an d  to ta l m icrobial n itrogen  in  th e  
d igesta . I t  is p rob ab ly  reason able to  assu m e th is  as an  ap p rox im ation , in  v iew  o f  th e  
fa c t  th a t  n ucleic  acids en ter in g  th e  ru m en  are rap id ly  degraded  (M cAIlan & S m ith , 
1968) so  th a t  lit t le  in terferen ce from  d ietary  n u cleic  acids w ou ld  be exp ected . H o w 
ever, it  is  k n ow n  th a t  th e  am ou n t o f  D N A  in  a pure b acteria l cu lture ten d s to  reflect 
th e  num ber o f  organ ism s p resen t, irresp ective  o f  th e ir  s tage  o f  grow th  as in d iv id u a ls,
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w hereas th e  a m ou n t o f  R N A  is m uch m ore c losely  a ssoc ia ted  w ith  p rotein  sy n th esis  
(Price, 1952). M oreover, it  appears from  th e  resu lts g iven  in  T ab le 2 th a t  th e  D N A  to  
to ta l n itrogen  ratio  varies m ark ed ly  b etw een  d ifferent organism s an d  p articu lar ly  
b etw een  b acteria  an d  p rotozoa. I t  is  ap paren t th a t  ch an ges in  th e  m icrobial com p osi
tio n  and stage o f  grow th  o f  th e  organ ism s cou ld  be resp onsib le for considerable  
changes in  D N A  to  to ta l n itrogen  ratios. On th e  o ther hand , it  appears th a t  R N A , as 
m igh t be ex p ected , represents a m uch  m ore co n sta n t proportion  o f  to ta l m icrobial 
n itrogen  and should  con seq u en tly  be a m uch  m ore reliab le m icrobial m arker in  
d igesta  th a n  eith er D N A  or to ta l n ucleic  acid. B y  com paring a m ean  va lu e  for R N A / 
to ta l n itrogen  ratio  in  rum en m icro-organism s w ith  m ean va lu es for th is  ra tio  in  
sam ples o f  ca lf  d igesta  ob ta in ed  4 h  after feed in g, it  w as estim a ted  th a t, for m o st d iets, 
ab ou t 70 and 60 % o f  th e  to ta l non-am m onia, n itrogen  w as m icrobial in  ru m inal and  
duodenal d igesta  sam ples, re sp ec tiv e ly . W ith  d ecortica ted  grou n d-nu t m eal in  th e  
d ie t th ese  va lu es som etim es decreased  b y  ab ou t one-th ird .

O th e r  m e th o d s  o f  a ssess in g  th e  m ic ro b ia l c o n tr ib u tio n  to  th e  n itro g e n o u s  m a te r ia ls  
in  ru m in a n t  d ig e s ta  h a v e  b e e n  u se d . M c D o n a ld  (1954a) a n d  E ly , L it t le ,  W o o lfo lk  & 
M itch e ll (1967) u se d  th e  so lu b ili ty  o f  ze in  in  a lco h o l a n d  M c D o n a ld  & H a ll  (1957) 
u sed  th e  p h o sp h o ru s  c o n te n t  o f  ca se in  to  e s t im a te  th e  a m o u n ts  o f  th e se  p ro te in s  
re m a in in g  in  th e  d u o d e n a l d ig e s ta  o f  sh eep  a f te r  th e y  h a d  b ee n  g iv e n  in  th e  d ie t. 
M c D o n a ld  (1954a), T e m le r-K u c h a rsk i & G au sse res  (1965) a n d  E ly  et al. (1967) 
m e a su re d  th e  ly s in e  c o n te n ts  o f  th e  d ie t  a n d  d u o d e n a l d ig e s ta  o f  sh eep  a n d  ca lv es 
a n d  b a s e d  e s tim a te s  o f  m ic ro b ia l n i tro g e n  in  th e  d ig e s ta  o n  d iffe rences in  ly s in e  c o n te n t  
b e tw e e n  d ie ta r y  a n d  m ic ro b ia l p ro te in s . T e m le r-K u c h a rsk i & G au sse res  (1965) m a d e  
s im ila r  e s tim a te s  b a s e d  o n  D N A  c o n te n ts .  A  n u m b e r  o f  w o rk e rs  h a v e  s tu d ie d  th e  
fo rm a tio n  o f  m ic ro b ia l p ro te in  in  th e  ru m e n  o f  sh eep  a n d  cow s u s in g  th e  r a te  o f  
in c o rp o ra tio n  o f  35S, a d d e d  in  a n  in o rg a n ic  fo rm , as  a n  in d ic a to r  (C onrad , M iles & 
B u td o rf ,  1 9 6 7 ; W a lk e r  & N a d e r , 1 9 6 8 ; R o b e r ts  & M iller, 1969). O th e rs  h a v e  m e a su re d  
th e  c o n c e n tra tio n s  o f  a ,e -d ia m in o p im e lic  ac id  (an  a m m o  ac id  a p p a r e n t ly  p e c u lia r  to  
b a c te r ia )  in  th e  ru m e n  c o n te n ts  o f  sh e ep  a n d  cow s a n d  u se d  th is  to  e s t im a te  b a c te r ia l  
g ro w th  (W eller, P ilg r im  & G ra y , 1962; e l-S h az ly  & H u n g a te ,  1966), a l th o u g h  S y n g e  
(1953) sh o w ed  t h a t  th e  a m o u n ts  o f  th is  su b s ta n c e , r e la t iv e  to  to ta l  n i tro g e n , v a r ie d  
c o n s id e ra b ly  b e tw e e n  d if fe re n t ru m e n  b a c te r ia .  D ia m in o p im e lic  a c id  h a s  b e e n  u se d  to  
d is t in g u ish  b e tw e e n  b a c te r ia l  a n d  p ro to z o a l g ro w th  s ince  i t  is a b s e n t f ro m  p ro to z o a  
(V irta n e n , 1967).

