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Roy S. Emery

Rumen l iq u id  from 5 bovines (rece iv in g  hay alone or 75% 

of the  t o t a l  d ig e s t ib le  n u tr ie n ts  as con cen tra te ) was incubated  

w ith  su b s tra te  and s35 -lab e led  ino rgan ic  s u l f a te .  Two t r i a l s  

used the  r a t io n  of the  donor as su b s tra te  and two used a sub­

s t r a t e  of mixed a l f a l f a  meal and concen tra te  fo r  bo th  hay 

ino cu la  and g ra in  in o cu la . In  each t r i a l ,  a sep a ra te  fermen­

ta t io n  f la s k  was incubated fo r  each time of 0 . 5, 1 , 1 . 5 , 2 ,

2 .5 , and 3 hours. Each ferm ent was f ra c tio n a te d  in to  p ro te in  

s u l fu r ,  f re e  organic su lfu r  and inorgan ic  s u l f a te .  The p ro­

t e in  and f re e  organic s u lfu r  f ra c t io n s  were fu r th e r  separated  

by chromatography. G lutath ione accounted fo r  2 to  k% of the 

t o t a l  a c t iv i ty .  The mean p a r t i t io n  of incorpora ted  a c t iv i ty  

in  a t o t a l  of bk f la s k s  fo r  a l l  tim es on both  trea tm en ts  was 

62% e y s t(e ) in e  and 385? methionine p lus an u n id e n tif ie d  f r a c ­

t io n .  Exponential equations f i t t e d  to  the  t o t a l  in co rp o ra tio n s  

fo r  each combination of su b s tra te  and inoculum are p resen ted .

The co n cen tra tio n  of a c e t ic ,  p ro p io n ic , and b u ty ric  ac id s 

in  3 bovine rumens was determ ined a t  various tim es a f te r  feed­

ing e i th e r  an a l l  hay r a t io n  or one co n s is tin g  la rg e ly  o f con­

c e n tr a te s .  Two t r i a l s  were conducted on each r a t io n .  The 

co n cen tra tio n  o f each ac id  f i r s t  increased  and then  decreased 

w ith  time a f te r  feed ing . The values obtained  were f i t t e d  to  

tu rnover cu rves. A cetic ac id  disappeared from the rumen a t 

the  r a te  of 3 . 3̂ /hou r and b u ty ric  acid  a t  the r a te  of 2.7%/ 

hour. The standard  e r ro r  was 0 .3$ . The d isappearance r a te  

o f p rop ion ic  ac id  on the high concen tra te  r a t io n  appeared to

iv



Roy S. Emery

be ^ .6# /hou r versus 3 .2#/hour on the  hay r a t io n .  The r a te s  

fo r  conversion of feed  to  sh o rt chain  ac ids ranged from 35 

to  8H$/hour.

Pooling d a ta  from th e  h t r i a l s ,  th e  amounts o f ac id s per 

100 gm. of rumen l iq u id  which were produced from one pound of 

t o t a l  d ig e s t ib le  n u tr ie n ts  were, 0 .2  to  0 .67 a c e t ic ,  0 .02 to  

0 .26  p ro p io n ic , and O.OU to  0.21 b u ty r ic . These a re  th e  95# 

confidence le v e l  ranges. The average rumen in  th ese  t r i a l s  

was estim ated  to  co n ta in  70 Kilograms o f l iq u id .  Using these  

v a lu e s , i t  was computed th a t  the cow o b ta in s  3 to  13# of i t s  

energy from sh o rt chain  ac id s .

v
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INTRODUCTION

Ruminants have long been known fo r  th e i r  a b i l i t y  to  

u t i l i z e  roughage. With the advent of in te n s iv e  animal p ro­

duction  and increased  concen tra te  feed in g , anom alies have 

been noted in  rumen ferm entation . These inc lude  changes in  

the production  of sh o rt chain ac ids which are  a major source 

of energy fo r  the  cow as w ell as an end product of the  f e r ­

m entation. Thus, in form ation  concerning amounts and types 

of these  ac id s i s  im perative to  a b e t te r  understanding of 

feed u t i l i z a t io n .

Large amounts of p ro te in  are  syn thesized  in  the  rumen. 

Since m ethionine appears to  be a lim itin g  fa c to r  in  th i s  

sy n th e s is , a study of the  form ation of su lfu r  amino ac ids 

might w ell lead  to  increased  production  by rum inants.

The purpose of th i s  study i s  to  determ ine the  q u an tity  

of sh o rt chain  ac id s and su lfu r  amino ac id s  made a v a ila b le  to  

the rum inant as a f fe c te d  by the r a t io  of hay to  concen tra te  

in  the  r a t io n .

1



REVIEW OF LITERATURE

The re cen t review s on ruminant n u tr i t io n  by Huffman 

(1953) and Owen (195*0 e s ta b l is h  th e  importance of m icrob ial 

d ig e s tio n  fo r  economical roughage u t i l i z a t io n  and fo r  animal 

p roduction . Doetsch and Robinson (1953) reviewed the  b a c te ­

rio lo g y  of the rumen w hile J a rr ig e  (1953) gave p a r t ic u la r  

a t te n t io n  to  the  degradation  of carbohydrates and the  r e s u l t in g  

p roduc ts . The l i t e r a tu r e  d iscussed  here p e r ta in s  to  th e  dynam­

ic s  of rumen ferm en ta tion  as in fluenced  by the r a t io n  and 

portrayed  by the  production  of sh o rt chain  ac ids and th e  syn­

th e s is  o f p ro te in .

In fluence  of C oncentrate on Rumen D igestion  and Passage

The fundamental problem of ruminant n u tr i t io n  i s  to  

enhance th e  n a tiv e  a b i l i ty  of c a t t l e  to  u t i l i z e  coarse feed  

(Huffman, 1953)* According to  P h illip so n  (1953)» carbohydrates 

can e i th e r  enhance or depress roughage u t i l i z a t io n  depending 

on th e i r  q u an tity  and q u a li ty . J a r r ig e  (1953) l i s t s  re se a rc h  

over f i f t y  years dea ling  w ith  the  in flu en ce  of so lub le  carbo­

hydrate on roughage u t i l i z a t io n .

Sw ift e t  a l .  (19*+7) rep o rted  a 5 to  10$ depression  of 

crude f ib e r  d i g e s t i b i l i t y  when corn s ta rc h  or sugar formed 

some 8 to  15$ of a r a t io n  based on equal p a r ts  of mixed hay 

and corn. This could not be confirmed by Dowe e t  a l .  (1955)
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who fed  over 80$ corn in  the  r a t io n  but no pure s ta rc h . 

However, Burroughs ejt a l .  (19*+9) obtained  a 35$ depression  

of organic m atter d ig e s t i b i l i t y  w ith  a r a t io n  of corncobs, 

skim milk and 30$ s ta rc h  but only a depression  when the 

s ta rc h  le v e l  was reduced to  18$. S im ilar data  were obtained 

w ith  a r a t io n  of s ta rc h , a l f a l f a  hay, and corncobs. According 

to  Louw and Van der Wath (19*+3), supplem entation of a hay 

r a t io n  w ith  corn a t  the  8 to  33$ le v e l  depressed c e llu lo se  

d i g e s t i b i l i t y .

A wood meal, stud ied  by K oistinen  (19^8), which was 50$ 

d ig e s t ib le  when fed  w ith  hay or lim ited  co n cen tra te , became 

v i r tu a l ly  in d ig e s t ib le  when fed  w ith  s i la g e . Balch and John­

son (1950) found th a t co tto n  th read  suspended in  the rumen 

was a ttack ed  sev e ra l tim es f a s te r  on an a l l  hay r a t io n  than  

on one con tain ing  over 25$ concen tra te .

Foreman and Herman (1953) increased  c e llu lo se  d ig e s tio n  

somewhat by adding 1 to  2 pounds of molasses to  a b a sa l r a t io n  

of about *+ p a r ts  hay to  1 concen tra te  but th i s  d ig e s t i b i l i t y  

was u su a lly  depressed when the molasses le v e l was such th a t  

the r a t io n  contained 30 to  *+0$ to ta l  co n cen tra te . The r e s u l t s  

v a rie d  w ith  th e  type of hay fed . I t  should be noted th a t  the 

w ater so lub le  carbohydrate of roughages can range from *+ to  

30$ of the  dry m atter depending on sp ec ie s , method of cu rin g , 

s tage  of growth and o ther fa c to rs  as rep o rted  by W aite and 

Boyd (1953).
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Hale et. a l .  (19*+0, 19*+7)* u t i l i z in g  the  l ig n in  r a t io  

technique to  compare rumen and fe c a l  d ig e s tio n , showed th a t 

the  rumen accounts fo r  the  g re a te r  p a r t  of d ig e s tio n  in  bovines 

fed  a l f a l f a  hay. This has been confirmed and extended to  o ther 

feeds as reviewed by J a r r ig e  (1953)* The abomasal f i s t u l a  

technique fo r  measuring forestom ach d ig e s tio n  was used by 

Heald (1953)? who found th a t  about kO% of the  ingested  xylan 

was d ig es ted  in  the  forestom ach, and by W eller and Gray (195*0* 

who found th a t  n ea rly  a l l  of the s ta rc h  in  chopped po ta toes 

was d ig es ted  in  the forestom ach.

Baleh et. ^ 1 . (1951) s ta te  th a t  the  fe rm en ta tion  and 

d ig e s tio n  of feed  in  rum inants i s  a fu n c tio n  of i t s  r a te  of 

passage through the  re ticu lo -ru m en , i t s  r a te  of d is s im ila t io n  

by the  m icrobiota and f in a l ly ,  the  r a te  of abso rp tion  or pas­

sage of the  fe rm en ta tion  products.

Some 2 to  5$ of the s ta in ed  hay p a r t ic le s  p resen t in  the  

rumen a t a given time disappeared  in  the  next hour according 

to  the  d a ta  of Balch (1950). F iner p a r t i c le s ,  such as co tto n ­

seed h u lls  or ground hay passed somewhat f a s te r  (5 to  10$ / 

hour), but only i f  long hay or o ther roughage was a lso  p re se n t. 

Moreover, by recla im ing  the s ta in ed  p a r t ic le s  in  the  feces  and 

expressing  recovery as percentage of th e  t o t a l ,  he found th a t  

about 20 hours were req u ired  fo r  passage from the rumen to  the  

fe c e s . S tained  p a r t ic le  recovery appeared to  be exponen tia l 

approaching an asym ptote; the  r a te  of the  exponen tia l was 

again  some 2 to  5$/hour. E a r l ie r ,  Moore and W inter (193*0
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found th a t  f e r r i c  oxide passed from rumen to  feces  in  9 to  13 

hours and sm all rubber r in g s  in  10 to  20 hours. A fter the  

i n i t i a l  appearance, recovery was again  roughly exponen tia l 

approaching an asymptote a t  2 to  5$/hour. The work o f Balch 

§ t  a l .  (1950, 1952b, 1953) showed th a t  such fa c to rs  as thyrox­

in e  ad m in is tra tio n , r a t io n s ,  r e s t r ic te d  w ater in tak e  and o th ers  

had l i t t l e  e f fe c t  on th i s  r a te .  The ra t io n s  stud ied  included 

a l l  hay, equal p a r ts  of hay and co n cen tra te , hay p lu s mangolds, 

and f in e ly  ground hay.

The d a ta  of Agrawala et, a l .  (1953) and of Chance et, a l .

(1953a9 b) fo r  dry m atter passage from the rumen measured 

between 6 and 2*+ hours a lso  in d ic a te s  a r a te  of 2 to  5$ /hou r. 

The d isappearance was much f a s te r  between 0 and 6 hours a f te r  

, feed ing  due to  d ig e s tio n  as explained by Hale e t  a l .  (19*+7), 

who showed th a t  rumen d ig e s tio n  i s  v i r tu a l ly  completed in  12 

hours a f te r  feeding and over h a lf  completed in  6 hours. Balch 

and Johnson (1950) found co tton  th read  d is s ip a tin g  in  the  

v e n tra l  p o rtio n  of the  rumen a t as much as 50$/hour a f te r  a 

20 hour lag  phase. According to  Balch et, a l .  (1951), passage 

through the  re ticu lo -o m asa l o r i f ic e  i s  la rg e ly  r e s t r i c te d  to  

f in e  p a r t ic le s  in  a 90 to  95$ aqueous suspension.

The duodenal or abomasal f i s t u l a  p re sen ts  another way of 

measuring passage from the forestom achs. In  th i s  way, P h i l l ip -  

son (19*+8 , 1952a) measured a passage of k67 to  186U m l./hour 

in  sheep consuming 900 to  1700 gm. of dry m atter/day ; the  

la rg e r  volume was a sso c ia ted  w ith  heav ier feed ing . C onsidering
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th e  t o t a l  washed feed  re sid u e  in  2k hour feces c o lle c tio n s  

and in  duodenal con ten ts  from a sheep m aintained on hay, i t  

was c a lc u la te d  th a t  10.7  l i t e r s  of m a te ria l passed through 

the  duodenum d a ily . Masson and P h illip so n  (1952) c a lc u la te d  

th a t  tw o -th ird s  of th i s  m a te ria l was g a s tr ic  ju ic e  and one- 

th i r d  omasal co n ten ts . Their c a lc u la tio n s  were based on the  

ch lo rid e  conten t of the  g a s tr ic  ju ic e , omasal co n ten ts , and 

abomasal co n ten ts . Passage of omasal con ten ts was stim u la ted  

somewhat by concen tra te  but was la rg e ly  Independent of feed ing . 

This suggests th a t  passage of omasal con ten ts  corresponds to  

about 2 to  5#/hour of the mass of the  t o t a l  rumen in g e s ta  which 

i s  in  agreement w ith  the passage of markers from th e  rumen.

The increased  concen tra tion  of inorgan ic  ions in  omasal 

l iq u id  over rumen l iq u id  found by Garton (1951) in d ic a te s  

ab so rp tion  of w ater from the  omasum. Gray e t a l .  (195^) 

confirmed th i s  and c a lc u la te d  from the l ig n in  r a t io s  in  rumen 

and omasal con ten ts  th a t  33 to  6k% of th e  w ater and ko to  69$ 

of the  v o la t i le  f a t t y  acid  in  the  rumen d ig e s ta  en te rin g  the 

omasum i s  absorbed th e re . Using the  same techn ique, they  were 

able to  show th a t  l i t t l e  or no rumen d ig e s ta  passed d i r e c t ly  

to  th e  abomasum v ia  the  omasal o r i f ic e  and th a t  w ater was not 

p r e f e r e n t ia l ly  passed from the  omasum to  the  abomasum.

In fluence  of C oncentrate on the  Rumen M icrobiota

Since forestom ach d ig e s tio n  seems to  occur la rg e ly  through 

a c tio n  of th e  rumen m icrob io ta , as po in ted  out by H astings
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( l ^ V ) ,  we might expect a q u a l i ta t iv e  or q u a n ti ta t iv e  change 

in  th i s  m icrohio ta w ith  changes in  d ig e s tio n . H astings (19*+^) 

no tes changes in  the  q u an tity  of various types of protozoa 

w ith  marked changes in  feed , but considers the  popular idea 

th a t  b io logy  of th e  d ig e s tiv e  t r a c t  v a r ie s  w idely w ith  the 

normal changes in  r a t io n  as unfounded. Baker (19^3) concluded 

from h is  ex tensive  m icroscopic observa tions th a t  th e  rumen 

m icrobio ta  i s  p e r s is ta n t  and s ta b le  w ith  broad q u a l i ta t iv e  

fe a tu re s  which are  independent of the na tu re  of the  d ie t .

However, Louw and Van der Wath (19^3) increased  the  rumen 

b a c te r ia l  count by providing 8 to  22% corn in  a r a t io n  of low 

q u a lity  hay and meat meal. C ellu lo se  d ig e s tio n  was not aug­

mented by th e  increased  population  and g re a te r  co ncen tra tions 

of corn depressed b a c te r ia l  numbers. B ortree  e t  a l .  (19^6) 

obtained a 100$ in crease  in  the  io d o p h ilic  m icrob ial population  

of the  bovine rumen when 3 pounds of glucose were adm inistered  

in  a d d itio n  to  the  u su a l feeding of hay. S tarch  adm inistered  

under s im ila r  circum stances produced a n e g lig ib le  e f f e c t ;  

q u a lity  of roughage or p astu re  in fluenced  counts somewhat. 

W alter (1952) found no appreciab le  change in  d i r e c t  micro­

scopic counts on rumen in g es ta  when b a rley  supplemented the  

b asa l of a l f a l f a  hay fo r  sheep.

Some q u a l i ta t iv e  d iffe re n c e s  among c e r ta in  in d ic a to r  

organisms were observed by Pounden and Hibbs (19^8) when they 

examined th e  rumen m icrobio ta of ca lves fed  various p ropo rtio n s 

of hay and g ra in . The broad appearance of the  rumen m icrobiota
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and th e  im portance of the  in d ic a to r  organisms in  rumen f e r ­

m entation were not re p o rte d . U tiliz in g  both c u l tu ra l  and 

m orphological techn iq u es, G all (19*+9) found g re a te r  numbers 

of f a s t  growing organisms w ith  increasin g  amounts of g ra in  

in  the  r a t io n  but few q u a li ta t iv e  d iffe re n c e s  were noted .

Foreman and Herman (1953) conducted d ire c t  m icroscopic 

counts on the rumen in g es ta  of 12 cows in  3 groups fed  d i f f e r ­

en t roughages. Four le v e ls  of cane molasses were fed  w ith in  

each group on a ro ta t io n  b a s is . The b asa l r a t io n  contained 

about k p a r ts  of hay and 1 p a rt co n cen tra te . The t o t a l  counts, 

which were grouped in to  10 m orphological c la s s e s , showed a 

p e r s is ta n t  in c rease  from about 67 x 10^ to  106 x 10^ organisms 

per gm. of moist in g e s ta  as molasses supplem entation increased  

from 0 to  pounds per day. The numbers of protozoa were con­

s i s t e n t ly  200 to  300 thousand per ml. of rumen f lu id .  The 

s in g le  cocci c o n s ti tu te d  about 70$ of the  p o pu la tion . The 

sho rt rods which c o n s titu te d  about 20 to  25$ of the popu la tion  

tended to  in c rease  s l ig h t ly  w ith  1 or 2 pounds of m olasses, 

but were depressed by b pounds. Long rods and d ip lo co cc i were 

d i s t in c t ly  depressed by m olasses. However, the  q u a l i ta t iv e  

and q u a n ti ta t iv e  changes in  the  population  were as g rea t w ith  

changes in  roughage as w ith  the  molasses supplem entation.

W illiam s e t  a l .  (1953) found th a t 1 p a r t of s ta rc h  added 

to  1 or 2 p a r ts  of oaten  chaff con tain ing  5$ crude p ro te in  

decreased  the  numbers of f re e  rumen b a c te r ia  by 50$ or more, 

but i f  th e  p ro te in  source was corn g lu ten  meal, t h i s  dep ression
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la rg e ly  d isappeared . The high s ta rc h , low p ro te in  r a t io n  

produced a pleomorphic rod in  long chains c lu s te re d  on s ta rc h  

g ran u les . This rod la rg e ly  disappeared  as p ro te in  increased  

and was absent on low s ta rc h  ra t io n s .  An in crease  in  the  

p ro p o rtio n  of gram -positive organisms was a lso  noted on the 

h igh s ta rc h , low p ro te in  r a t io n .

The rumen m icro flo ra  from cows fed  a l f a l f a  hay and/or 

co ncen tra te  m ixture or wheat straw  was s tud ied  by Bryant and 

Burkey (1953a, 1953b) using  both m orphological and c u l tu ra l  

methods. Q u a lita tiv e ly , the m icro flo ra  were la rg e ly  th e  same 

w ith  numbers in c reasin g  on th e  concen tra te  r a t io n ;  however, 

they  estim ated  th a t  only 10# of the  t o t a l  population  are  

c u ltu re d  by the p resen t in  v i t ro  techniques and c a l l  a t te n t io n  

to  th e  pleomorphic n a tu re  of many of the  rum inal microorgan­

ism s. The f lo r a  was more complex on the  a l f a l f a  hay contain ing  

ra t io n s  than  on the  r a t io n s  of concen tra te  or wheat straw . 

C ellob iose  ferm enting organisms were depressed by the  concen­

t r a t e  r a t io n  and s ta rc h  ferm enters were augmented; hydrogen 

su lf id e  producing organisms were augmented somewhat by the 

straw  ra t io n .  V a r ia b i l i ty  was a lso  noted in  the f lo r a  of 

d i f f e r e n t  anim als on the  same ra t io n .

Rumen Production of Short Chain Acids

The ea rly  l i t e r a t u r e  on th i s  su b je c t, reviewed by P h i l l ip -  

son (19^7), d a te s  back to  lSQW when Tappeiner found la rg e  quan­

t i t i e s  of v o la t i le  ac id  formed in  th e  bovine rumen. However,
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th e  com position of th e i r  m ixture was not known u n t i l  Elsden 

e t  a l . ( I 9H6) developed a method fo r  th e i r  sep a ra tio n  on 

s i l i c a  g e l. These workers found an average of 329 g®. of 

v o la t i l e  acid  in  the re ticu lo -rum en  of 2 oxen and an average 

of gm. in  th a t  of H sheep. These ac ids consisted  of about 

67$ a c e t ic ,  19$ propionic and 1*+$ b u ty r ic . This i s  a t  variance  

w ith  the  data  of Marston (19^8) who found about equal p o rtio n s  

of a c e tic  and propionic  ac id s produced from ferm en ta tion  of 

c e llu lo se  by rumen m icrobiota in  v i t r o .

Rumen in g e s ta  from sev era l cows examined by Stone (19*+9) 

through a 9 hour period  follow ing e a tin g , contained 133 to  162 

m illigram  eq u iv a len ts  fo r  sev e ra l hours a f te r  e a tin g . The 

re s id u a l  feed  in  100 ml. of in g es ta  removed 1 hour a f te r  feeding 

hay and g ra in  and incubated  a t 39°C. was converted to  v o la t i le  

acid  a t  the r a te  of about 60$/hour w ith  a t o t a l  production  of 

20 to  25 m illigram  eq u iv a len ts  of v o la t i le  ac id . This amounts 

to  some 12 to  15 g m ./ l i te r  rumen in g e s ta .

C a rro ll and Hungate (195*+) poin ted  out th a t  p roduction  of 

v o la t i le  ac id  can not be determined d i r e c t ly  in  the rumen 

because abso rp tion  decreases the  ac id  concen tra tion  sim ultane­

ously w ith  i t s  in c rease  through fe rm en ta tion . Moreover, rumen 

m icrobio ta  d is so c ia te d  from the abso rp tive  and sec re to ry  

a c t i v i t i e s  of the  host may soon develop abnormal co n d itio n s . 

These workers a lso  noted a r i s e  in  the  v o la t i le  a c id i ty  of 

rumen in g es ta  during the  f i r s t  s ix  hours a f te r  feed ing . The 

average amount of ac id  produced in  1 hour of in  v i t r o  incubation
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w ith rumen con ten ts  from hay fed  s te e r s  was 1.37 m illigram  

eq u iv a len ts  per 100 gm. The corresponding amounts w ith  a 

g ra in  d ie t  and a p as tu re  d ie t  were 2.01 and 0.91 re sp e c tiv e ly . 

The average p ropo rtions of a c e t ic ,  propionic and b u ty ric  ac ids 

in  the  m ixture formed during 6 t r i a l s  w ith  hay fed  anim als 

were 61$, 20$, and 19$ re sp e c tiv e ly . I t  was estim ated  th a t  

66$ of the  t o t a l  d ig e s t ib le  energy in  the r a t io n  i s  p resen ted  

to  the  rum inant as v o la t i le  a c id s . In hay fed  s te e r s ,  a c e tic  

ac id  co n trib u ted  U2$ of th i s  energy; b u ty ric  a c id , 32$ and 

p rop ion ic  ac id , 26$.

These estim ates of C a rro ll and Hungate (195*+) were based 

on the experim entally  determined r a te s  of ac id  p roduction  and 

e s tim a tes  of t o t a l  rumen mass. The feed  was converted to  

v o la t i l e  ac ids a t  th e  r a te  of about *+0$/hour. They considered 

th i s  r a te  as a minimum and pointed out th a t  the  b es t way of 

a sc e r ta in in g  r a te  of production  of a product in  the  rumen 

would be to  co n stru c t tim e-concen tra tion  curves and c a lc u la te  

the  i n i t i a l  r a te .  They pointed  out th a t  a very la rg e  volume 

of d a ta  would be re q u ire d .

Gray e t  a l .  (1951b) incubated wheaten and a l f a l f a  hay 

w ith  l iq u id  rumen con ten ts in  v i t r o . The y ie ld  of v o la t i le  

ac id s  was about o n e-fo u rth  of the  su b s tra te  or 50$ of the  

d ig e s t ib le  m atte r. The ac ids produced from wheaten hay were 

^6$ a c e t ic ,  p ropionic and 13$ b u ty ric  w hile those from 

a l f a l f a  were 59$, 27$, and 1*4$ re sp e c tiv e ly .
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D ealing w ith  sheep fed  wheaten hay, Gray and P ilg rim

(1951) found v o la t i le  ac id  co ncen tra tions in  the rumen l iq u id  

of 8.7  m illigram  equ ivalen ts/100  ml. a t the  time of feed ing  

which increased  to  20.6 s ix  hours a f te r  feeding and re v e rtin g  

to  the  i n i t i a l  co n cen tra tio n  in  about 2k hours. In  sheep fed  

a l f a l f a  hay, the  corresponding i n i t i a l  value was 9*3 in c reas in g  

to  25.5 fo u r hours a f te r  feed ing . Moreover, the  p rop ion ic  ac id  

co n cen tra tio n  increased  f a s te r  than  the  a c e tic  ac id  concen tra­

t io n  and th u s , i t  was concluded th a t  p ropionic  ac id  was pro­

duced in  g re a te r  q u a n ti t ie s  than a c e tic  ac id  and was a lso  

absorbed f a s te r  s ince  the  concen tra tion  re v e rted  to  th e  p re ­

feeding le v e l .  This hypothesis was te s te d  by Gray and P ilg rim  

(1952a) by in  v i t r o  incubation  of rumen m icrobiota w ith  wheaten 

hay c h a ff . V o la ti le  ac id  production  was la rg e ly  completed 

w ith in  7 i  hours and although the production  of p ropionic  acid  

exceeded th a t  of a c e tic  ac id  a t  f i r s t ,  th e  p ropo rtion  of the 

ac ids in  the  f in a l  m ixture was about 50# a c e t ic ,  k0% p ropionic 

and 10# b u ty r ic .

The v o la t i le  ac id s of rumen f lu id  from hay fed  sheep were 

more com pletely analyzed by Gray e t a l .  (1951a) who found 2 to  

3# v a le r ic  a c id , 0 .3  to  0.6# iso b u ty ric  a c id , and 0 .5  to  1.0# 

capro ic  ac id  in  a d d itio n  to  the  usual a c e t ic ,  p rop ion ic  and 

b u ty ric  a c id s . Using C ^ - la b e le d  a c e tic  and p rop ion ic ac id s , 

they found th a t  th e  carboxyl carbon of a c e tic  ac id  occurred 

to  an app rec iab le  ex ten t in  b u ty ric  and v a le r ic  ac id s  and 

a lso  to  some ex ten t in  propionic ac id . The carboxyl carbon
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of p rop ionate  appeared in  v a le r ic  but not in  b u ty ric  ac id .

The a b i l i ty  of C lostrid ium  to  re v e rs ib ly  in te re o n v e ft a c e t ic ,  

p rop ion ic  and b u ty r ic  ac id s was more f u l ly  explained by Wood 

e t  a l .  (19*+5) and Stadtman and Barker (19**9).

E l-Shazly  (1952) sim ultaneously obtained s im ila r  r e s u l t s  

by using a new and very se n s it iv e  gas p a r t i t io n  method of 

chromatography. He found somewhat h igher p ropo rtio n s  of 

iso b u ty r ic  ac id  (1 .5  to  2 .8  molar$ of the  v o la t i le  acid  

m ixture) and showed th a t  most of the  v a le r ic  ac id  i s  branched 

chain . He a lso  showed th a t  these  branched chain ac ids are  

formed la rg e ly  by m icrob ial decomposition of p ro te in . This 

work was continued by Annison (195*0 vho id e n t i f ie d  2-m ethyl- 

b u ty ric  ac id  among the  branched chain ac ids in  the  rumen.

Coon et, a l .  (1952a, 1952b) showed th a t  th i s  ac id  could a r is e  

from iso leu c in e  in  the  r a t  l iv e r  and could y ie ld  a 2-carbon 

ketogenic compound and a 3-carbon glucogenic compound w ith  

propionic  ac id  as an in te rm ed ia te .

According to  Annison (195*0* the  t o t a l  v o la t i le  ac id  

co n cen tra tio n  in  the  rumen declined  ex p o n en tia lly  a t the  r a te  

of 3^/hour in  fa s te d  sheep, but the  branched chain  ac id s 

remained almost constan t a t  1 .5  to  3 .5  m illigram  e q u iv a le n ts / 

100 ml. rumen in g e s ta . The branched chain ac id s increased  as 

the  n itro g en  conten t of the ra tio n  in c reased . A r a t io n  of 2 .5  

p a r ts  ground corn and 1 p a rt hay was converted to  v o la t i le  

ac id  a t  a r a te  between 30 and 80^/hou r.
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P h ill ip so n  (1952b) s tud ied  production  of v o la t i le  ac ids 

on a s im ila r  r a t io n  v i th  s im ila r  r e s u l t s .  The molar composi­

t io n  of th e  v o la t i l e  ac id s  was about 60# a c e t ic ,  30# p rop ion ic , 

7# b u ty ric  and k% h igher ac ids 8 hours a f te r  feed ing . The 

r e la t iv e  amount of p rop ion ic  ac id  increased  a f te r  feeding and 

hence, was e i th e r  produced f a s te r  or absorbed slower than 

a c e tic  a c id . L ac tic  ac id  concen tra tions as high as 630 m i l l i ­

grams/100 ml. rumen l iq u id  were found in  lambs fed  a corn 

r a t io n .  Waldo and S chu ltz  (1955) ob tained values of 0 .3  to  J+l 

m illigram # l a c t i c  ac id  in  rumen l iq u id  from hay fed  s te e r s .  

These va lues increased  to  as much as 58 m illigram # when 7-5 

pounds o f g ra in  was included  in  the r a t io n .  Maximum concen tra­

t io n  in  the  rumen occurred 1 hour a f te r  feeding hay or one- 

h a lf  hour a f te r  feeding g ra in . D isappearance was equally  

ra p id  d ec lin in g  to  on e-h a lf of peak co n cen tra tio n  in  le s s  

than  2 hours. However, when P h illip so n  (1952b) drenched 2 

lambs w ith  l a c ta t e ,  d isappearance of l a c ta te  from th e  rumen 

of one lamb was much slower than  in  the  o th e r. Waldo and 

S chu ltz  (1955) found th a t  1 pound of glucose increased  the 

l a c t i c  ac id  co n cen tra tio n  in  the  rumen much more th an  1 pound 

of s ta rc h , c e llu lo s e , or pyruvic ac id . Both groups of in v es­

t ig a to r s  propose th a t  l a c t i c  ac id  i s  ra p id ly  converted prim a­

r i l y  to  p ropionic  ac id  in  the  rumen. This would ex p la in  the  

very high ferm entable carbohydrate co n cen tra tio n  which i s  

ap p aren tly  re q u ired  in  the  rumen to  produce a d e te c ta b le  con­

c e n tra t io n  of l a c t i c  a c id . Johns (1952) and G u tie rrez  (1953)
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i s o la te d  b a c te r ia  from the  rumen vh ich  d is s im ila te  la c ta te  

w ith  p roduction  of p rop ion ic  and a c e tic  a c id s .

Washed suspensions of rumen b a c te r ia  prepared by Robinson 

et. a l .  (1955) produced l a c t i c  ac id  from m altose and c e llo b io se  

and to  a sm aller ex ten t from g lucose, pyruvate , or m alate , but 

not from xylose or a rab inose . When the  sm aller organisms were 

e lim in a ted  by using lower c e n tr ifu g a l fo rc e , l a c t i c  ac id  was 

produced a t  pH 5.0  or 8 .0  but not a t pH 6 .9 .

The molar com position of sho rt chain  ac id s was about 6% 

a c e t ic ,  20% p ro p io n ic , and b u ty ric  in  a number of cows fed  

a c o n tro l r a t io n  of hay, s i la g e , and concen tra te  (Tyznik, 1951). 

The molar r a t io s  of a c e ta te  and propionate were u su a lly  reversed  

2 to  3 weeks a f te r  r e s t r ic t in g  roughage and l ib e r a l ly  feeding 

co n cen tra te  or f in e ly  ground hay. I t  was hypothesized th a t  the  

p roduction  of a c e ta te  was suppressed in  favor of p ropionate 

p roduction .