P re c ise  c o m p ariso n s  b e tw e e n  th e  re s u lts  o f  d if fe re n t w o rk e rs  a re  n o t  p o ss ib le  
b e c a u se  o f  d if fe re n t te c h n iq u e s  a n d  s ite s  o f  s ju d y . H o w ev er, th e re  is g e n e ra l a g re e 
m e n t t h a t ,  w ith  m o s t n o rm a l d ie ts  o f  h a y  a n d /o r  c o n c e n tra te s , in  w h ich  a m m o n ia  
a c c u m u la t io n  is n o t  q u a n t i ta t iv e ly  im p o r ta n t ,  a b o u t  5 0 -8 0 %  o f  th e  fo o d  n itro g e n  is 
c o n v e r te d  to  m ic ro b ia l n itro g e n o u s  co m p o u n d s  b y  th e  t im e  th e  d ig e s ta  e n te r  th e  
sm a ll in te s t in e . D e c o r t ic a te d  g ro u n d -n u t  m e a l a n d , m o re  p a r t ic u la r ly ,  th e  v e ry  
in so lu b le  p ro te in , ze in , a p p e a r  to  b e  m o re  r e s is ta n t  a n d  th e  l a t te r  is c o n v e r te d  to  a n  
e x te n t  o f  o n ly  2 0 -4 0  % . A t  th e  o th e r  e x tre m e , ca se in  w as  sh o w n  to  b e  a lm o s t c o m 
p le te ly  d e g ra d e d  b e fo re  th e  d u o d e n u m  w as re a c h e d  b u t  i t  is p ro b a b le  t h a t  m u c h  o f  
i t s  n itro g e n  w as lo s t  as  a m m o n ia . C o n ra d  et al. (1967) co n c lu d ed , f ro m  e x p e r im e n ts  in  
w h ich  f ish m ea l w as  su sp e n d e d  in  th e  ru m e n  in  a  n e t  b a g , t h a t  th e  p ro te in  in  th is  
m a te r ia l  w as  d e g ra d e d  o n ly  to  a n  e x te n t  o f  a b o u t  1 0 %  b e fo re  p ass in g  o u t  o f  th e



rum en. H ow ever, in  exp er im en ts w ith  ca lves, u sing  R N A  as an  in d icator (R . H . 
S m ith , A . B . M cA llan & W . B . H ill, u np ub lish ed ) w e h a v e  fou n d  fishm eal to  be con 
v erted  to  m icrobial n itrogen ou s su b stan ces to  an  e x te n t  o f  a t  lea st 6 0 -7 0  %. I t  seem s  
p ossib le th a t, in  th e  exp er im en ts o f  C onrad et at. (1967), m icrobial a tta ck  w as lim ited  
b y  th e  fish m eal n o t being d istr ib u ted  th rou gh ou t th e  rum en.
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NUTRITIONAL VALUE OF NITROGENOUS COMPOUNDS IN  DIGESTA PASSING  

INTO THE SMALL INTESTINE

F a te  o f m icrobia l n ucle ic acid,

A p art from  am m onia, w hich  is n o t gen era lly  presen t in  v ery  great am ou n t, th e  
n itrogen ou s com p oun ds en tering  th e  d u od en u m  con sist m a in ly  o f  p rotein s, or p ro 
d u cts  o f  p rotein  d igestion  in  th e  ab om asu m , w hich  d erive p a rtly  from  th e  food  
(excep t w here th e  d ie t con sists so le ly  o f  N P N ), p artly  from  m icrobial p rotein  and  
p artly  from  en d ogen ou s secretion  in to  th e  ab om asu m . H ow ever, n u cle ic  acids also  
accou n t for an  appreciable p roportion  o f  th e  n itrogen  in  d uod en al d igesta  and their  
su b seq u en t fa te  h as rece ived  lit t le  a tten tio n .