Card and S chultz  (1953) s tud ied  p roduction  of v o la t i le  

f a t t y  ac id s  in  28 cows on w idely d if f e re n t  ra t io n s  and found 

a s ig n if ic a n t  d iffe re n c e  in  the molar percentage of each acid  

due to  r a t io n .  The molar % com position of the  t o t a l  v o la t i le  

f a t t y  ac id s  fo r  a c e t ic ,  p ro p io n ic , and b u ty ric  ac id s  re sp e c ­

t iv e ly  were as fo llo w s: mixed hay - 60 .0 , 21 .0 , 19 .0 ; hay

p lu s  g ra in  -  57 .7 , 18 .8 , 23 .5 ; p astu re  -  55 .6 , 17 .9 , 26 .5 ; 

p a s tu re  p lu s  g ra in  -  53 .0 , 20 .3 , 26.7 and; g ra in  alone -  M-7.3, 

23 .2 , 29 .5 . Roughage from a l a t e r  date  of c u ttin g  tended to  

in c re a se  th e  p ro p o rtio n  of a c e tic  and decrease the p ro p o rtio n
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of b u ty r ic  ac id  which could be explained by decreased p ro te in  

(E l-S haz ly , 1952). The t o t a l  v o la t i le  acid  co n cen tra tio n  was 

h ig h est on the  a l l  concen tra te  r a t io n  and low est on the  pas­

tu re .  S chu ltz  (1951*) found the  t o t a l  v o la t i le  ac id  concen tra­

t io n  in  8 bovine rumens was depressed about 25# by a 16 hour 

f a s t  and the  r e la t iv e  p ropo rtion  of propionic ac id  was a lso  

depressed . This i s  in  agreement w ith  the  da ta  of Robertson 

and Thin (1953).

Johns (1953) found th a t  glucose in  the  rumen of sheep 

q u a n ti ta t iv e ly  y ie ld ed  a m ixture of a c e t ic ,  p ropionic and 

b u ty ric  ac id s  w ith in  an hour. Both jln v i t r o  and %n v iv o , 

a c e ta te  production  was much g re a te r  than  p ropionate  or b u ty r- 

a te  p roduction . Under th e  same co n d itio n s , g ly ce ro l was 

a ttack ed  more slowly y ie ld in g  almost e n t i r e ly  p rop ion ic  ac id . 

According to  S i jp e s te i jn  and Elsden (1952), succ in a te  a lso  

q u a n ti ta t iv e ly  y ie ld s  p rop ionate  in  th e  rumen.

The products of in  v i t r o  f erm entation  rep o rted  by Me 

Naught (1951) were d i f f e r e n t  fo r  rumen m icrobiota from cows 

on p as tu re  than  fo r  m icrobiota from hay and g ra in  fed  cows.

The p roducts a lso  v a rie d  w ith  su b s tra te . P astu re  m icrobio ta 

ac tin g  on m altose or arab inose produced ac id s w ith  a molar 

com position pf about *+6# a c e ta te ,  H6# p rop ionate , and 8# 

b u ty ra te  w hile th e  hay-concen tra te  m icrobio ta produced a 

corresponding com position of 53# > 32#, and 15#. Xylose 

y ie ld ed  more t o t a l  ac id  than  m altose, but the  com position 

was th e  same. A carbon balance study showed th a t  2U to  25#
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of the  m altose, a rab in o se , or xylose carbon was converted to  

v o la t i l e  a c id . L ac tic  ac id  accounted fo r  6 to  10$ of the  

m altose carbon w hile only a tra c e  or no l a c t i c  ac id  was pro­

duced from arab inose or xy lose . This was confirmed by Heald

( 1952) ,  except fo r  la rg e r  p ropo rtions of a c e ta te  from xy lose , 

and extended to  glucuronolactone w ith  s im ila r  r e s u l t s .  Heald

(1953) estim ated  th a t  pentosans form 20 to  25$ of the  dry 

m atter in  common rum inant r a t io n s .

Suspensions of rumen b a c te r ia  prepared by Doetsch e t  a l .  

(1953) ferm ented c e llo b io se  or pyruvate y ie ld in g  a m ixture of 

ac id s  w ith  a molar com position of about 6k% a c e t ic ,  21$ p ro p i­

onic and 15$ higher a c id s ; glucose and m altose y ie ld in g  36$ 

a c e t ic ,  *+0$ propionic  and 2*+$ higher ac id s ; xylose y ie ld ed

ko% a c e t ic ,  30$ prop ion ic  and 30$ higher ac ids and succ ina te

y ie ld ed  only propionic ac id . L ac ta te  and o x a lac e ta te  were 

a ttack ed  slowly w ith  only a tra c e  of ac id  p roduction . P rop i­

onate y ie lded  a tra c e  of a c e ta te ;  a c e ta te  was not a ttack ed ; 

b u ty ra te  was converted q u a n ti ta t iv e ly  to  a c e ta te . B eta-hydro- 

xybu ty ra te  y ie ld ed  some a c e ta te  w hile m alate was converted to  

a c e ta te  and p rop ionate . Many of these  r e s u l t s  were confirmed

by S iro tn ak  et. a l .  (195^) and were extended, using the  same

techn ique , to  a lan in e  which was not a ttack ed , fum arate which 

was d is s im ila te d  w ithout ac id  p roduction , and to  L -a sp a rta te  

which appeared to  be deaminized to  succ ina te  and then  decar- 

boxylated  to  p rop ionate .
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Gray and P ilg rim  (1952b) examined the  f a t t y  ac id s p ro­

duced in  v i t r o  from the  c e llu lo s e  and hem i-ce llu lo se  of 

wheaten hay and found approxim ately equal p a r ts  of a c e tic  and 

p rop ion ic  ac id s and a sm all amount of b u ty ric  ac id  produced 

from e i th e r  or both  substances. B utyric  ac id  seemed to  come 

only from p ro te in  sources which a lso  y ie ld ed  ra th e r  la rg e  

amounts of a c e tic  ac id . This p a tte rn  i s  found again  in  the 

work of Belasco (195*0 where only a c e ta te  and p ropionate  w ith  

a tra c e  of b u ty ra te  were formed by the ac tio n  of rumen micro­

b io ta  in  v i t r o  on c e llu lo se  and s ta rc h . P ro te in  n itro g en  was 

rep laced  by n on -p ro te in  n itro g en  in  th i s  work and as the  con­

c e n tra tio n  of the  l a t t e r  in c reased , more v a le r ic  and b u ty ric  

ac id s were formed.

Tyznik e t  a l .  (195*+) te s te d  the  e f fe c t  of various sub­

stances on sho rt chain  ac id  production  when rep lac in g  c e llu ­

lo se  on an equal carbon b a s is . M altose or s ta rc h  increased  

t o t a l  v o la t i l e  ac id  p roduction  w ith  a 100$ in c rease  in  the  

p ro p o rtio n  of b u ty ric  a c id . Glucose alone or w ith  c e llu lo se  

gave the  same p ro p o rtio n s of v o la t i l e  ac ids as c e llu lo s e  alone 

but s ig n i f ic a n t ly  increased  the  t o t a l  ac id  p roduction . L ac tic  

ac id  increased  the  p ro p o rtio n  of p ropionic  ac id  and increased  

t o t a l  ac id  production  but depressed c e llu lo se  fe rm en ta tion  

above th e  25$ carbon replacem ent le v e l .  Replacing 25$ of the  

carbon w ith  s ta rc h , l a c t i c  a c id , m altose, or sodium pyruvate 

y ie ld ed  varying amounts of v a le r ic  ac id  amounting to  from 1 

to  7.5$ of the t o t a l  v o la t i l e  ac id . A ddition of a c e t ic ,
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prop ion ic  and b u ty ric  ac id s  to  re p la ce  25$ of the  carbon had 

no e f f e c t  on t o t a l  v o la t i le  ac id  p roduction .

A bsorption and U ti l iz a t io n  of Short Chain Acids

The l i t e r a t u r e  dea ling  w ith abso rp tion  of v o la t i le  ac ids 

was reviewed by P h illip so n  (191+7) who, c i t in g  e a r l i e r  work 

done by h is  group, concludes th a t  more than  5 gm. of v o la t i le  

ac id  per hour a re  absorbed from the  bovine rumen. Pfander 

and P h illip so n  (1953) po in t out th a t ,  although numerous ex­

perim ents have been conducted on abso rp tion  r a te s  of sho rt 

chain  a c id s , none of them s u f f ic ie n t ly  sim ulate normal con­

d i t io n s  to  allow  deductions concerning q u a n ti t ie s  of these  

ac id s  norm ally absorbed.

McClymont (1951) rep o rted  a maximum a r t e r i a l  v o la t i le  

acid  le v e l  of 1 .2  to  2 .3  m illigram  e q u iv a le n ts / l i te r  2 to  5 

hours a f te r  feed ing . This dec lined  to  0 .3  to  0 .9  m illigram  

e q u iv a le n ts /  l i t e r  16 hours a f te r  feeding w ith  a molar com­

p o s it io n  of over 90$ a c e tic  ac id . S im ilar va lues were found 

by Reid (1950) in  sheep.

The p e r ip h e ra l blood and venous blood d ra in ing  the  rumen 

in  lb  sheep on p as tu re  was examined by K iddle ejt a l .  (1951). 

P e rip h e ra l blood contained O.H to  1 .7  m illigram  eq u iv a len ts  

v o la t i l e  a c id /  l i t e r  c o n s is tin g  la rg e ly  of a c e tic  w hile venous 

blood d ra in in g  the  rumen contained 1 .7  to  8 .6  m illigram  equiv­

a le n ts  v o la t i le  a c id / l i t e r  w ith  a molar com position of 57 to  

95$ a c e t ic ,  10 to  33$ propionic and 3 to  16$ b u ty ric  a c id .
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C raine and Hansen (1952) obtained s im ila r  values in  venous 

blood d ra in in g  the  rumens of ad u lt goa ts . Even a f te r  co rrec ­

t io n  fo r  the  a c e tic  ac id  in  p e r ip h e ra l blood, the  p ro p o rtio n  

of a c e tic  ac id  in  blood d ra in ing  the  rumen was always higher 

than  in  rumen in g e s ta . Lymph c o lle c te d  from the th o rac ic  

duct in  H animals contained the same concen tra tion  of v o la t i le  

ac id s as a r t e r i a l  blood. However, when Masson and P h illip so n

(1951) continued th i s  work by measuring the disappearance of 

in d iv id u a l ac id s  from em ptied, washed rumens l ig a te d  a t  the 

oesophagus and omasal-abomasal o r i f i c e ,  they found th a t  a l l  

ac id s  d isappeared  a t  about the same r a te .  The rumen tended 

to  b u ffe r  a t  pH 7 .5  to  7 .8  by in f lu x  of ch lo rid e s  and CO2 

from blood. A dm in istra tion  of b u ty ra te  and p ropionate to  

normal anim als had l i t t l e  e f fe c t  on the a r t e r i a l  v o la t i le  

ac id  co n cen tra tio n  w hile a c e ta te  caused a th re e -fo ld  in c re a se .

These anomalous r e s u l t s  were p a r t i a l ly  c la r i f ie d  when 

Pennington (1952, 195*+) found rumen ep ithelium  m etabolizing 

b u ty ra te  much more re a d i ly  than  propionate or a c e ta te . Ketones 

were produced from b u ty ra te  and a c e ta te , but not p rop ionate . 

P ropionate  metabolism was increased  by in creasin g  C02-te n s io n  

up to  20$. Malonate in h ib ite d  u t i l i z a t io n  of each ac id  and 

caused p roduction  of succ in a te  from p rop ionate . The ammonium 

ion  depressed  metabolism of p rop ionate , but not b u ty ra te , 

p o ss ib ly  by blocking the  tr ic a rb o x y lic  ac id  cyc le . '  This 

d ep ressio n  occurred a t  ammonium le v e ls  which o ften  occur in  

the rumen a f te r  feed ing . Robertson and Thin (1953) confirmed 
the  ex tra -ru m in a l n a tu re  of ketone body production .
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Scharabye (1951) conducted s im ila r  s tu d ie s  using ra tio n s  

of chopped or unchopped hay, crushed o a ts , and lin se e d  meal.

The prefeed ing  v o la t i le  acid  co n cen tra tio n  in  p o r ta l  blood 

was double th a t  of a r t e r i a l  blood. A fter feed ing , the  p o r ta l  

le v e l  ro se  about 50# p a ra lle lin g  the  increased  concen tra tion  

of v o la t i l e  ac ids in  the  rumen w hile the  a r t e r i a l  le v e l  ro se  

only s l ig h t ly .  In je c tio n  of a c e tic  ac id  in to  the rumen in ­

creased  th e  co n cen tra tio n  in  p o r ta l  blood but not in  venous 

blood d ra in in g  the  l i v e r .  Thus, the  v o la t i le  ac ids were 

la rg e ly  removed from p o r ta l  blood by the  l iv e r .  The p o r ta l  

glycemia showed l i t t l e  change a f te r  feeding and the  p o r ta l -  

a r t e r i a l  d iffe re n c e s  were nearly  zero . Oral ad m in is tra tio n  

of 1 to  2 gm. of g lucose/k ilogram  body weight re su lte d  in  a 

sm all and t r a n s i to ry  hyperglycem ia. The very la rg e  molar 

r a t i o  of absorbed v o la t i le  acid  to  absorbed glucose leaves 

l i t t l e  doubt th a t  v o la t i le  acids c o n s t i tu te  the  g re a te r  source 

of c a lo r ie s  passing from the d ig e s tiv e  t r a c t  to  the l iv e r .  

Moreover, glucose i s  absorbed more ra p id ly  from the abomasum 

of sheep than  from the  abomasum of non-ruminants (Reid; 1950, 

1952). W eller and Gray (195*0 observed only a 10 -fo ld  in crease  

in  s ta rc h  passage through the  abomasum when s ta rc h  in g e s tio n  

was increased  100-fo ld . The s ta rc h  was not a ttacked  in  the  

abomasum.

Johnson (1951) in fused  n e u tra liz e d  v o la t i le  acid  m ixtures 

in to  the  rumens of fa s te d  goats to  dem onstrate the  r a te s  of 

ab so rp tio n  w ithout exceeding p h y sio lo g ica l co n cen tra tio n s .
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He concluded th a t  when rumen v o la t i le  ac id  an a ly s is  shows 65 

molar # a c e tic  a c id , 20# propionic ac id  and 15# b u ty ric  ac id , 

the  amounts a c tu a lly  absorbed are  probably about 60# , 20# and 

20# re s p e c tiv e ly . This was confirmed and extended by Pfander 

and P h illip so n  (1953) showing th a t  a c e tic  ac id  d isappears from 

the  rumen in  the  g re a te s t  q u an tity  due to  i t s  high concen tra­

t io n ,  but p rop ion ic  and p a r t ic u la r ly  b u ty ric  ac id s d isappear 

a t  f a s te r  r a te s  and c o n trib u te  equal or g re a te r  amounts of 

energy to  th e  rum inant. This agrees w ith  the conclusions of 

C a rro ll  and Hungate (195*0 , Gray e t  a l .  (1951b), Gray and 

P ilg rim  (1951, 1952a, 1952b), and McNaught (1951).

A rumen l iq u id  to n ic i ty  of 0.165 molar was rep o rted  by 

P a rth asa ra th y  and P h illip so n  (1953). A bsorption of ch lo rid e  

and a c e ta te  but not sodium and potassium  was in h ib ite d  by

0.002 molar m ercuric c h lo r id e . A cetate was absorbed f a s te r  

a t  a lower pH (confirm ing r e s u l t s  of D a n ie ll i  et, a l . , 19*+5) 

but could not be absorbed ag a in st a con cen tra tio n  g ra d ie n t.

An a rte rio -v en o u s  d iffe re n c e  in  sheep head t is s u e  of 2 

to  3 m illigram  % fo r  a c e ta te  compared to  le s s  than  2 m illigram  

% fo r  glucose was rep o rted  by Reid (1950) who concluded th a t 

a c e ta te  might be u t i l i z e d  in  p reference to  glucose by ruminant 

t i s s u e .  J a r r e t t  and P o tte r  (1950) showed th a t  27 to  b0% of 

the  a c e ta te  in je c te d  in trav en o u sly  in to  p h lo riz in iz e d  sheep 

could give r i s e  to  sugar. This sugar was excreted  in  the 

u rin e  s ince p h lo r iz in  blocked re so rp tio n . Formation of ketones 

was a lso  ex tensive  under these  co n d itio n s . J a r r e t t  e t  a l .
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(1952), fo llow ing the tim e-co n cen tra tio n  curves fo r  blood 

v o la t i l e  ac id s  in je c te d  in trav en o u sly , found propionate d i s ­

appearing more ra p id ly  than  a c e ta te  or b u ty ra te . A cetate 

caused no s ig n if ic a n t  glycemia w hile p rop ionate  was markedly 

g lucogen ic. A cetate and b u ty ra te  alone were markedly k e to - 

g en ic , but sim ultaneous in je c t io n  of p ropionate prevented 

th e i r  k e to n ic  e f f e c t .  >r

Pennington (1952, 195^) found th a t  ruminant l iv e r  and 

kidney in  v i t r o  could u t i l i z e  a c e ta te  and b u ty ra te  and to  a 

le s s e r  e x te n t, p rop ionate . Kidney was p a r t ic u la r ly  a c tiv e  

w hile h e a rt muscle weakly u t i l i z e d  a c e ta te  and b u ty ra te , but 

not p rop ionate .

Less than  %  of the  in je c te d  a c e ta te  (500 m illig ram s/ 

kilogram  body w eight) appeared in  the  u rin e  of 16 normal ewes 

s tu d ied  by Pugh and S c a risb r ic k  (1952). The h a lf- tim e  fo r  

d isappearance of blood a c e ta te  in  normal sheep was 25 m inutes 

versus 60 m inutes in  k e to n ic  sheep. A llen et, a l .  (1955) po in t 

out th a t  both h ep a tic  and e x tra -h e p a tic  c e l l s ,  inc lud ing  even 

b ra in , can ox id ize  both sugars and f a t t y  ac id s . They demon­

s tra te d  a b asa l f a t t y  ac id  catabolism  occurring  g en e ra lly  in  

t i s s u e s  which was not suppressed even by abundant presence of 

carbohydrate . B entley e t  a l .  (195*+a) found 1 pound of l a c t i c ,  

a c e t ic ,  or p ropionic  ac id  equ iva len t e n e rg e tic a lly  to  2 .75 , 

1 .6 , or 1.*+ pounds of corn when fed  to  sheep.

In d ire c t  evidence fo r  the  e s s e n t ia l i ty  of a c e ta te  in  

form ation  of milk f a t  s ta r te d  accum ulating when Powell (19^1)
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found th a t  a r a t io n  of severe ly  r e s t r i c te d  or very  f in e ly  

ground roughage depressed the  f a t  content of m ilk. F urther 

study of t h i s  phenomenon by A llen and co-workers was reviewed 

by Tyznik (1951). The depressed f a t  content caused by r e ­

s t r i c t e d  roughage-high co ncen tra te  r a t io n s  or by f in e ly  ground 

roughage could be reversed  by o ra l  ad m in is tra tio n  of sodium 

a c e ta te .  Although Tyznik (1951) found a lowered rumen concen­

t r a t io n  of a c e tic  ac id  on th ese  r a t io n s ,  both the  rumen f e r ­

m entation and th e  b u t te r f a t  t e s t  of most cows spontaneously 

re v e r te d  to  normal w ith in  a few weeks.

Balch e t  a l .  (1952a, 195^a, 195^b) stud ied  the  depression  

of the f a t  conten t of milk a sso c ia ted  w ith  changing cows from 

dry feed to  p a s tu re . They considered th i s  an e f fe c t  of the  lack  

of coarse  m a te ria l in  young p as tu re . According to  th ese  work­

e r s ,  the so lid s  not f a t  content i s  not a ffe c te d  by a r e s t r ic te d  

roughage r a t io n .  High concen tra te  r a t io n s  depressed the  f a t  

con ten t re g a rd le s s  of th e i r  p ro te in  con ten t; however, th e  

e f f e c t  became le s s  severe l a t e r  in  la c ta t io n .  Hay consumption 

had to  be le s s  than  12 pounds per day per cow to  produce the  

e f f e c t ,  but dep ression  was not fu rth e re d  by decreasing  hay 

in g e s tio n  below 8 pounds.

Milk f a t  p roduction  was stim u la ted  3.2$ in  cows fed  350 

gm. of a c e ta te  d a ily  by Z e lte r  (1952). Pyruvate feed ing  a lso  

caused some s tim u la tio n  over the  c o n tro ls  w hile no s ig n if ic a n t  

in c re a se  in  production  could be a t t r ib u te d  to  b u ty ra te . Van 

Soest e t  a l .  (195*+) confirmed th ese  r e s u l t s  using cows whose
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milk f a t  p roduction  had been depressed by a r e s t r ic te d  rough­

age-high co ncen tra te  r a t io n  and found th a t  the increased  pro­

d u c tio n  accounted fo r  a l l  o f the  carbon adm inistered as a c e ta te . 

However, M ille r and A llen (1955) could not f in d  s ig n if ic a n t  

d if fe re n c e s  in  e i th e r  the  f a t  t e s t  or the amount of milk 

sec re ted  between c o n tro l cows fed  hay p lu s  corn s ila g e  and 

16 pounds o f co ncen tra te  d a ily  and experim ental cows fed the  

same r a t io n  p lus one pound of sodium a c e ta te . The experiment 

could d e te c t d iffe re n c e s  of 0.1# in  f a t  t e s t  or 0 .8  pounds of 

m ilk /day .

This in d ire c t  evidence fo r  a c e ta te  u t i l i z a t io n  in  milk 

f a t  sy n th es is  i s  augmented by mammary gland s tu d ie s  reviewed 

by Popjak (1952). F o lley  and French (19^8) rep o rted  th a t 

rum inant l iv e r  s l ic e s  do not u t i l i z e  a c e ta te  b e t te r  than  r a t  

l iv e r  s l i c e s ,  but rum inant kidney and mammary t is s u e s  do have 

a g re a te r  a c e ta te  u t i l i z in g  a b i l i ty  than  equ iva len t non-rumi- 

nant t i s s u e s  and even show a g re a te r  u t i l i z a t io n  of a c e ta te  

than  g lucose . Ruminant mammary t is s u e  u t i l i z e s  a c e ta te  but 

no t glucose w ith  an R.Q. g re a te r  than  1. Non-ruminant mammary 

t i s s u e  uses only glucose w ith  an R.Q. g re a te r  than  1. When 

Popjak et, a l .  (1951a, 1951b) in je c te d  la c ta t in g  goats w ith  

ca rb o x y -G ^ -a c e ta te , th e  maximum sp e c if ic  a c t iv i ty  of the  

plasma f a t  ac id  occurred in  2*+ hours whereas s p e c if ic  a c t iv i ty  

of milk f a t  was maximum in  3 to  k hours and was se v e ra l tim es 

g re a te r  than  the  plasma f a t  maximum. During the  f i r s t  12 hours 

a f te r  in je c t io n ,  a c t iv i ty  of the  8 to  12 carbon ac ids in  milk
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exceeded th a t  fo r  the  1*+ to  16 carbon ac id s . H alf-tim e fo r  

th e  d isappearance of blood a c e ta te  was 50 minutes versus H 

hours fo r  the  v o la t i l e  ac ids of m ilk. Only the  odd-numbered 

carbons of a c e ta te ,  b u ty ra te , and caproate  were a c tiv e  and 

the  carboxyl-carbon of caproate was more a c tiv e  than carbons 

3 or 5. About bo# o f the  milk b u ty ra te  came from a c e ta te  v ia  

b e ta  condensation and 60# from some n on -iso top ic  ^-carbon 

compound. Higher ac id s were formed ex c lu siv e ly  by a stepw ise 

condensation  of a c e ta te  w ith  cap roa te . F if ty  percent of the 

non-ox id ized , lab e led  a c e ta te  was used fo r  milk f a t  sy n th es is .

Cowie et, a l .  (1951b) c irc u la te d  a c e ta te  through an is o ­

la te d  bovine udder and recovered bo% of i t  in  the  milk f a t  

along w ith  tra c e s  in  milk c h o le s te ro l and la c to s e . Since 

b u ty ric  ac id  s p e c if ic  a c t iv i ty  corresponded w ith  th a t  of the 

o ther a c id s , the  U-carbon p recurso r of milk b u ty ra te  noted 

above came from blood. Carbon dioxide in co rp o ra tio n  in to  milk 

f a t  and la c to se  was n e g lig ib le . Shaw and P etersen  (19*+ 3) 

showed th a t  the  bovine mammary gland re a d ily  u t i l i z e s  b e ta -  

hydroxybutyric ac id  and Kumar and Lakshmanan (195*0 showed 

th a t  th i s  ac id  i s  probably the H-carbon precurso r of milk 

b u ty ra te  hypothesized by Popjak (1952).

Glucose was more e f fe c tiv e  than a c e ta te  as a p recu rso r 

fo r  milk f a t  in  the  ra b b it  mammary te s te d  by Popjak e t  a l .  

(1953) but the  sy n th es is  was s t i l l  v ia  pyruvate and some 2- 

carbon u n i t .  G lycerol was a lso  formed much more slowly from 

a c e ta te  than  g lucose.
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McClymont (1951) found *+0 to  80$ of the a c e ta te  removed 

from blood c irc u la tin g  through the  in ta c t ,  la c ta t in g  bovine 

mammary. A r te r ia l  a c e ta te  le v e ls  were not a ffe c te d  by the 

high c o n c e n tra te - re s tr ic te d  roughage r a t io n  although the  milk 

f a t  t e s t  was depressed . H yperinsulinism  or delayed m ilking 

a lso  f a i l e d  to  a f fe c t  a c e ta te  u t i l i z a t io n .  A high c o r re la t io n  

was found between CC>2 p roduction  and a c e ta te  u t i l i z a t io n  by 

the  mammary t i s s u e  even when excess a c e ta te  was adm inistered .

I t  was concluded th a t  the v o la t i le  ac id  of milk i s  independent 

of blood v o la t i le  f a t t y  ac id  and th a t a c e ta te  i s  used in  the 

mammary gland fo r  e i th e r  sy n th es is  or u se fu l ox id a tiv e  meta­

bolism .

Bryant and Doetsch (195l+> 1955) and B entley e t  a l .  (195*+b) 

have found th a t  a m ixture of the  branched-chain v o la t i le  ac ids 

and s tra ig h t-c h a in  5 to  8 carbon ac ids norm ally p resen t in  the  

rumen i s  re q u ired  fo r  growth of some rumen microorganisms and 

fo r  optimum c e llu lo se  d ig e s tio n  and n itro g en  u t i l i z a t io n .

Rumen S ynthesis of Carbohydrate

S everal rumen microorganisms, examined by Baker (19*+2), 

syn thesized  iod ine s ta in in g  po lysaccharide . These organisms 

were not su b jec t to  p ep tic  or t ry p t ic  d ig e s tio n , but were 

d ig es ted  in  la rg e  q u a n ti t ie s  by the c i l i a t e  pro tozoa. Baker 

and H a rriss  (19*47) reviewed the sub jec t of sy n th es is  by rumen 

m icrob io ta . A rumen protozoan, cu ltu red  by Hungate (19*+3), 

produced a re se rv e  iod ine  s ta in in g  polysaccharide 2 to  7 hours
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a f te r  exposure to  c e l lu lo s e .  The p olysaccharid e disappeared  

w ith in  12 hours a f te r  removing the c e l lu lo s e .  Van der Wath 

(19*+8) confirm ed the a b i l i t y  o f rumen m icrobiota  to  sy n th es ize  

io d o p h il ic  p o lysacch arid e from sta rch .

Heald (1951) prepared r e la t iv e ly  pure b atches o f rumen 

m icroorganism s from hay fed  sheep and found th a t th ey  contained  

*+ to  % g lu co se -y ie ld in g -ca rb o h y d ra te  on the dry b a s is .  A 

maximum of 5 gm. o f  g lu cose  per day passed from the abomasum 

o f hay fed  sheep assuming th a t a l l  abomasal passage was rumen 

in g e s ta . Masson and P h ill ip s o n  (1952) showed th a t tw o -th ird s  

o f t h i s  m a ter ia l was g a s tr ic  ju ic e  which would r e v is e  the  

estim a te  to  about 2 gm. This amounts to  a n e g l ig ib le  p ortion  

o f th e t o t a l  feed  energy.

W eller and Gray (195*0 used the l ig n in  r a t io  technique 

w ith  rumen and abomasal f i s tu la e  to  show th a t  s ta rc h  was 

la rg e ly  destroyed in  the  omasum along w ith  the protozoa.

S tarch  passing  through the  abomasum increased  from 1 gm. per 

day when 3 gm. were fed  to  only 8 gm. when 1^8 gm. were fed . 

D es tru c tio n  of s ta rc h  in  the  rumen and omasum was almost com­

p le te .  Heald (1951) found the ferm entab le , g lucose-con tain ing  

carbohydrate conten t of the rumen m icrobiota increased  from a 

p refeed ing  le v e l  of 2 to  7% to  7 to  21$ of the  dry m atter 2 

hours a f te r  feed ing . This re tu rned  to  the  p refeeding  le v e l  

w ith in  6 to  8 hours. C en trifu g a tio n  showed th a t  th i s  sy n th esis  

was la rg e ly  a fu n c tio n  of the in term ed ia te  and la rg e  sized  

organism s.
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H o lo tr ich  c i l i a t e s  from the rumen o f hay fed  sheep d ep o sit  

a p o ly sa cch a r id e  which Oxford (1951) and Masson and Oxford 

(1951) found to  be sta rc h . This s ta r c h , which could be pre­

pared w ith  a 1$ y ie ld  from the dry m atter o f s tra in ed  rumen 

l iq u id  from sheep grazed on s ta r c h -fr e e  spring g r a ss , was 

sy n th es ized  in  v i t r o  from g lu c o se , fr u c to s e , su cro se , in u lin  

and b a c te r ia l  levan  w ith  15 to  21$ y ie ld s  and from c e l lo b io s e  

w ith  a 6% y ie ld ,  but not from m altose .

McNaught (1951) recovered  15 to  39$ of th e carbon of  

m a lto se , a rab in ose , or x y lo se  as b a c te r ia l  po lysaccharide  

when th ey  were ferm ented in  v it r o  by rumen m icrob iota . Me 

Naught e t  a l .  (195M found p olysaccharid e accounting fo r  32$ 

o f the rumen b a c te r ia l  dry matter and 62$ o f  the p ro tozoa l 

dry m atter . Sugden (1953) found th a t c e r ta in  o l ig o tr ic h  pro­

tozoa  could  not form p o lysacch ar id es from sim ple sugars or 

c e l lu lo s e  when th e ir  sym biotic b a c te r ia  were e lim in a ted  by 

streptom ycin .

Robinson e t  a l .  (1955) concluded from th e ir  work w ith  

washed su sp en sion s o f  rumen m icrobiota  th a t p o lysacch arid e  

sy n th e s is  i s  probably a mechanism which en ab les the m icrobiota  

to  s to r e  a re serv e  energy supply. They f a i le d  to  o b ta in  t h i s  

s y n th e s is  w ith  m altose su b stra te  which confirm s the work o f  

Masson and Oxford (1951).
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Rumen Synthesis of p ro te in

The l i t e r a tu r e  concerning u rea  as a p ro te in  replacem ent 

fo r  rum inants has been reviewed by Reid (1953)• According to  

th i s  review , Zuntz recognized the value of urea as a p a r t i a l  

p ro te in  replacem ent fo r  rum inants in  1891. Hart e t a l .  (1939) 

confirmed the  value of simple n itrogenous compounds as p ro te in  

s u b s t i tu te s  fo r  rum inants and considered the rumen m icrobiota 

re sp o n sib le  fo r  th e i r  u t i l i z a t io n .  The l i t e r a tu r e  reviewed 

here p e r ta in s  to  the  ro le  of rumen m icrobiota in  th i s  p ro te in  

sy n th e s is .