S m ith , M cA llan  & H ill (1969) foun d  th a t  th e  n u cleic  acids en tering  th e  d u od en um  
o f  th e  ru m in atin g  c a lf  (com prising 8 -1 3  % o f  th e  to ta l n itrogen  on  m an y  d iets) w ere  
d igested  and absorbed  to  an  e x te n t  o f  ab ou t 80 % in  th e  sm all in testin e . I t  w ou ld  be  
o f  in terest to  k n ow  i f  th e  absorbed  p rod ucts h a v e  an y  va lu e for th e  an im al. I t  is 
k n ow n  th a t  con version  o f  ad en ine and gu anin e to  a llan to in , cy to sin e  and uracil to  
/?-alanine an d  th y m in e to  /?-am inoisobutyric acid  can  occur in  m ost m am m als and  
th a t  th ese  p rod u cts are excreted  to  a greater or lesser e x te n t  in  th e  urine (D av id son , 
1965). T h e q u a n tita tiv e  asp ects o f  th ese  an d  o ther p ossib le m etab o lic  processes, as  
ap plied  to  n u cleic  acid  d igestion , u tiliza tio n  and excretion  h ave n o t, how ever, b een  
e x te n s iv e ly  stu d ied . In  exp erim en ts in  w hich  pure R N A  or D N A  w as fed  to  ra ts and  
p re-rum inan t ca lves, o n ly  ab ou t 2 5 -3 0 %  o f  th e  n ucleic  acid  n itrogen  appeared  in  
th e  urine as a llan to in  to  au gm en t th e  fa irly  considerable en d ogen ou s secretion  o f  th is  
su b stan ce (Sm ith  et at. 1969). T h e e x te n t  o f  th e  increase in  a llan to in  excretion , 
ob served  w hen  m ilk -fed  ca lves w ere w ean ed , w as co n sisten t w ith  a sim ilar excretion  
p attern  for n u cleic  acids produced  in  th e  rum en and confirm ed th e  re la tion sh ip  
b etw een  n ucleic  acid  con cen tration  in  th e  rum en and  a llan to in  excretion  d em on stra ted  
b y  T op ps & E llio tt  (1965). In  rats, som e o f  th e  d ietary  n ucleic  acid  n itrogen  a d d i
t io n a l to  th a t  excreted  as a llan to in  w as ap p aren tly  reta in ed  b u t th e  rem ainder (abou t 
50% ) w as excreted  in  th e  urine a lm ost en tire ly  as urea. T h e lim ited  ev id en ce  
su ggests  th a t  ab ou t 4 0 -5 0  % o f  th e  m icrobial n ucleic  acid  n itrogen  p rod uced  in  th e  
rum en is n o t absorbed  from  th e  g u t or is absorbed  b u t excreted  in  th e  urine a s  
a llan to in  and  th a t  m ost o f  th e  rem ainder en ters th e  urea pool. I t  appears, therefore, 
to  be o f  lim ited  va lu e  to  th e  anim al.

D igestib ility  o f m icrobial p ro te in

In  general, ru m inan ts show  a greater re la tive  loss o f  n itrogen  in  th e  faeces th a n  d o  
sim p le-stom ach ed  an im als. T h is is p articu lar ly  ap paren t w ith  low -n itrogen  in tak es. 
B la x ter  (1964) con clud ed  th a t  th is  h igh  faeca l excretion  is caused  b y  trap p in g  o f  
n itrogen  in  th e  d ig esta  as a resu lt o f  m icrobial a c t iv ity  in  th e  rum en, a v ie w  w h ich  is



3 2 4 R . H . Sm ith

su pp orted  b y  th e  re la tiv e ly  low  tru e d ig estib ility  (abou t 75 %) o f  th e  n itrogen  in  air- 
dried  rum en b acter ia  sh ow n  in  exp er im en ts w ith  rats (M cN aught, O w en, H en ry  & 
K on , 1954; B ergen , Purser & Cline, 1968a). S uch  exp erim en ts can  on ly  b e an  a p p rox i
m ation  to  th e  s itu a tio n  in  th e  ru m in an t d ig estiv e  tract sin ce th e  b acteria l ce lls  
en tering  th e  ru m inan t ab om asum  are largely  in ta c t  and, indeed , v iab le  (P ou n d en , 
F ergu son  & H ib b s, 1950). In ta c t  cells are p rob ably  less d igestib le  th a n  prep aration s  
d am aged  b y  a ir-drying; it  w as show n b y  T an nenb au m  & M iller (1967) th a t  th e  
n itrogen  o f  in ta c t  cells o f  B a c illu s  m egaterium  w as d igested  less w ell b y  ra ts th a n  th a t  
o f  broken cells. M oreover, in  vitro  d igestion  te s ts  (pepsin  fo llow ed  b y  p an creatic  
en zym es) o f  d ifferent rum en b acteria , grow n in  pure cu lture, h a v e  sh ow n  w id e  
differences b etw een  d ifferent organism s so th a t  v aria tion s in  th e  com p osition  o f  th e  
m icroflora cou ld  lead  to  d ifferences in  d ig estib ility  (B ergen , P urser & C line, 1967) 
T h e m ost probable ex p la n a tio n  o f  th e  low  a v a ila b ility  o f  n itrogen  in  b acter ia  is  th a t  
th e  p rotein s are p artia lly  p ro tec ted  b y  su rv iv in g  organized  stru ctures su ch  as 
in d igestib le  cell w alls. T h is v ie w  is su p p orted  b y  th e  find ing th a t  th e  d ig estib ility  o f  
m icrobial n u cleic  acids w h ich  en ter  th e  duod en um  in  ru m in an t d igesta  is a lso re la 
t iv e ly  low  (S m ith  et al. 1969). R u m en  p rotozoa  appear to  b e b etter  d igested  th a n  
b acter ia  (abou t 8 9 %  true d ig estib ility  for rats (M cN aught et al. 1954; B ergen  et a l. 
1968a)) p resu m ab ly  becau se th e y  are rap id ly  an d  com p lete ly  d estroyed  in  th e  
ab om asu m  (P ou n den  et al. 1950). I t  m igh t be su p p osed  th a t, in  th e  absen ce o f  p ro 
tozoa , th e  d igestion  an d  u tiliza tio n  o f  n itrogen ou s su b stan ces in  th e  ru m in an t sm all 
in te stin e  w ou ld  be ad versely  affected . D ecreased  overall n itrogen  d ig estib ility  in  
d efau n ated  lam bs has, in  fact, b een  d em on stra ted  (K lop fen stein , P urser & T yzn ik ,
1966) b u t it  is d ifficult to  sep arate effects in  th e  sm all in te stin e  from  ch an ges in  
d igestion  in  th e  rum en.