Pearson and Smith (19*+3b) concluded th a t p ro te in  syn thesis  

during rumen fe rm en ta tion , in  vivo or in  v i t r o , i s  accompanied 

by p ro te in  catabolism  and e i th e r  process may predominate. . The 

amount of sy n th esis  during the f i r s t  two hours of incubation  

of cen trifu g ed  rumen l iq u id  w ith 0.3$ s ta rch  and urea added 

was eq u iv a len t to  8 m illigram s N/100 gm. rumen l iq u id  which 

would amount to  some ^50 gm. of p ro te in  in  the in ta c t  bovine 

rumen. S yn thesis  was stopped by le s s  than 0.1$ sodium f lu o r id e  

in d ic a tin g  i t s  m icrob ia l n a tu re . S tarch  had a r e la t iv e ly  high 

s tim u la to ry  e f f e c t  on sy n th es is  compared to  o ther compounds 

s tu d ied  w hile 1$ g e la t in  markedly in h ib ite d  sy n th es is . Amino 

ac id s  had r e la t iv e ly  l i t t l e  e f f e c t .  Burroughs e t  a l .  (1951) 

examined the  e f fe c t  of various p ro te in s  on urea u t i l i z a t io n  

during rumen fe rm en ta tion  in  v i t r o  and concluded th a t  the 

n itro g en  requirem ents of rumen m icrobiota are r e s t r ic te d  to

ammonia.
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About 5-0$ of the t o t a l  rumen n itro g en  i s  m icrobial accord­

ing to  Gray et, a l .  (1953). Moreover, the  r a t io  of t o t a l  n i t r o ­

gen to  l ig n in  i s  n ea rly  the  same in  the rumen as in  the fodder 

a t a l l  tim es a f te r  feeding so net lo ss  of n itro g en  from the 

rumen occurs only w ith  l ig n in  passage to  the lower alim entary  

t r a c t .  McDonald (195*0 pointed out th a t  the in sp lu b le  p ro te in , 

ze in , does not a l t e r  the ammonia concen tra tion  in  the  rumen 

w hile the  so lub le  p ro te in s , case in  and g e la t in , cause marked 

in c re a se s . When sheep were fed a p a r t i a l ly  p u rif ie d  ra tio n  

to  which ze in  co n trib u ted  9*+$ of the t o t a l  n itro g en , approxi­

m ately **0$ of the  ze in  was converted to  m icrobial p ro te in .

Using s te e r s  fed  n a tu ra l  and p u rif ie d  r a t io n s ,  Agrawala 

e t  a l . (1953) and Duncan et. a i .  (1953) stud ied  p ro te in  synthe­

s i s  by the  rumen passage technique of Hale et. a l .  (19*+0, 19*+7). 

Minimum values fo r  p ro te in  syn thesis  varied  from 33 to  109 gm. 

w hile considerab le  amino ac id  sy n th esis  was dem onstrated on 

the  r a t io n  con tain ing  only non-pro te in  n itro g en . Smith (1953) 

confirmed the  sy n th es is  of ly s in e  u t i l i z in g  the same technique 

w ith  n a tu ra l  r a t io n s ,  but could not demonstrate an accumulation 

of m ethionine in  the  rumen.

McNaught (1951) found th a t cooked s ta rc h  provided a b e tte r  

source of energy fo r  p ro te in  syn thesis  than raw s ta rc h ; a ra b i-  

nose, x y lo se , f ru c to se , and ce llo b io se  were p a r t ic u la r ly  good 

energy sources w ith  m altose and glucose ranking as in te rm ed ia te ; 

g lu cu ro n ic , a c e t ic ,  p ro p io n ic , b u ty r ic , c i t r i c ,  m alic, t a r t a r i c ,  

fum aric , su c c in ic , l a c t i c ,  and beta-hydroxybutyric ac ids and
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mannose or sorbose were e i th e r  poor or in e f fe c tiv e  sources. 

B a c te r ia l  p ro te in  accounted fo r  7 to  18# of the carbon of 

m altose, a rab inose , or xylose fermented in  v i t ro  by rumen 

m icrob io ta . A rias et, aji. (1951) noted th a t  small amounts of 

so lub le  carbohydrates (0 .1  to  0 .2  gm./lOO ml. volume in  the 

fe rm en ta tio n  f la s k )  aided ce llu lo se  d ig e s tio n  which in  tu rn  

y ie ld ed  energy fo r  p ro te in  sy n th es is . Salsbury (1955) con­

firm ed th i s  s tim u la to ry  e f fe c t  of 0 .1  to  1% so luble  carbohy­

d ra te s .

A low r a te  of sugar and c e llu lo se  ferm entation  by rum inal 

co n ten ts  from sheep fa s te d  ^8 hours was repo rted  by Quin e t  a l .  

(1951)* The ferm en ta tion  a b i l i ty  re v e rted  to  normal f a s te r  

w ith  a low p ro te in  r a t io n  than w ith  a high p ro te in  ra tio n .

B e ll jgt, a l .  (1953) s tud ied  re te n tio n  of urea n itro g en  by 

s te e r s  fed  d if fe re n t  carbohydrates concluding th a t  urea n i t r o ­

gen was u t i l i z e d  w ith  equal e f f ic ie n c y  in  ra tio n s  of d if fe re n t  

c e re a l g ra in s  but w ith  le s s  e f f ic ie n c y  in  molasses containing 

r a t io n s .

W alter (1952) s tud ied  the e f fe c t  of a number of carbohy­

d ra te s  on the magnitude of rumen ferm entation  in  v i t r o  and 

found th a t  a c t iv i ty  w ith  sucrose su b s tra te  exceeded s l ig h t ly  

th a t  w ith  glucose which was sev e ra l times g re a te r than  a c t iv i ty  

w ith  x y lo se , hem icellu lo se , and s ta rc h  su b s tra te s . When barley  

supplemented the a l f a l f a  r a t io n  of the ovine source of rumen 

m icro b io ta , fe rm en ta tion  on a l l  su b s tra te s  was in te n s if ie d . 

According to  Reid (1953), e f f ic ie n t  p ro te in  syn th esis  from
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n o n -p ro te in  n itro g en  depends upbn an optim al balance between 

ammonia l ib e ra t io n  and carbohydrate ferm en tation .

Reed e t  a l .  (19*+9) found th a t the d ig e s t ib i l i t y  and b io ­

lo g ic a l  value of rumen b a c te r ia l  p ro te in  fo r r a t s  are  62 to  

65$ and 79 to  80$ compared to  101$ and 80$ fo r  case in . Crude 

p ro te in  c o n s ti tu te d  ^8 to  51$ of the dry m atter of the b ac te ­

r i a l  p re p a ra tio n . McNaught (195*0 confirmed these values and 

found a d ig e s t i b i l i t y  of 91$ fo r the  p ro te in  of rumen protozoa.

The amino acid  composition of rumen b a c te r ia l  p ro te in , 

s tu d ied  by Holmes e t  a l .  (1953), v a r ie s  l i t t l e  i f  any w ith  the 

change from dry feed to  p as tu re . The amino acid  composition 

of rumen b a c te r ia l  p ro te in  i s  s im ila r  to  recorded values fo r  

a number of microorganisms excepting fo r  a somewhat higher 

con ten t of a rg in in e , h is t id in e ,  tryptophane and glutamic acid 

and lower content of iso le u c in e . The content of leu c in e , 

th reo n in e , phenylalanine and p a r t ic u la r ly  methionine and 

iso le u c in e  was sub-optim al fo r  maximum n u tr i t io n a l  value as 

a lso  noted by Reed et. a l .  (19*+9). Duncan e t  a l .  (1953) con­

firm ed the  low m ethionine content of rumen b a c te r ia l  p ro te in  

but found somewhat h igher p roportions of iso le u c in e , leu c in e , 

phenylalanine and th reon ine w ith  lower p roportions of a rg in in e , 

h is t id in e  and tryptophane. The methionine content of rumen 

dry m atter was very low as repo rted  by Chance et. a l .  (1953b)

and Smith (1953).
In v e s tig a tio n s  of the  su lfu r  amino acid requirem ents of 

rum inants began when Huffman and Duncan (19*+0) fa i le d  to
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legume hay r a t io n .  However, Smuts e t  a l .  (19*+1) found th a t 

supplem entation of a l f a l f a  w ith  cy stin e  increased  re te n tio n  

of the  a l f a l f a  n itro g en  in  lambs. A lfa lfa  con tains 0.3$ 

s u lfu r  according to  Davis g t  a^. (195*+) and Lewis (195*0 

c i te s  v a lues fo r  s u lfa te - s u lfu r  in  fo rages ranging from 0.3  

to  1.0$ of the  dry m atte r. A ll of these  are  high values com­

pared to  o ther feed s. L oosli and H arris  (19*+5), Jones and 

Haag (19*+6), S ta rk s  e t  a l .  (195*0 and Noble e t  a l .  (1955) 

have dem onstrated increased  n itro g en  re te n tio n  and/or growth 

or production  when su lfu r  supplemented b asa l ra tio n s  con ta in ­

ing e i th e r  le s s  than  0.1$ or u n spec ified  amounts of t o t a l  

s u lfu r .  Methionine su lfu r  i s  s l ig h t ly  more valuab le than 

inorgan ic  su lfu r  according to  Loosli and H arris  (19*+5). U t i l ­

iz a t io n  of f i e ld  pea or a l f a l f a  p ro te in  by sheep was stim ulated  

by m ethionine supplem entation as rep o rted  by Klosterman e t  a l . 

(195*0 who noted th a t  the  p ro te in s  of these  feeds are  d e f ic ie n t 

in  m ethionine. Hunt e t  a l .  (195*0 rep o rted  a g re a te r in  v i t r o  

a c t iv i ty  of rumen m icrobio ta when methionine or sodium s u lfa te  

supplied  th e i r  su lfu r  than when cy stin e  or elem ental su lfu r 

served t h i s  fu n c tio n .

Block and S tekol (1950), Block e t  a l .  (1951), and Block

(1953) dem onstrated conversion of ingested  ra d io a c tiv e , in o r­

ganic s u lf a te  to  cy s tin e  and methionine in  the rumen. The 

milk p ro te in , which a lso  contained ra d io a c tiv e  cy stin e  and 

m ethionine, a tta in e d  a maximum a c t iv i ty  in  2 to  3 days. The
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r a t i o s  of c y s tin e  nitrogen-m ethionine n itro g en  in  rumen micro­

b io ta ,  serum albumin, and milk p ro te in  were about l s l ,  6:1 and 

1 :5  re sp e c tiv e ly  and, the  r a t io s  of cy s tin e  ac tiv ity :m e th io n in e  

a c t iv i ty  follow ed the  same p a tte rn . Methionine and cystin e  

v e re  apparen tly  formed in  equal amounts in  the rumen. Since 

Lewis (195*0 found th a t  s u lfa te  d isappears from the rumen w ith  

a h a lf- tim e  of le s s  than  2 hours accompanied by a sim ultaneous 

in c re a se  in  rumen s u lf id e ,  s u lfa te  u t i l i z a t io n  must proceed 

la rg e ly  v ia  s u lf id e .  Rumen raicrobiota degrades cyste ine  to  

ammonia, s u lf id e ,  C02 , and a c e tic  acid  according to  S iro tnak  

e t  a l .  (1953) and Lewis (195*0.

Rumen s u lf a te  and su lf id e  concen tra tions are  normally 

about 0 .15  and 0 .08 m illigram  equ ivalen ts/100  ml. as repo rted  

by P a te l  (1952) and Lewis (195*+). Weir and Rendig (195*+) 

re p o r t  serum inorgan ic  su lfu r  values of 0.02 m illigram  $ in ­

c reas in g  to  k m illigram  % as su lfu r  in g es tio n  was increased .

About 70$ of th e  in o rg an ic , ra d io a c tiv e  s u lfa te  fed  w ith  

s ila g e  to  cows by Keener e t  a l .  (1953) was recovered in  the 

u rin e  along w ith  1 to  2$ in  the milk and the  remainder in  the 

fe c e s . Kulwich e t  a l .  (195*0 obtained a s im ila r  s u lfa te  p a r­

t i t i o n  in  sheep fed soybean meal, but when urea provided the 

d ie ta ry  n itro g e n , only h a lf  of the  a c t iv i ty  appeared in  u rine  

in d ic a tin g  increased  in co rp o ra tio n  by rumen m icrobio ta.

The review s by B ersin  (1950) and Fromageot (1953) re v e a l 

the  c e n tr a l  ro le  of s u lfu r  and su lfu r  amino ac ids in  metabolism. 

This i s  p a r t ic u la r ly  tru e  fo r  c y s te in s u lf in ic  acid  which appears
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to  be a key in te rm ed ia te  among sev e ra l m etabolic ac ids and 

amino a c id s . These amino ac ids include hypotaurine and tau rin e  

which are  u rin a ry  ex c re tio n  products and are  a lso  synthesized  

by the chick embryo (Chatagner e t a l . , 1955; Lowe and R oberts, 

1955; Macklin e t  a l . , 1955). Their c h a ra c te r is t ic s  are  s im ila r 

to  the u n id e n tif ie d  compounds synthesized  by b a c te r ia  noted by 

Cowie e t  a l .  (1950, 1951a). Block e t a l .  (1952) d iscuss the 

ro le  of g lu ta th io n e  in  t r a n s fe r  of amino acids to  p ro te in .

Horowitz (19^7) is o la te d  cy sta th io n in e  and showed th a t 

Neurospora syn thesizes  methionine from inorganic su lfu r  v ia  

cy ste ine , c y s ta th io n in e , and homocysteine consecu tive ly . Cowie 

e t  a l .  (1950, 1951a, 1952), Bolton e t  a l .  (1952), W ijesundra 

and Woods (1953)? and the work of o th e rs  reviewed by them 

showed th a t  the  same genera l mechanism ap p lie s  in  o ther micro­

organism s. Hess (1952), A rnstein  (1953) and th e i r  l i t e r a tu r e  

review s show e s s e n t ia l ly  the  same mechanism in  r a t  t is s u e  only 

rev e rsed ; th a t  i s ,  methionine goes to  homocysteine to  cy s ta ­

th io n in e .

To whatever ex ten t E scherich ia  c o ll  metabolism p a r a l le ls  

th a t  o f rumen m icrob io ta , the follow ing fa c ts  found by Cowie 

e t  a l .  (1950, 1951a, 1952, 19 5*0, and Bolton e t  a l .  (1952) 

apply to  th i s  problem: Inorganic s u lfa te  of media and c e l ls

i s  in  in stan taneous equ ilib rium  while the o rgan ic , cell-bound 

s u lfu r  amounts to  3 .5  m illigram s S/ml. cen trifuged  c e l ls  and 

i s  s ta b le ;  ino rgan ic  s u lfa te  i s  not bound by non-growing c e l ls  

and su lfu r  in co rp o ra tio n  by growing c e l ls  i s  d i r e c t ly  c o rre la te d
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w ith  p ro te in  sy n th es is  provided adequate su lfu r  i s  p re sen t; 

g lu ta th io n e  accounts fo r  25 to  2,0% of the  o rgan ic , cell-hound 

s u lfu r  and a c ts  as re se rv e  su lfu r  fo r  c e l l  growth in  the 

absence of an e x te rn a l supply; cyste ine  and s u l f i t e  su lfu r  

markedly suppress w hile methionine and homocysteine su lfu r  

only s l ig h t ly  suppress in co rp o ra tio n  of su lfa te  su lfu r  in to  

c e l l s ;  i t  i s  concluded th a t  s u lfa te  su lfu r  i s  incorporated  

as cy s te in e  v ia  s u l f i t e  w hile methionine i s  formed more slowly 

v ia  c y s te in e .

i



PART I

INCORPORATION OF INORGANIC SULFATE BY 
RUMEN MICROBIOTA IN VITRO

Prelim inary Experiments

Ferm entation Technique. This experiment was in i t ia t e d  

in  1953 w ith  the o b ject o f measuring c e l l  growth and p r o l i f ­

e r a t io n  during in  v i t r o  ferm entations by rumen m icrob iota .

This i n i t i a l  study u t i l i z e d  the ferm entation  method described  

by Salsbury  (1955* pp. 73-76) w ith  the m ineral complex modified 

by s u b s ti tu t in g  ch lo rid e  s a l t s  fo r  the equ ivalen t s u lfa te s .  

About 0 .8  gm. of a i r  dry a l f a l f a  le a f  meal was placed in s id e  

the d ia ly z in g  sacs w ith  25 ml. of cheese-c lo th  s tra in e d  rumen 

l iq u id  from f i s t u l a  s te e r  C7*+l rece iv ing  an a l f a l f a  hay ra t io n . 

Caution was used in  th i s  and the  follow ing experim ents to  avoid 

d e lay , tem perature change, and a i r  exposure in  tra n s fe r r in g  

inocu la  from the rumen to  the  ferm entation  v e sse l. These in -  

ocula were always c o lle c te d  about 2 hours a f te r  feed ing . 

Following in o c u la tio n , the d ia ly z in g  sac was suspended in  

175 ml. of m ineral complex containing about 2 .5  m icrocuries 

of s3 5 -iab e led  inorgan ic  su lfa te /m l. The c a r r ie r  s u lfa te  

co n cen tra tio n  was le s s  than  U.5 x 10 9 moles/ml. One complete 

assembly was incubated a t  *+0°C. fo r  each time of 1 , 2 , *+, and 

6 hours and two complete assem blies were re f r ig e ra te d  as 

c o n tro ls .