B io log ica l value o f p ro te in  in  digesta

V arious exp erim en ta l approaches h a v e  b een  u sed  in  a tte m p ts  to  assess th e  am ino  
acid  requ irem en ts o f  sheep  an d  ca ttle  an d  to  see to  w h a t e x te n t  th ese  requ irem en ts  
are m et b y  th e  d ig esta  p resen ted  to  their sm all in te stin es. E stim a tes  h a v e  b een  m ade  
o f  th e  am ino acid  com p osition  o f  th e  m icrobial con trib u tion  to  th ese  d igesta  b y  
exam in in g  th e  rum en co n ten ts  o f  an im als fed  d iets  in  w hich  th e  on ly  n itrogen  source  
w as urea (D u ncan, A graw ala, H u ffm an  & L u ecke, 1953; S chelling, H in d s & H atfie ld ,
1967) , m ixed  m icro-organism s sep arated  from  rum en co n ten ts  (B ergen , P urser & 
Cline, 1968a , b) or rum en m icro-organism s grow n in  pure cu lture (Purser & B u echler, 
1966). There are som e considerable d ifferences b etw een  th e  d ifferent se ts  o f  d a ta ;  
g lu tam ic  acid  resu lts for exam p le sh ow  a 2-fo ld  varia tion  and w hereas S ch elling  et al. 
(1967) con clud ed  th a t  h istid in e  w as low  in  m ixed  m icrobial p rotein  com pared  to  
w h ole-egg  p rotein , th e  va lu es reported  b y  B ergen  et al. (1 9 6 8 a) do n o t sh ow  th is . 
There is, h ow ever, agreem en t th a t  ly sin e  va lu es in  m icrobial p rotein  are as h igh  as, 
or h igher th an , th o se  in  egg  protein . T he differences w ere presum ably  due to  varia tion s  
in  th e  com p osition  o f  th e  m icrobial p op u la tion  a lth ou gh  Purser & B u ech ler (1966) 
fa iled  to  find m arked differences b etw een  a num ber o f  pure species o f  rum en bacteria .

T h e resu lts, in  general, sh ow  no ob v iou s con sisten t d eficien cy  in  a n y  one o f  th e  
essen tia l am ino acids. H ow ever, am ino acid  com p osition  after acid  h yd ro lysis  is n o t  
n ecessar ily  a good  in d icator o f  th e  b io log ica l va lu e  o f  a p rotein  and a b io log ica l a ssa y



3 2 5

w ou ld  b e preferable. M cN au gh t e t  a t .  (1954) fed  separated , air-dried, p rep aration s  
o f  rum en b acter ia  and p rotozoa  to  ra ts and  foun d  th a t  b o th  h ad  fa irly  h igh  b io log ica l 
v a lu es (85 an d  82, resp ective ly ), for th is  an im al. S ince th e  m icrobial p rep aration s  
m u st h a v e  con ta in ed  ab ou t 10 -2 5  % o f  th e ir  n itrogen  in  th e  form  o f  n u cleic  acids, th e  
b io log ica l v a lu es o f  th e  m icrobial p rotein s m u st h a v e  b een  con sid erab ly  h igher th an  
th is . T h e findings o f  M cN augh t e t  a t .  (1954) w ere confirm ed b y  B ergen  e t  a l .  (1968a)  
w ho also con clud ed , from  ch an ges in  p lasm a am ino acid  con cen tration s b etw een  
fa sted  an d  fed  ra ts, th a t  th e  first lim itin g  am ino acids in  b acter ia l an d  p rotozoa l 
p rotein  w ere cy stin e  an d  h istid in e , re sp ec tiv e ly . I t  is, h ow ever, d ou b tfu l w h a t  
relevan ce th ese  resu lts w ith  ra ts h a v e  to  th e  s itu a tio n  in  th e  ru m inan t. T h e resu lts o f  
B ergen  e t  a l .  (1967) and T an nenb au m  & M iller (1967) su ggest th a t  th e  b io log ica l 
va lu es, as w ell as th e  d igestib ilitie s  o f  in ta c t  m icro-organism s m ay  differ from  th o se  
o f  th e  dried  organ ism s fed  to  ra ts and, furtherm ore, th e  am ino acid  requ irem en ts o f  
th e  ru m in an t p rob ab ly  differ from  th o se  o f  th e  rat. T h is is p articu larly  lik e ly  in  sheep  
grow in g a lo t  o f  w ool, w hich  has a h igh  co n ten t o f  su lph u r-con ta in in g  am ino acids, 
an d  in  la c ta tin g  cow s. C asein con ta in s a h igh  p roportion  o f  ly sin e  w hich , lik e  m ost  
o f  th e  o th er am ino acids n eed ed  for m ilk  form ation , m u st be su pp lied , preform ed, 
from  th e  b lood  (L inzell, 1968). T hus, i t  w ou ld  b e desirable to  be ab le to  assess, in  th e  
ru m in an t itse lf, th e  ad eq u acy  or otherw ise o f  am ino acid  ab sorp tion  from  th e  gu t.