38
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A fter in cu b a tio n , the re s id u a l inorganic s u lfa te  a c t iv i ty  

was exchanged out by d ia ly s is  aga in st d i lu te  ammonium su lfa te  

a t 6°C. Thick smears of the d ialyzed  ferm entation  residue  

were sh ie lded  so a constan t area was exposed and counted under 

an end-window, G-M d e te c to r . These counts are p resen ted  in  

Table 1, page *t0.

The c o n tro l f la s k s ,  designated  as 0 and O ', were exposed 

to  the  ra d io a c tiv e  m ineral mix fo r  1 and 3 hours re sp e c tiv e ly  

before exchange ag a in st ammonium s u lf a te .  The a c t iv i ty  in  the 

c o n tro ls  was apparen tly  inorganic s u lfa te  as demonstrated by 

the  chromatographic r e s u l t s .  This demonstrated incomplete 

exchange w ith  non-labeled  s u lfa te  in  s p ite  of the fa c t  the 

ammonium s u lfa te  so lu tio n s  were changed rep ea ted ly  u n t i l  

p r a c t ic a l ly  no exchange a c t iv i ty  could be d e tec ted . For th is  

and o th er te c h n ic a l reasons, the d ia lyz ing  sac was not used 

a f te r  t h i s  t r i a l .  A supplem ental experiment dem onstrated th a t 

ino rgan ic  s u lfa te  e q u il ib ra te s  across these v isk ing  tubing 

d ia ly z in g  sacs a t a r a te  of 2\% per minute. Therefore, the 

apparent r a te  of s u lfa te  in co rp o ra tio n  i s  a func tion  of both 

the r a te  of binding by the c e l l s  and the r a te  of s u lfa te  d i f ­

fu s io n  in to  the fe rm entation  sac.

The remaining ferm en tation  re sid u es  were hydrolyzed w ith 

6m HC1, the  excess acid  removed by evaporation , and the amino 

ac id s separa ted  chrom atographically  on f i l t e r  paper as des­

c ribed  by P atton  (1950) w ith  the exception th a t la rg e r  paper 

and cy lin d e rs  were used. The developed chromatograms were cut



TABLE 1

SULFUR ACTIVITY IN DIALYZED FERMENTATION RESIDUES

Incubation
Time

(Hours)

R ad io ac tiv ity  
in  the C ells

^R elative A c tiv i t ie s

^ e t 2R e la tiv e Cvstine Methionine

0 11.13 -------- -------- --------

0 * 23.03 -------- 0 0

1 1U.88 ^1.9 M-.7 0

2 23.66 66.7 8.2 5.8

U 3H.00 95.8 H8.7 9.0

6 35.^9 100.0 26.5 11.9

1. Counts per second co rrec ted  fo r  n a tu ra l background a c t iv i ty .

2. Each count as i t s  percentage of the s ix  hour count.

3. Area under curves obtained by graphing a c t iv i ty  versus Rf

va lue .
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in to  s t r ip s  and the s t r ip s  counted as described  by W intering-
f

ham e t  a l .  (1952). Methionine y ie lded  an Rf  of 0.85 under 

these  co n d itio n s . While a l l  of the s t r ip s  from incubated 

f la s k s  contained  appreciab le  a c t iv i ty  near Rf  0 .8  and Rf  0 .2 , 

over 95# of the a c t iv i ty  in  the co n tro ls  was below Rf  0 .2 . 

Although th i s  conclusively  demonstrated methionine sy n th es is , 

cy s tin e  was o b li te ra te d  by inorganic s u lfa te . The chromato­

graphing^ process was repeated  using a solvent mixture of 80# 

m ethanol, 18# w ate r, and 2# g la c ia l  a c e tic  acid  which gave an 

Rf of 0 .7  fo r  m ethionine and an Rf t a i l in g  from 0 .5  fo r  cy s tin e . 

Inorgan ic  s u lfa te  did  not move above Rf 0 .2 . The r e la t iv e  

a c t i v i t i e s  corresponding to  methionine and cystine  are p re ­

sented  in  Table 1, page *+0.

Hvdroeen S u lfide  P roduction . This experiment was con­

ducted to  measure any lo s s  of ra d io a c tiv e  su lfu r  as fre e  

hydrogen s u lf id e . A 25 ml. po rtio n  of cheese-c lo th  s tra in e d  

rumen l iq u id  from hay fed rumen f i s t u l a  cow A55 was added to  

each of two Uo ml. ce n tr ifu g e  tubes contain ing  1 gm. of a l f a l f a  

le a f  meal and 750 m icrocuries of as 1 x 1 0 moles of in ­

organic s u l f a te .  The tubes were closed w ith  stoppers con ta in ­

ing c a p il la ry  tubes jo ined  to  a m anifold. Air was drawn 

through the manifold a t  a s l ig h t ly  reduced p ressu re  and washed 

through cupric  a c e ta te . A fter 3 hours incubation  a t *+0°C., 

the fe rm en ta tion  was stopped by cooling and the su lf id e  ox i­

d ized  to  s u lfa te  w ith  hydrogen peroxide. The cupric oxide- 

cup ric  s u lfa te  re sid u e  was then d isso lved  in  hydrochloric
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ac id . This so lu tio n  contained le s s  than O.W m icrocuries of 
s35.

G lutath ione P roduction . This experiment was concerned 

w ith  the  form in  which the ra d io a c tiv e  cy stin e  and cyste ine  

occurred in  the c e l l s .  Twenty-five ml. po rtio n s of cheese­

c lo th  s tra in e d  rumen l iq u id  from rumen f i s t u l a  s te e r  C707 

(rece iv in g  a r e s t r ic te d  roughage-high concentrate  ra tio n )  

were added to  50 ml. Erlenmeyer f la s k s  contain ing  0.73 gm. 

of co n cen tra te  m ixture. S u ff ic ie n t s35-iabe led  s u lfa te  was 

added to  g ive an a c t iv i ty  of 7.** m icrocuries/m l. One f la sk  

was then  incubated a t  Uo°G. fo r  each of the  follow ing tim es;

0 9 0 .5 , 1, 1 .5 , 2 , 3, k and 6 hours.

The fe rm en ta tion  was stopped by pouring the ferment in to

s u f f ic ie n t  e thano l to  y ie ld  a f in a l  concen tra tion  of 80$

e th an o l. A fter ad d itio n  of 0.002 moles of s u lfu r ic  acid  and 

k to  6 m illigram s of cy s te in e  hydrochloride as c a r r ie r ,  the 

p ro te in  was removed by f i l t r a t i o n .  S u lfhydral compounds were 

p re c ip ita te d  from the f i l t r a t e  as th e i r  cadmium s a l t s  (Waelch 

and R itten b e rg , 19*+1) and the su lfh y d ra l compounds red isso lv ed  

by p re c ip ita t in g  cadmium as i t s  s u lf id e . The re su l t in g  so lu ­

tio n  was assayed fo r  ra d io a c t iv i ty .  The p ro te in  was hydrolyzed 

and assayed fo r  r a d io a c t iv i ty  along w ith  the combined f i l t r a t e s .  

The n o n -p ro te in  su lfh y d ra l compounds, recovered in  th i s  manner, 

accounted fo r  2 .6  to  3 .7% of the t o t a l  a c t iv i ty  re g a rd le ss  of 

in cu b a tio n  tim e. The a c t iv i ty  of the p ro te in  hydro lysates 

a f te r  removal o f ino rgan ic  s u lfa te  ranged from 2,b% of the



t o t a l  a c t iv i ty  a f te r  0 .5  hour incubation  to  1 9 . a f t e r  ** 

hours in cu b a tio n .

The su lfh y d ra l compounds were separated  chromat©graph­

i c a l ly  on paper by the method of M ille r and Rockland (1952). 

S trong n inhydrin  re a c tio n s  were obtained a t the  p o s itio n s  

occupied by cy s tin e  and g lu ta th io n e  w ith  a f a in te r  re a c tio n  

a t the  cy s te in e  lo c a tio n . S ^ ^ -a c tiv ity  was la rg e ly  concen­

t r a te d  a t  the g lu ta th io n e  lo c a tio n , but a c t iv i ty  as inorganic 

s u lf a te  co incid ing  w ith  the  cyste ine  lo c a tio n  made a q u an tita ­

t iv e  in te rp r e ta t io n  im possib le.

M icroradioautographs. This experiment was undertaken to  

v is u a l ly  dem onstrate in co rp o ra tio n  of su lfa te  in to  the c e l l s  

o f rumen m icrobiota and to  d is tin g u ish  the  morphological types 

re sp o n s ib le  fo r  t h i s  in co rp o ra tio n .

A 25 ml. p o rtio n  o f ch eese-c lo th  s tra in e d  rumen l iq u id  

from rumen f i s t u l a  s te e r  C707 (rece iv in g  a r e s t r ic te d  rough­

age-high concen tra te  r a t io n )  was added to  a Uo ml. cen trifu g e  

tube con ta in ing  0.73 gm* the concen tra te  mix and 2 x 10"? 

moles of s35 -labe led  inorgan ic  su lfa te  contain ing  0 .6  m il l i -  

c u r ie s  of r a d io a c t iv i ty .  This tube was then incubated fo r  

3 .5  hours a t *+0°C. and the ferm entation  stopped by adding 10 

ml. o f WlO  (NHif)2S0if in  0.5M aqueous NaF. The tube was cooled 

in  ic e  w ate r, cen trifu g ed  fo r  30 minutes a t  1,2^0 x G .; the 

re s id u e  was resuspended in  30 ml. of the s u lfa te - f lu o r id e  

s o lu tio n , and cen trifu g ed  fo r  30 minutes a t  l,2Uo x G. A 

sm all amount of the  w h ite , c e ll-c o n ta in in g  lay er on top of
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the re s id u e  was removed w ith  a t ra n s fe r  loop and spread on a 

microscope s l id e .  A co n tro l tube contain ing  s35 was processed 

in  e x a c tly  the same way except th a t  the  f lu o r id e - s u lfa te  so lu ­

t io n  was added immediately a f te r  in o cu la tio n  and then  th i s  

tube was r e f r ig e ra te d  w hile the experim ental tube was incubated .

The smears of incubated and co n tro l c e l ls  were flame fix ed  

and then  the  s l id e s  were suspended in  M/100 I^SO]  ̂ in  80J& e th ­

anol fo r  15 minutes followed by r in s in g  w ith  d i s t i l l e d  w ater. 

Before the  washing procedure, both smears y ie lded  over 10,000 

counts per minute w ith  a defined counting procedure, w hile 

a f te r  washing no a c t iv i ty  could be de tec ted  in  the con tro l 

smear and the  smear of incubated c e l ls  s t i l l  y ie lded  over

10,000 counts per minute.

These smears were then  s ta in ed  by the method of Gram and 

cro ss-ha tched  by c u ttin g  s t r ip s  about 1 m illim eter wide out 

of the smear a t 2 m illim eter in te rv a ls .  This l e f t  a s e r ie s  

of sm all re c ta n g le s  w ith  *+ to  20 o i l  immersion f ie ld s  per 

re c ta n g le  which made i t  p o ssib le  to  accu ra te ly  lo c a te  a given 

f i e l d .  These smears were then clipped in  apposition  to  nuclear 

tra c k  p la te s  (NTB)*, exposed fo r  1 week and the NTB-plates 

developed as described  by F itz g e ra ld  e t  a l .  (1953). He s ta te s  

th a t  t h i s  f in e  grained photographic emulsion produces a la te n t  

image p o rtray in g  the ra d ia tio n  source on the smear w ith  reason ­

able f i d e l i t y  on the  cy to lo g ica l le v e l .  However, in  th i s  work

*NTB-5 microns; Emulsion No. *+97, 9*+3“52; Eastman Kodak 
Company; R ochester, New York.
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the  edges of the image are b lu rred  since a 5 micron th ickness 

cannot be sharp ly  focused under the o i l  immersion o b je c tiv e .

F igure 1, page U6, p o rtrays a f i e ld  from the m icrobial 

smear, the image th i s  f i e ld  produced on an NTB-plate and a 

re p re se n ta tiv e  f ie ld  from the NTB-plate which was exposed to  

the c o n tro l smear. I t  can be concluded th a t  many of the rumen 

microorganisms incorporated  ra d io a c tiv e  s35 as a r e s u l t  of the 

in  v i t r o  fe rm en tation  and th a t  the la rg e r  b a c te r ia  and protozoa 

e i th e r  d id  not inco rp o ra te  the s35 or the in co rp o ra tio n  was 

lo c a liz e d  y ie ld in g  an image appearing much l ik e  small b a c te r ia . 

R eso lu tion  was not adequate to  d is tin g u ish  b a c te r ia l  morphology 

and many of the  sm aller rumen microorganisms do not s ta in  or 

photograph w e ll.

On the b a s is  of these  p re lim inary  f in d in g s , an in v e s tig a ­

t io n  of the  e f fe c t  of roughage le v e l in  the r a t io n  on incorpo­

r a t io n  of inorgan ic s u lfa te  by rumen m icrobiota was undertaken.

P r in c ip a l Experiment

P rocedure. Inocu la fo r use in  these s tu d ie s  were obtained 

from 3 mature s te e r s  (C707, C7*+l, and CS126) and 2 mature twin 

cows (T1 and T2) which were f i t t e d  w ith  the p la s t ic  f i s t u l a  

plug described  by H entschl e t  a l .  (195^)• C707> CS126, and T1

rece iv ed  a r e s t r ic te d  roughage-high concen trate  r a t io n  wherein 

3 to  6 pounds of a l f a l f a  hay rep resen ted  the roughage and the 

co ncen tra te  was rep resen ted  by 10 to  22 pounds of a mixture 

con ta in ing  77$ ground corn, 20$ soybean o i l  meal, 1$ Ca2HP0i+,
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Figure 1. M icroradioautographs

a. A f i e ld  from the smear of 
incubated microorganisms, 
Gram s ta in .  (x*+70)

b. Latent image produced by 
the f i e ld  in  a on an NTB- 
p la te .  (x*+70)

c . L atent image produced by 
a re p re se n ta tiv e  f ie ld  
on the smear of co n tro l 
microorganisms. (x**70)
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J.% NaCl, 1% CaCÔ  p lus vitam in  A and ir ra d ia te d  y e a s t . C7^1 

and T2 re ce iv ed  an a l l  hay ra tio n  c o n s is t in g  o f 30 to  3U 

pounds o f  a l f a l f a .  Inocu la  were obtained by s tra in in g  conten ts  

from the v e n tr a l p o rtio n  o f the rumen through c h e e se -c lo th  in to  

f la s k s  p rev io u sly  f lu sh ed  w ith  C02 , warmed to  *+0 to  U3°C, 

w ith in  an in su la te d  carrying ca se .

In  the f i r s t  2 t r i a l s ,  25 ml. po rtions  of inocula from 

the a l l  hay or high concentrate  fed donors were t ra n s fe r re d  

w ith  a graduated cy linder to  a s e r ie s  of 50 ml. Erlenmeyer 

f la s k s  contain ing  1 gm. of a l f a l f a  l e a f  meal as su b s tra te  

fo r  the a l l  hay inocu la , or 0.73 gnu of the concentrate mixture 

fo r  the high concentra te  inocu la . These ferm entation f la s k s  

had p rev iously  been flushed  w ith  CO ,̂ warmed to  ho°C. and 

about 0 .1  ml. of S-^^-labeled inorganic su lfa te  in  about 0.05M 

HC1 added, giving an a c t iv i ty  of about 10 m icrocuries/m l. The 

c a r r i e r  su l fa te  amounted to  le s s  than I  x 10“  ̂ moles per f la s k .

Following in o cu la t io n , the f la s k s  were stoppered, ro ta ted  

to mix, and placed in  a ho°C. water bath . At 15 minute i n t e r ­

v a ls ,  the con ten ts  of the f la s k s  were ro ta te d  to  mix and 

pressu re  r e l ie v e d  by b r i e f ly  loosening the s toppers . Approx­

im ately  3 minutes were requ ired  to  inocu la te  the e n t i r e  se r ie s  

of f l a s k s .  The order of ino cu la tio n  and the appropria te  zero 

time fo r  incubation  was noted. One f la sk  fo r  the hay se r ie s  

and one fo r  the high concentrate  s e r ie s  was removed a t  each 

of the follow ing tim es; 1, 1.5? 2, 2 .5 , and 3 hours. After 

incubation , the con ten ts  from these f la s k s  were immediately
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poured in to  80 ml. of alcohol and then  processed as described 

in  Table 2, page *+9.