S ince m ost ru m in an t d iets con ta in  som e p rotein , i t  is  first n ecessary  to  consider to  
w h a t e x te n t  th e  d ietary  p rotein  in fluences th e  am ino acid  com p osition  o f  th e  d igesta  
p assin g  in to  th e  d u od en um . T his h as b een  ex a m in ed  in  sheep  b y  re la tin g  d ietary  
com p osition  to  th e  com p osition  o f  d ig esta  in  th e  d uod en um  (Clarke e t  a l .  1966) and  
th e  rum en (B igw ood , 1964). R esu lts  w ere e ssen tia lly  sim ilar an d  sh ow ed , fa ir ly  
co n sis te n tly  for th e  d iets  stu d ied , th a t  th e  rum en processes led  to  a decrease in  
proline, argin ine and g lu ta m ic  acid  and an  increase in  ly sin e , tyrosin e , th reon in e and  
iso leu cin e. T h e n e t  effect on  th ese  an d  th e  o ther am ino acids w as to  m ake th e  am ino  
acid  com p osition s o f  th e  d ifferent d ig esta  sam ples v er y  sim ilar to  each  o th er ev en  
w hen th e  d ieta ry  com p osition s w ere m ark ed ly  d ivergen t. I t  appeared  th a t, a lth ou gh  
th e  d ie t  h ad  som e in fluence, th e  d ig esta  com p osition s ten d ed  to  approach  th a t  o f  
m icrobial p rotein  and th e  resu lts w ere b road ly  con sisten t w ith  th e  con version  o f  som e  
7 0 -8 0  % o f  th e  food  n itrogen  to  m icrobial n itrogen . B igw ood  (1964) u sed  th ese  resu lts  
w ith  sheep  to  ca lcu late, b y  an a logy , th e  am ino acids su pp lied  in  th e  d igesta  p resen ted  
to  th e  d u od en um  o f  la c ta tin g  cow s and re la ted  th ese  supplies to  e s tim a ted  requ ire
m en ts. T h e figures ob ta in ed  can  b e  o n ly  v er y  rough ap prox im ation s in  v iew  o f  th e  
m a n y  assu m p tion s m ade b u t th e y  do bring o u t th e  im p ortan ce o f  th e  re la tiv e ly  h igh  
ly sin e  co n ten t o f  m icrobial protein . I t  is n o t k n ow n  a t p resen t w h eth er or n o t ly sin e  
is  th e  lim itin g  am in o  acid  for th e  la c ta tin g  cow  b u t it  seem s certain  th a t, w ith o u t th e  
n e t  increase in  th is  am ino acid  due to  th e  form ation  o f  m icrobial p rotein  in  th e  
ru m en , som e d iets  w ou ld  be m ark ed ly  ly sin e  deficien t for th is  an im al.