In  the  second 2 t r i a l s ,  25 ml. po rtions of inocula from 

the a l l  hay (T l) , or high concen trate  (T2) fed donors were 

handled in  the  same manner except th a t  a l l  f la sk s  contained 

0 .87 gm. of a m ixture of the concentrate  and a l f a l f a  le a f  

meal in  p roportions of 0 .7 3 /1 . Also, 0 .%  of tympanol* was 

added to  the  inocu la  to  f a c i l i t a t e  handling. The ra d io a c tiv i ty  

as s3 5 -lab e led  inorgan ic  su lfa te  in  these  t r i a l s  was about 27 

to  Ho m icrocuries per ml. An 0.5 hour incubation  time was 

a lso  included in  the second 2 t r i a l s .  Assays fo r  the ino rgan ic , 

w a te r-so lu b le  s u lfa te  content of the inocula  and su b s tra te s  by 

the method o f Lewis (195H) showed th a t  the rumen l iq u id  from 

Tl contained  5*H x 10"S m oles/m l., th a t from T2 contained 11.0 

x 10”® m oles/m l., the a l f a l f a  le a f  meal contained 2 .9  x 10“5 

m oles/gm., and the concen tra te  mixture contained 7.9 x 10“? 

moles/gm.

The chemical procedures are  described in  Table 2, page H9. 

S e lec tio n  of 80% e thano l as the p ro te in  p re c ip ita n t was based 

on the  fin d in g s  of Pearson and Smith (19H3a).

Assays fo r  r a d io a c t iv i ty  were conducted by placing  3 ml. 

of the so lu tio n  of known volume in  a 5 ml. beaker under a G-M 

d e te c to r  w ith  a window th ickness of le s s  than 2 m illigram s per 

square cen tim ete r. The same geometry and tube was used

♦ S ilic o n e  anti-foam  preparation; Jen-Sal L aboratories; 
Kansas C ity , M issou ri.



TABLE 2

FLOW DIAGRAM FOR PARTITION OF s35-ACTIVITY

1.
25 ml. o f Incubated Ferment 

Lnto oO ml. of 9& to  99% ethanolPour
con tain ing  0.05M H2S 0 i ./ l i te r .

2 . Rinse fe rm en ta tion  f la s k s  w ith  25 ml. 
of 80# e thano l and add to  1.
R e fr ig e ra te  fo r  1 to  *+ hours a t 5°C. 
F i l t e r  in to  250 ml. graduated f la sk  and 
wash w ith  80 to  100 ml. of 80# e thano l.
_ _ _ _ _ _ _ _ _ Lr

F i l t r a t e  and
1

£.
5. Make to  v o lu m e w itn M/1 HC1.
6. Remove 3 ml. fo r  assay of 

r a d io a c t iv i ty  (non-p ro te in  
s u l f u r ) .
Add 5 ml. o f 20# BaCl2 and 
allow to  s e t t l e .
F i l t e r  through dry paperi---- '—

7.

8 .

9.
F i l t r a t e

 1

R esidual
Inorganic
S u lfa te

12.
13.
lb .

15.

16.
Remove 3 ml. fo r  
assay of ra d io ­
a c t iv i ty  (organic 
s u l f u r ) .
Add 20# HpSOj* to  
p re c ip i ta te  excess 
BaClp.

11. F i l t e r  and chromatograph 
f i l t r a t e .

P ro te in  Residue 
T ransfer w ith  paper to  
a 250 ml. Erlenmeyer. 
Add *+0 ml. of 6M HC1 
and cover w ith  beaker. 
Hydrolyze b hours a t 
120°C. in  au toclave. 
Concentrate to  about 
10 ml. in  2 to  3 hours 
on hot p la te .
F i l t e r  in to  a 100 ml. 
volum etric f la s k  and 
wash to  volume.

10.

i----------------------
P ro te in  H vdrolvsate

17. Remove 3 ml. fo r  assay of ra d io a c tiv i ty  
and fo r  chromatographic assay (amino acid 
and inorgan ic  s u lfu r ) .

18. Add 2 ml. o f 20# BaCl2 .
19. F i l t e r  through dry paper.

Humln

S u lfa te -F re e  P ro te in  
H ydrolysate

20. Remove 3 ml. fo r  
assay of ra d io ­
a c t iv i ty .

1 ----------- 1
R esidual Inorganic 

S u lfa te______
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throughout each t r i a l .  C orrections fo r  background a c t iv i ty  

were determ ined a t 1 to  2 hour in te rv a ls  and sub trac ted  from 

the raw counts to  o b ta in  the net counts. The net counts per 

second (C .P .S .) obtained in  th is  manner were p ropo rtio n a l to  

the  co n cen tra tio n  of s35 in  m icrocurie s/m l. No d iffe ren ces  

in  s e lf -a b s o rp tio n  could be de tec ted  between the so lu tio n s 

used in  th ese  experim ents. Net C.P.S. tim es the ml. of so lu­

t io n  in  a given f ra c t io n  was then recorded as the r e la t iv e  

a c t iv i ty  in  th a t  f r a c t io n  a f te r  ap p lic a tio n  of appropiate 

d i lu t io n  f a c to r s .  The combined a c t iv i ty  from step s  6 and 17 

of Table 2 , page *+9, c o n s ti tu te s  the t o t a l  recovered a c tiv i ty  

of which the o ther f ra c t io n s  were expressed as a percentage.

Chromatographic sep ara tio n  of the amino acids in  s tep s  

11 and 17 of Table 2 was c a rr ie d  out on f i l t e r  paper by the 

method of P a tton  (1950). The a c t iv i ty  on the chromatograms 

was assayed as described  by Winteringham (1952) and the a c tiv ­

i t y  of the  l iq u id  f ra c tio n s  p a r ti t io n e d  according to  the d is ­

t r ib u t io n  of a c t iv i ty  on the chromatograms.

R e s u lt s . The t o t a l  in corp oration  o f la b e le d -s u lfa te  in to  

the organ ic su lfu r  fr a c t io n s  i s  presented  in  Table 3, page 51.

The ex p o n en tia l eq u ation s f i t t e d  to  th ese  v a lu es g ra p h ica lly  

and the s t a t i s t i c s  ap p lied  to  th ese  equations as describ ed  by 

S teven s (1951) are presented  in  Table *+, page 52. Figure 2, 

page 53, v is u a l ly  p resen ts  the same eq u ation s. Table 5, page 

5̂ +, shows the p a r t it io n  o f  incorporated  a c t iv i t y  o f the chroma­

tograp h ic  f r a c t io n s .  These f r a c t io n s  were not chrom atographically
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TABLE 3

TOTAL INCORPORATION OF LABELED-INORGANIC SULFATE

Incubation  
Time 

( t  hours)

^•Organic A c tiv ity  
T otal Recovered A c tiv ity (100) s At

Hay inoculum Grain inoculum

Means of f i r s t  2 t r i a l s  w ith  in d iv id u a l su b s tra te s :

1*0 2.6 *+.3

1 .5 3.0 12.6

2.0 8.1 12.2

2 .5 7.8 11.V

3.0 6.2 15 .H

Means of second 2 t r i a l s  w ith  mixed su b s tra te s :

0 .5 6.39 3.78

1 .0 16.Ik 5.80

1 .5 13.29 5.18

2.0 18.68 7.35

2 .5 2*+. 79 7.63

3.0 27.03 9.88

1. The combined a c t iv i t i e s  from steps 9 and 20 of Table 2.



TABLE b

ASYMPTOTIC REGRESSION EQUATIONS FOR INCORPORATION OF SULFATE

Equation Form: At  = A.̂  - Aje"p t

Aj. = % o f t o t a l  a c t iv i ty  which i s  incorporated  a t  time t

A  ̂ = % o f the  t o t a l  a c t iv i ty  which would be incorporated  
in  an in f in i t e  time (the  asymptote)

e z base of th e  n a tu ra l  system of logarithm s (2.71828)

r  9 th e  r a te  o f inco rp o ra tio n  of inorganic s u lfa te  in to  
organic su lfu r

t  s hours of incubation

(100)r 9 # /hour conversion of inorgan ic  su lfa te  remaining to
be converted to  organic su lfu r  a t  th a t  tim e.

R ation  of Standard E rror
Inoculum
Donor

S u b stra te r D.F. of
Estim ate Ai r

A ll Hay A lfa lfa
Meal

10.5 O.b 3 1.79 l . b 0 .7

A ll Hay A lfa lfa  37.5 
Meal and 
C oncentrate

Q.b b 2.88 2.0 1.1

High
C oncentrate

Concen­
t r a t e

16.5 0 .6 3 2.7*+ 2.2 1.1

High
C oncentrate

A lfa lfa  11.6 
Meal and 
C oncentrate

0.52 b 1.09 0.8 O.b

Mean o f A ll Treatments 0 M lb 0.b5
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Figure 2. Asymptotic Curves For Incorporation of Sulfate
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TABLE 5

ACTIVITY RECOVERED IN ORGANIC FRACTIONS AS PERCENT OF THE
TOTAL RECOVERED ACTIVITY

Incubation  Time C ysteine 
(Hours) /C y stin e

Methionine ^U nidentified

Grain Inoculum-Mixed S u b s tra te :

0 .5  2.85 0 .V8 0 .U5
1 .0  3 .91 1.13 0 .7 8
1 .5  3.0V 1.31 O.83
2 .0  4.W8 1 .88 1 .00
2 .5  3 .99 2 .V8 1 .16
3 .0  4 .06 3.51* 2.30

Hay Inoculum-Mixed S u b s tra te :
0 .5  V.87 0.76
1 .0  12.32 2 .13 1 .68
1 .5  8.89 2.71 1.69
2 .0  11 .ib V.37 2.56
2 .5  16 . 0V 5.63 3.1V
3 .0  13.77 7.89 5.39

T o ta l— —™ ------90.0 3V.3 21.8
Percent

D is tr ib u t io n —  6 1 .6$ 23.5$ lV.9$

Incubation  Time Cysteine M ethionine/
(Hours) /C ystine lU n id en tified

Grain Inoculum -Individual S u b stra te : -

1 .0 2 .6 1 .8
1.5 8 .1 4 .5
2 .0 7.2 5.1
2.5 8 .8 2 .6
3.0 9.0 6 .5

Hay Inoculum -Indiv idual S u b s tra te :
1 .0 1 .2
1 .5 2.4 0 .6
2 .0 5.3 2 .8
2 .5 2'1 4 .7
3.0 *+.3 2 .0

T o ta l------------ -—---- —------ 31.8
Percent D is t r ib u t io n -— -. 62 . 2$ 37 M
Mean of A ll T r ia ls —- - - - - - • 61.9$ 38 . 15?

1 . R* i s  g re a te r  than  0 .9  on paper chromatography w ith  80$ 
Phenol.
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pure and contained sm aller amounts of a c t iv i ty  as u n id en tif ied  

compounds.



PART II

PRODUCTION AND ABSORPTION OF ACETIC, PROPIONIC,
AND BUTYRIC ACIDS IN THE BOVINE RUMEN

Procedure

Twin H o lste in  cows, Tl and T2, weighing 1050 and 1110 

pounds and a Guernsey s te e r ,  C707, were used in  th i s  experiment. 

The s te e r  weighed 1^20 pounds when used fo r  the  r e s t r ic te d  

roughage t r i a l  and 1500 pounds fo r  the a l l  hay t r i a l .  All 

th re e  anim als were f i t t e d  w ith  screw cap, p la s t ic  f i s t u l a  

plugs described  by Hentschl et. a l .  (195*0 which f a c i l i t a te d  

sampling of the  rumen co n ten ts . Tl was in  the second month 

of la c ta t io n  and T2 was dry .

The experim ental r a t io n s  were fed  tw ice d a ily  at 8 A.M. 

and 3 P.M. fo r  at l e a s t  th ree  weeks before each t r i a l .  A lfa lfa  

hay was used fo r  the roughage and the concentrate mixture was 

the same as d escrib ed  in  the procedures fo r  Part I .  For the  

r e s t r ic t e d  roughage t r i a l s ,  Tl rece iv ed  a ra tio n  of 28 pounds 

o f con cen tra te  p lu s k  pounds of hay and C707 rece iv ed  10 pounds 

of con cen tra te  p lu s U pounds o f hay. For the a l l  hay t r i a l s ,

T2 received  a r a t io n  of 30 pounds of hay and C707 received  2U 

pounds of hay.

On the days of the experim ent, feed in g  was r e s tr ic te d  to  

2 hours fo r  the a l l  hay t r i a l s  and 3/*+ hour fo r  the high con­

c e n tr a te -r e s tr ic te d  roughage t r i a l s .  Water was perm itted at
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w il l  during the next 2*+ hours. During the feeding period ,

Tl a te  11 pounds of concen tra te  and 2 pounds of hay, T2 a te  

8 pounds of hay, C707 a te  5 pounds of concen tra te  and 2 pounds 

of hay fo r  the r e s t r i c te d  roughage t r i a l  and 6 pounds of hay 

fo r  th e  a l l  hay t r i a l .

The time halfway between i n i t i a t i o n  and term ination  of 

feeding was taken as 0 hour. The sample recorded as 0 hour 

was taken  ju s t  p r io r  to  feed ing . Samples of the l iq u id  in  

the middle of the  v e n tra l  sac of the rumen were taken a t 

d e f in i te  in te rv a ls  a f te r  0 hour and s tra in e d  through cheese­

c lo th  in to  a volum etric f la s k  contain ing  50$ su lfu r ic  acid 

equal to  3$ of i t s  volume. This volume of su lfu r ic  acid 

lowered the pH to  1 .5  to  2 .0  and y ie lded  a f in a l  sample con­

ta in in g  about 91 . 3$ rumen l iq u id  on a dry m atter free  b a s is .

Most of the  suspended so lid s  in  the i n i t i a l  sample were p re­

c ip i ta te d  by the  s u lfu r ic  ac id . These samples were stored  at 

6°C. u n t i l  analyzed which was always le s s  than a month.

A ce tic , p rop ion ic , and bu ty ric  ac ids were determined by 

d ire c t  chromatography of rumen liq u id  on s i l i c a  gel as described 

by Harper (1953) w ith  m od ifica tions. T hirteen  gm. of dry s i l i c ­

ic  ac id  (M allinkrodt sp e c ia l chromatographic No. 28^7, fu r th e r  

graded by suspending 2 tim es in  an equal volume of w ater, 

allow ing to  s e t t l e  30 m inutes and d iscard ing  the supernatant) 

and 7 .5  ml. of 1.6m potassium  phosphate pH 6.3  b u ffe r were 

thoroughly mixed in  a m ortar and then about 50 ml. of ch lo ro ­

form (U .S.P. washed 3 tim es w ith  an equal volume of water and
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f i l t e r e d  to  remove suspended w ater) were used to  form a s lu rry . 

This s lu r ry  was poured in to  a 38 m illim eter diam eter column 

w ith  a f r i t t e d  g la ss  f i l t e r  o verla id  w ith  f i l t e r  paper to  form 

the bottom. The column was tapped to  remove a i r  bubbles and 

then kept covered w ith  chloroform  added slowly from a separa­

to ry  fu n n e l. A f i l t e r  paper d isc  38 m illim eters in  diam eter 

was placed on the  b u ffe r sec tio n . The sample sec tio n  was not 

added u n t i l  the chloroform  le v e l was about 1 m illim eter above 

th i s  paper.

The s u lfu r ic  acid  sec tio n  of Harper (1953) was om itted 

since i t  had no e f fe c t  on the r e s u l t s  in  th i s  experim ent. The 

sample se c tio n  was prepared by weighing 6 to  7 gm. of rumen 

l iq u id  d i r e c t ly  on to  10 gm. of dry s i l i c i c  acid  on a watch 

g la s s . The s i l i c i c  acid  and sample were then q u a n tita tiv e ly  

t ra n s fe r re d  to  a m ortar and thoroughly mixed. F if ty  ml. of 

chloroform  were used to  form a s lu rry  and used as a v eh ic le  

to  t r a n s f e r  th i s  se c tio n  to  the column.