A  n u m b e r  o f  w o rk e rs  h a v e  in v e s tig a te d  th e  re la tio n sh ip s  b e tw e e n  th e  co m p o s itio n  
o f  th e  d ie t,  o r  o f  th e  m ic ro b ia l p o p u la tio n  in  th e  ru m e n , a n d  th e  c o n c e n tra t io n s  o f  
a m in o  ac id s  in  th e  b lo o d  p la s m a  o f  ru m in a n ts ,  b u t  th e  r e s u lts  a re  d ifficu lt to  in te r p re t .  
I t  is  w ell k n o w n  t h a t ,  e v e n  w ith  s im p le  s to m a c h e d  an im a ls , i t  is d ifficu lt to  d e te rm in e  
th e  l im itin g  a m in o  ac id s  in  a n y  p a r t ic u la r  d ie t  f ro m  i ts  e ffec t o n  p la s m a  a m in o  a c id  
c o n c e n tra tio n s . T e c h n iq u e s  w h ic h  h a v e  b e e n  d e v ise d  fo r  th e  p u rp o se  (L o n g e n ec k e r &
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H au se , 1959; M cL aughlan, 1964; M cL aughlan, R ao , N o e l & M orrison, 1967) are n o t  
read ily  ap plicab le to  ru m inan ts sin ce th e y  d ep en d  u p on  com parisons w ith  fa stin g  
p lasm a am ino acid  con cen tration s and a fastin g  con d ition  can n ot be a ch ieved  in  th e  
ru m in an t w ith o u t prolonged  starva tion . M oreover, in terp reta tion  is  furth er com p li
ca ted  b y  th e  ab sorp tion  o f  a m m on ia  and perhaps o ther n itrogen ous com p oun ds from  
th e  rum en. D ifferences in  such  ab sorp tion  m ay  h a v e  b een  p artly  responsib le for th e  
fa c t  th a t  in  m ost exp er im en ts (O ltjen  & P u tn a m , 1966; S ch elling  e t  a l .  1967; F re itag , 
S m ith  & B eeson , 1968) sheep  an d  ca ttle  receiv in g  d iets  in  w h ich  th e  o n ly  n itrogen  
source w as urea sh ow ed  h igher con cen tration s o f  g lyc in e and serine and low er co n 
cen tration s o f  m an y  essen tia l am ino acids in  th e  p lasm a th a n  an im als rece iv in g  d iets  
con ta in in g  good  q u a lity  p la n t p rotein . Clifford & T illm an  (1968) reported  q u ite  
different resu lts h ow ever, find ing th a t  th e  o n ly  appreciable d ifferences in  p lasm a  
am ino acid  con cen tration s b etw een  th e  2 d iets  w ere h igher g lu tam ic and asp artic  acid  
con cen tration s in  sh eep  g iv en  th e  u rea-con ta in in g  d iet. T h e reason  for th is  d iscrep an cy  
is n o t k n ow n  b u t it  is n o t a ltogeth er surprising in  v iew  o f  th e  co m p lex ity  an d  v a r i
a b ility  o f  th e  overall processes o f  d igestion  and in ter-con version  o f  n itrogen ou s  
com p oun ds w ith in  th e  a lim en tary  tra c t o f  th e  ru m inan t. In  o ther exp er im en ts  
(Purser, K lo p fen ste in  & Cline, 1966) ch an ges in  p lasm a am m o acid  con cen tration s  
w ere caused  w h en  th e  p a ttern  o f  d igestion  w as a ltered  b y  ad din g  starch  an d  g lu cose  
to  th e  rum en. S ch elling  e t  a l .  (1967) fou n d  th a t  increases in  th e  am ou n ts o f  soya  
p rotein  g iven  to  lam bs w ere assoc ia ted  w ith  an  upw ard  tren d  in  p lasm a am ino acid  
con cen tration s ex c ep t for ly sin e  and  h istid in e , w h ich  d id  n o t change g rea tly  and  
m eth ion in e, w hich  fe ll sign ifican tly . T h ey  in terp reted  th is  as g iv in g  a p ossib le in d ica 
tio n  th a t  th ese  3 am ino acids, and  p articu lar ly  m eth ion in e, w ere lim itin g  under th e  
con d ition s stu d ied . On th e  o ther h and , P urser e t  a l .  (1966) and K lo p fen ste in  e t  a l .

(1966), on  th e  b asis o f  ch anges in  p lasm a am ino acid  con cen tration s after feed in g  
so y a  p rotein  d iets, fou n d  n o  ev id en ce th a t  an y  p articu lar am ino acids w ere lim itin g  
in  norm al sheep  b u t con clud ed  th a t  ly sin e  w as prob ably  lim itin g  in d efau n ated  
an im als. T h e im portan ce o f  la c ta tio n  in  d eterm in in g  th e  am ino acid  requ irem en ts o f  
cow s is sh ow n  in  th e  resu lts o f  H a lfp en n y  & R ook  (1968) w ho fou n d  th a t  th e  o n set o f  
la c ta tio n  w as u su a lly  accom pan ied  b y  falls in th e  p lasm a con centration s o f  ly sin e , 
arginine, threon ine, h istid in e , g lu tam ic  acid  and leucine. I t  has also b een  sh ow n  
(H alfp en n y , S m ith  & R ook , 1969) th a t  th e  con cen tration s o f  m an y  essen tia l am ino  
acids in  th e  p lasm a o f  la c ta tin g  cow s are depressed  b y  con d ition s (increased  en ergy  
in tak e  or in fu sion  o f  propionic acid  in to  th e  rum en) w hich  lead  to  an  increase in  m ilk  
p rotein  con ten t.

T h e  v a lu e s  fo r  p la s m a  am in o  a c id  c o n c e n tra tio n s  o b ta in e d  so fa r  h a v e  g iv e n  n o  
c le a r-c u t e v id e n c e  c o n c e rn in g  th e  a d e q u a c y  o f  th e  a m in o  a c id  m ix tu re s  a b s o rb e d  
fro m  th e  r u m in a n t  sm a ll in te s t in e . I t  a p p e a rs  t h a t  a  m o re  p ro d u c tiv e  a p p ro a c h  m ig h t 
b e  a n  in v e s tig a tio n  o f  th e  e ffec ts  o f  s u p p le m e n tin g  d ig e s ta  wfith specific a m in o  ac id s . 
A lth o u g h  so m e im p ro v e m e n ts  in  th e  n itro g e n  u ti l iz a t io n  o r  g ro w th  o f  sh e ep  g iv e n  
s u p p le m e n ta ry  m e th io n in e , t r y p to p h a n ,  o r  ly s in e  in  th e i r  d ie ts  h a v e  b e e n  r e p o r te d  
(H a le , S h e rm a n , R e y n o ld s  & A p p e l, 1959; M c L a ren , A n d e rso n  & B a r th ,  1965) m o s t 
e x p e r im e n ts  o f  th is  ty p e  h a v e  fa iled  to  sh o w  su c h  a n  e ffec t (H a rb e rs , O ltje n  & 
T illm a n , 1961; G o sse tt, P e r ry ,  M oh le r, P lu m le e  & B eeso n , 1962; O ltje n , R o b b in s  & 
D a v is , 1964; M c D o n a ld , 1967; S ch ellin g  e t  a l .  1967). O n th e  o th e r  h a n d , S ch e llin g
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&  H atfie ld  (1968) foun d  th a t  th e  in fu sion  in to  th e  ab om asu m  o f  certa in  m ix tu res o f  
essen tia l am ino acids, p articu lar ly  th o se  con ta in in g  ly sin e , im p roved  n itrogen  u tiliza 
tio n  b y  sheep. T h e sam e w as sh ow n, w ith  ly sin e  in fu sion  in to  th e  ab om asu m , for  
ca ttle  (D ev lin , 1966). R eis  (1967) d em on stra ted  a  d ram atic im p rovem en t in  w oo l 
grow th  in  sh eep  fo llow in g  ab om asal in fu sion  o f  m eth ion in e or com p oun ds w hich  
cou ld  b e m etab o lized  to  m eth ion in e. T h e general failure o f  ora lly  ad m in istered  am ino  
acids to  affect n itrogen  u tiliza tio n  is, therefore, u su a lly  a ttr ib u ted  to  th e ir  b ein g  
d egraded  in  th e  rum en. S uch  d egrad ation  occurs an d  h as been  d iscu ssed  p rev iou sly  
(p. 315) h u t th ere is  ev id en ce  th a t , w h en  p resen t sin g ly , som e am ino acids are 
re la tiv e ly  resistan t to  m icrobial a tta ck  (Lew is, 1955; L ew is & E m ery , 1962). C halm ers 
& H u gh es (1969) recen tly  reported  th a t  con sid erable am ou n ts o f  th e  g lyc in e , a lan ine  
an d  ly sin e  fed  w ith  a cereal ra tion  to  sheep  p assed  o u t o f  th e  ru m en  undegraded. 
T h e am ino acids w ere, h ow ever, g iv en  in  v er y  large d oses an d  on ly  14 d ays were  
allow ed  for th e  rum en m icroflora to  ad ap t to  th e  n ew  n u trien t. I t  is  u n certa in  w h a t  
relevan ce th e  findings h a v e  to  th e  feed in g  o f  p o te n tia lly  u sefu l d oses o f  in d iv id u a l 
am ino acids for a p rotracted  period  b u t th e y  do sh ow  th a t  ex te n s iv e  d egrad ation  
can n ot be a u to m a tica lly  assum ed.

T o su m m a rize: it  appears th a t  our p resen t k n ow led ge o f  th e  am ino acid  requ ire
m en ts o f  ru m in an ts and th e  e x te n t  to  w hich  th ese  requ irem en ts are m et is d is 
a p p o in tin g ly  m eagre. I t  seem s th a t  m icrobial p rotein , w h ich  p rovid es m uch  o f  th e  
am ino acid  su p p ly , is o f  good  q u a lity  for ra t grow th  and p rob ably  also for ru m in an t  
g ro w th  b u t there is  good  ev id en ce  th a t  m eth ion in e m a y  be d eficient for m axim u m  
w ool p rod uction  in  sh eep  an d  som e ev id en ce  th a t  m eth ion in e, ly sin e  an d  perhaps  
h istid in e m ig h t som etim es b e lim itin g  for t issu e  grow th . T h e d em and  for essen tia l 
am ino acids as a resu lt o f  m ilk  p rod u ction  in  th e  la c ta tin g  cow  seem s lik e ly  to  a lter  
th e  p a ttern  o f  an y  lim ita tio n s w h ich  m ig h t e x is t , an d  to  exacerb ate  lim ita tio n s  
im p osed  in  resp ect o f  ly sin e  and m eth ion in e, b u t th is  has y e t  to  be d em on stra ted  in  
term s o f  an im al perform ance.

N itro g e n  m etabolism  and  the rum en
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F or ru m inan ts rece iv in g  d iets con ta in in g  p rotein , th e  change in  am ino acid  
com p osition  w hich  resu lts from  th e  con version  to  m icrobial p rotein  in  th e  rum en can  
be an  ad v a n ta g e  or a d isad van tage  d ep en din g  on  th e  com p osition  o f  th e  food  p rotein . 
P rov id ed , how ever, th a t  th e  la tter  is  o f  reason ab ly  good  q u a lity , an y  ap paren t a d v a n 
ta g e  is lik e ly  to  b e m ore th a n  com p en sated  in  term s o f  overall n itrogen  u tiliza tio n , b y  
p ossib le w a sta g e  o f  n itrogen  as am m on ia  an d  b y  th e  fa cts  th a t  th e  m icrobial p rotein  
form ed  is o f  re la tiv e ly  low  d ig estib ility  an d  is accom pan ied  b y  n u cleic  acids. T hus, 
th e  n itrogen  o f  several d ifferent p rotein s w as reta in ed  m ore efficien tly  b y  sh eep  w hen  
th e  p rotein s w ere ad ded  to  th e  ab om asu m  th a n  w h en  th e y  w ere g iv en  orally  or added  
to  th e  rum en (Chalm ers, C uthbertson  & S yn ge, 1954; B la x ter  & M artin, 1962; L itt le  
&  M itchell, 1967). I t  appears, therefore, th a t  a  p ractica l ad v a n ta g e  m igh t be ga in ed  
b y  lim itin g  th e  d egrad ation  o f  d ietary  p rotein , a lth ou gh  i t  sh ou ld  be b orn e in  m ind  
th a t  th is  w ou ld  p rob ab ly  lead  to  a reduced  m icrobial p op u la tion  an d  th e  p o ss ib ility  
o f  secon d ary  effects, on  ce llu lo ly tic  a c t iv ity  and v o la tile  fa tty  acid  p rod uction , for 
exam p le.
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P rotein  d egrad ation  can be reduced  b y  g iv in g  a n atu ra l p rotein  w hich  is v er y  
in so lu b le in  rum en fluid. Z ein  is  re la tiv e ly  litt le  a tta ck ed  in  th e  rum en (M cD onald , 
1 9 5 4 a ; E ly  e t  a l .  1967) b u t it  also appears to  be poorly  d igested  in  th e  sm all in te stin e  
(L ittle  & M itchell, 1967) so  th a t  its  use w ou ld  n o t b e ex p ec ted  to  offer an y  ad van tage . 
I t  has b een  show n th a t  d ietary  p rotein  in  liq u id  so lu tion  or su sp en sion  can  b e in 
d uced  to  b y -p ass th e  rum en in  ad u lt sheep  b y  en couraging closure o f  th e  oesop h agea l 
groove (0 r sk o v  & B en z ie , 1969) b u t th is, a lth ou gh  perhaps o f  use for research  p u r
p oses, is u n lik e ly  to  be o f  p ractica l va lu e. T he m ost prom ising approach  appears to  
be th e  chem ical m odification  o f  good  q u a lity  p rotein  in  such  a w a y  as to  render it  
resistan t to  m icrobial a tta ck  w ith o u t, a t  th e  sam e tim e , grea tly  reducing its  n u tr it iv e  
va lu e  in  th e  sm all in testin e . H ea tin g  p rotein  does reduce its  n u tr itiv e  va lu e  for ra ts  
(Cam a & M orton, 1950; B u raczew ski, B u raczew ska & Ford , 1967) b u t n everth e less  
C halm ers e t  a l .  (1954) and C halm ers, J a y a sin g h e  & M arshall (1964), resp ec tiv e ly , 
fou n d  th a t  h ea t-trea ted  casein  in  d iets  for sheep  and h ea t-trea ted  grou n d n u t m ea l 
in  d iets for goa ts g a v e  b etter  overa ll n itrogen  u tiliza tion  th an  d id  th e  u n trea ted  
p rotein s. L ow er am m on ia  con cen tration s in  th e  rum en w ith  th e  h ea ted  p ro tein s  
su ggested  th a t  th is  w as d ue to  decreased  d egrad ation  in  th e  rum en, th e  a d v a n ta g es  
o f  w hich  p resum ably  ou tw eigh ed  an y  red u ction  in  orth od ox  n u tr itiv e  va lu e.

Sim ilar im p rovem en ts in  n itrogen  re ten tion , som etim es w ith  reduced  p rod u ction  
o f  rum en am m onia, on  feed in g  h ea ted  rather th a n  u n h eated  p rotein s, h a v e  b een  
reported  for sheep  g iven  so y a  m eals (Tagari, A scarelli & B on d i, 1962), ca lves g iv e n  
grou n dn ut m eal (W hitelaw , P reston  & D aw son , 1961) and  steers g iv en  fish m eal 
(B roster, 1966). O ther p rotein  m odifications exam in ed  h a v e  b een  th o se  b rou gh t ab ou t  
b y  trea tm en t w ith  form ald eh yd e (Ferguson , H e m sley  & R eis, 1967) or ta n n in s  
(L eroy, Z elter & F ran çois, 1964). B o th  o f  th ese  trea tm en ts h ave b een  sh ow n  to  reduce  
th e  so lu b ility  o f  th e  p rotein  an d  its  su scep tib ility  to  m icrobial a ttack . F orm ald eh yd e-  
trea ted  casein  appears to  be w ell u tilized  b y  sheep  and its  in clu sion  in  sheep  d iets  has 
resu lted  in  m arked im p rovem en t in  w oo l grow th , su ggestin g  im p roved  u tiliza tio n  o f  
th e  su lph u r-con ta in in g  am ino acids. A  p ossib le d isad van tage  o f  th e  use o f  ta n n in  has  
b een  su ggested  b y  th e  finding o f  Tagari, H en is , Tam ir & V olcan i (1965) th a t  certa in  
ta n n in s in terfere w ith  th e  ce llu lo ly tic  a c t iv ity  o f  rum en m icro-organism s.
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