E lu a te  f ra c t io n s  of appropiate s ize  as determined by 

p re lim inary  t r i a l s  were c o lle c te d  s ta r t in g  immediately a f te r  

adding the  sample se c tio n . The flow ra te  was about 150 m l./ 

hour. Four columns were run sim ultaneously. F urther add itions 

of so lven t were made using a separato ry  funnel ad justed  to  keep 

5 to  10 ml. o f so lven t covering the column. A 50 ml. add ition  

of pure chloroform  was follow ed by 50 ml. po rtions of 1$, 2.5$> 

5$, 10% and 20$ n -bu tano l in  chloroform  so lu tio n s . A dditional 

20$ n -bu tano l in  chloroform  was used to  give a to t a l  e lu a te
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volume of 500 ml. Blank determ inations were made w ith each 

batch  of reag en ts  and appropiate co rrec tio n s  made.

R esu lts

The chromatographic procedure was te s te d  w ith  pure acids 

a lone, and added to  rumen l iq u id . Recovery in  *+ t r i a l s  w ith

0 .5  to  3.8  m illim oles of added a c e tic  acid was 93$ w ith  a 

standard d ev ia tio n  of 8$. Recovery of 0 .2  to  0 .5  m illim oles 

of b u ty ric  acid  was s im ila r ly  96+ 6$ . Threshold volumes fo r 

b u ty r ic , p rop ion ic , and a c e tic  acids were about 70, 200, and 

280 m l., but v a ried  somewhat w ith  changes in  reagen ts and the 

amount of sho rt chain  acid applied  to  the column. The values 

rep o rted  as b u ty ric  acid  could include tra c e s  of higher ac ids.

F igure 3> page 60, p o rtray s the reg ress io n  of rumen con­

c e n tra tio n s  on time a f te r  feeding fo r  a c e tic , propionic,, and 

b u ty ric  a c id s . Table 6, page 61, l i s t s  the estim ated amounts 

per 100 ml. of rumen l iq u id  of a c e t ic ,  p rop ion ic , and bu ty ric  

ac ids produced from each pound of t o t a l  d ig e s t ib le  n u tr ie n ts  

ingested  as the a l l  hay ra t io n  or the high concentrate ra tio n  

on the day of th e  experim ent. I t  was assumed th a t the hay 

contained 50$ t o t a l  d ig e s t ib le  n u tr ie n ts  and the concen trate  

75$. Table 7, page 61, g ives the r a te s  a t which the acids 

d isappeared  from the rumen. The re g ress io n  equations are 

summarized in  Table 8 (Appendix) and Table 9 (Appendix) gives 

the co n cen tra tio n s  of a c e tic ,  p rop ion ic , and b u ty ric  acids 

fo r  each cow, r a t io n ,  and sample tim e.
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F igure 3. C oncentra tion  of Short Chain Acids in  the Rumen 
A fte r Feeding.

A cetic A cid-A ll Hay R ation; At s9*59e"°*^^^-1 .90e*^*^2^

-Acetic Acid-High Concentrate R ation;
At=7 . l6 e -°  • °311t- 2 .1 6 e '°  • 838*

£.5-

-Butyric Acid-High C oncentrate R ation;
At =2.35e-°-028^ -0 .7 3 e -°* 7 3 3 t

-^B utyric A cid-A ll Hay; A^=1.63e“^«®2l+8t.Q#22e“^ * 3 ^ 't

^Propionic A cid-A ll Hay R ation;C_____________  At :2 .2 8 e -0 -0322t -0 .3 6 e -0 -lt50t

"Propionic Acid- 
High C oncentrate R ation;A t:2 .36e-0-^?t.0.itle -0.276t 

*

Hours A fter Feeding
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TABLE 6
THE AMOUNT OF ACETIC, PROPIONIC, AND BUTYRIC ACIDS PRODUCED 

FROM ONE POUND OF TOTAL DIGESTIBLE NUTRIENTS

Acid A ll Hay R ation R e s tr ic te d  Roughage 
-High Concentrate 

Ration

Pooled 
Data 

From Both 
Rations

^mM/100g. % 1mM/100g. % 2mM/100g.

A cetic 0.52 68.4 0.30 65.2 .24-.67

Propionic 0.15 19.7 0.06 13.0 .02-.26

B utyric 0.09 11.8 0.10 21.7 .04-.21

T otal 0.76 -------- 0.46 -------- _ — »

1. M illim oles of acid/100 grams of rumen liq u id .
2. Range a t 95$ confidence le v e l .

TABLE 7

THE DISAPPEARANCE RATES FOR ACETIC, PROPIONIC, AND BUTYRIC
ACIDS FROM THE RUMEN

Acid A ll Hay R ation R estr ic ted  Roughage 
Ration

Pooled 
Data 

From Both 
R ations

$ /H r. 1S.E. %/ET, l-S.E. %/Hr. 1S.E.

A cetic 3.5 0.4 3.1

HA.
' 

o 3.3 0 .3

P ropion ic 3.2 0 .5 4 .6 0.9 ------ ------

B u tyric 2 .5 0 .5 2.8 0.5 2.7  0 .3

1. S tandard E rro r
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The type equation  used to  describe  the data  is s

At  = -  V -k2*

where, A. = the  concen tra tion  of the acid  in  m illim oles per 
100 gm. of rumen liq u id ;

A0 = the disappearance reg ress io n  ex trapo la ted  to  0 
tim e; th i s  could rep resen t the amount of acid 
which would he p resen t i f  the ferm entation  were 
completed w ithout any disappearance of the acid ;

Ap = (A0-A+.) when t  i s  0; th i s  should rep resen t the
amount of acid  produced from the cu rren t feeding 
in  m illim oles/100 gm. of rumen liq u id ;

e = base of the n a tu ra l system of logarithm s (2.71828);

= r a te  of disappearance of the acid from the rumen;
lOOki = $/hour disappearance of the acid present 
a t any given time;

k2 = r a te  of acid  production approaching AD which 
would rep resen t the r a te  of conversion of f e r ­
mentable feed in to  i t s  acid product;

t  z time a f te r  feeding in  hours.

A graphic p o rtra y a l of th i s  equation i s  given in  Figure 

*+, page 63 .

The n a tu ra l  logarithm s of the a c e tic  acid concen tra tions 

from 3 hours a f te r  feed ing , and of the propionic and b u ty ric  

acid  co n cen tra tio n s from 3.5 hours a f te r  feeding , through the 

fa s t in g  period  were f i t t e d  to  a re g ress io n  on time by the 

method of le a s t  squares as described by Snedecor ( l ^ h ) .  The 

0 hour e x tra p o la tio n  of th i s  reg re ss io n  i s  the n a tu ra l logarithm  

of A0 and the slope i s  k1 . The concen tra tions of a c e tic , pro­

p io n ic , and b u ty ric  ac ids determined between 0 and 3 or 3*5 

hours a f te r  feeding were sub trac ted  from the AQ value adjusted  

fo r  time a f te r  feeding according to  the disappearance reg ress io n .
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The n a tu ra l  logarithm s of these  d iffe ren ce s  were f i t t e d  to  a 

re g re ss io n  ag a in st time as befo re . The slope of th is  second 

re g re ss io n  equation  i s  k2 and the 0 hour ex trap o la te  i s  the 

n a tu ra l  logarithm  of Ap . The t e s t s  fo r  s ig n ifican ce  were 

c a rr ie d  out on the logarithm s.

There were no s ig n if ic a n t  d iffe ren ce s  a t the 5% le v e l 

between any of the disappearance ra te s  although the pooled 

r a te  fo r  a c e tic  acid  approached s ig n ifican ce  over th a t  fo r 

b u ty ra te . The disappearance r a te  fo r propionic acid  w ith 

the r e s t r i c te d  roughage r a t io n  approached s ig n ifican ce  over 

th a t  w ith  the  a l l  hay ra t io n . The r a te s  of production of the 

ac ids were not s ig n if ic a n t ly  d if fe re n t  in  any case and ranged 

from 27 to  83^ /h o u r. The amounts of each acid produced from 

a pound of T.D.N. were not s ig n if ic a n t between the ra tio n s . 

However, a c e tic  acid  production from hay approached s ig n i f i ­

cance over th a t  from the high concentrate  ra tio n .



DISCUSSION

The energy supplied  to  the cow by the short chain acids 

can be computed from the data  in  Table 6, page 6 l. The aver­

age animal in  th i s  experiment weighed 1270 pounds. C a rro ll 

and Hungate (195*0 concluded th a t  rumen conten ts c o n s titu te  

1*$ of the  bovine body w eight. The average weight of the 

rumen co n ten ts  in  th i s  experiment would then be 178 pounds 

which would con ta in  about 70 kilogram s of rumen l iq u id  (dry 

m atter f r e e ) .  Computing from the 95$ confidence le v e l ranges 

given in  Table 6, a pound of t o t a l  d ig e s tib le  n u tr ie n ts  y ie ld s  

168 to  U69 m illim oles of a c e tic  ac id , l*f to  182 m illim oles 

propionic  ac id , and 28 to  l*+7 m illim oles bu ty ric  ac id . Con­

v e r tin g  the values to  kilogram  c a lo r ie s ,  a to t a l  energy of

55.0 to  232 .3  K c a l./ lb . of t o t a l  d ig e s t ib le  n u tr ie n ts  i s  

ob ta ined , 35*2 to  98.3  are rep resen ted  by a c e tic  ac id , 5.1 to 

66.9 by propionic ac id , and 1^.7 to  77.1 by b u ty ric  ac id . I f  

one pound of t o t a l  d ig e s t ib le  n u tr ie n t i s  equ ivalen t to  181*+ 

c a lo r ie s  (Brody, 19*+5) 9 the cow ob ta in s 3 to  13$ of i t s  energy 

from sh o rt chain  ac id s .

A con stant rumen volume was assumed in  computing th ese  

r e g r e s s io n  eq u a tio n s. Irregu lar  f lu c tu a t io n s  in  volume would 

in crea se  the standard error and hence, be corrected  fo r  by the  

range in  3 to  13$ e s tim a te . However, i f  rumen volume in crea se s  

ap p reciab ly  and r e g u la r ly  a fte r  ea tin g  due to  s a l iv a t io n ,

65
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d rin k in g , or in f lu x  of water from the t is s u e s ,  these estim ates 

would be too low. S im ila rly , i f  rumen volume decreases appre­

c iab ly  w ith  f a s t in g ,  as suggested by the data  of W eller and 

Gray (195*+), both the disappearance r a te s  and the energy 

e s tim a tes  are  b iased  downwards.

The carbon balance s tu d ie s  of McNaught (1951) and of 

Heald (1952) in d ic a te  a 25 to  50$ conversion of feed energy 

to  sh o rt chain ac id  energy. C a rro ll and Hungate (195*+) e s t i ­

mate th a t  sh o rt chain  ac ids account fo r  66$ of the ava ilab le  

feed energy w hile pfander and P h illip so n  (1953) imply a 

s im ila r  v a lu e . These estim ates were based on da ta  obtained 

under extrem ely abnormal cond itions. The 3 to  13$ estim ate 

in  th i s  experiment i s  considerab ley  lower than the values 

c ite d  above and i s  probably biased downwards. However, th is  

method u t i l i z e d  normal f i s tu la te d  c a t t le  under physio log ica l 

co n d itio n s .

I f  a method fo r  determ ination  of rumen volume a t frequent 

in te rv a ls  were a v a ila b le , the accuracy of these estim ates 

would be g re a tly  enhanced. Perhaps th is  could be accomplished 

w ith dye d i lu t io n  techniques s im ila r to  those used fo r blood 

volume d e te rm in a tio n s . Accuracy would be fu rth e r  enhanced by 

in c reas in g  feed in g e s tio n  during the lim ited  feeding period 

and low ering the  0 hour concen tra tion  of rumen ac id s . Both 

of these  o b je c tiv e s  could be accomplished by once d a ily  feeding. 

E rro r o ccas io n a lly  en te red  the chromatographic determ inations 

through p ip e tt in g  so lid s  from the bottom of the f la s k  along
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w ith  rumen l iq u id .  This could have been avoided by a prelim ­
in a ry  sep a ra tio n .

A cetate p roduction  from hay approached a s ig n if ic a n tly  

g re a te r  value than  th a t  from g ra in . The disappearance of 

a c e ta te  approached a s ig n if ic a n t ly  f a s te r  r a te  than th a t fo r  

b u ty ra te  which i s  in  agreement w ith  Pfander and P h illip so n  

(1953)- Although r a t io n  had no s ig n if ic a n t in fluence on the 

r a te s ,  p ropionic  acid  disappearance was fa s te r  w ith  the high 

concen tra te  than  w ith  the hay ra t io n . The molar r a t io  of 

a c e tic  to  propionic acid  was reduced by the high concentrate 

r a t io n  b u t, the red u c tio n  was not as marked as th a t reported  

by Tyznik (1951).

M icroscopic exam ination of rumen contents from animals 

on the  a l l  hay and the r e s t r ic te d  roughage-high concentrate 

ra t io n s  f a i le d  to  re v e a l any appreciab le or co n sis ten t d i f f e r ­

ences. This does not preclude the p o s s ib i l i ty  of le s s  obvious 

m orphological d if fe re n c e s . Smears of the inocula  and ferm ents 

from the in  v i t r o  experim ents showed no re a d ily  d e tec tab le  or 

c o n s is te n t d iffe re n c e s  w ith  incubation  times under 3 hours. 

Longer incu b a tio n  tim es o ften  re su lte d  in  a d is so lu tio n  of 

protozoa and an in crease  in  gram -positive rods. C a rro ll and 

Hungate (1951*), using a s im ila r  ferm entation  technique, found 

th a t  c e r ta in  p h y sio lo g ica l c h a ra c te r is t ic s  which changed a f te r  

2 to  b hours incu b a tio n  were qu ite  constant before th is  tim e. 

They a lso  found b u ffe r so lu tio n s  were unnecessary fo r short 

time in  v i t r o  fe rm en ta tio n s. The values obtained between 2
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and 3 hours in  Experiment I . were more e r r a t ic  than values 

w ith  sh o rte r  incubation  tim es. More accurate estim ates could 

probably have been obtained  by using sh o rte r incubation  periods.

Robinson et. a l .  (1955) found th a t 1,952 x G. fo r  10 min­

u te s  sedim ented most rumen m icrobiota although more were sed i- 

mented by 5,782 x G. The l,2*+0 x G. used in  the p repara tion  

of m icroradioautographs fo r  Experiment I  was probably somewhat 

low but the  30 minute c e n tr ifu g a tio n  time used should p a r t ia l ly  

o f f s e t  the  lower fo rc e .

The decom position  o f c y s t ( e ) in e  and m ethionine noted by 

O lco tt and Fraenkel-C onrat (19**7) and Van H alteren (1951) 

com plicated  the amino acid  p a r t it io n  d ata . C y st(e )in e  and 

i t s  decom position  products moved as much as half-w ay to  the 

so lv e n t fro n t w ith  th ree areas o f peak con cen tration . Meth­

io n in e  formed 2 or more peaks nearer the so lven t fro n t than 

c y s t ( e ) in e .  Another d is t in c t  r a d io a c tiv e  area appeared very  

near the so lv e n t fro n t and was e ith e r  in  too low a concentra­

t io n  to  v i s i b ly  re a c t  w ith  ninhydrin or was not an am ino-sulfur  

compound. The a c t iv i t y  could  be d iv id ed  in to  a c y s t ( e ) in e  

fr a c t io n  con ta in in g  la r g e ly  c y s t (e ) in e  a c t iv i t y  and a sim ila r  

m ethionine f r a c t io n . Both fr a c t io n s  were probably contaminated  

w ith  sm aller amounts o f u n id e n tif ie d  compounds. More ex ten siv e  

sep a ra tio n  was n e ith er  warranted nor p r a c t ic a l for  t h is  study.

Lewis (195*0 found th a t  rumen microorganisms ra p id ly  

reduce s u lfa te  to  s u lf id e .  Only a tra c e  of hydrogen su lfid e  

was found in  t h i s  experiment but small amounts of d isso lved
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s u lf id e  of high s p e c if ic  a c t iv i ty  might have contaminated the 

c y s t(e ) in e  and/or methionine f ra c t io n s . The p o s s ib i l i ty  of 

s u lfa te  in co rp o ra tio n  v ia  su lf id e  needs fu r th e r  in v e s tig a tio n .

The sy n th es is  of methionine and c y s t(e )in e  found in  th is  

experiment agrees w ith  the r e s u l t s  of Block and Stekol (1950), 

Block e t  a l .  (1951, 1953), and Duncan e t &1. (1953). Cys- 

t ( e ) in e  appeared to  be formed a t a f a s te r  ra te  than m ethionine, 
but th ese  da ta  were e n t i r e ly  inconclusive . Of the lab e led -su l-

f a te  inco rpo ra ted  during the f i r s t  3 hours of incubation , 

about tw o -th ird s  was found in  the c y s t(e ) in e  and o n e-th ird  in  

the m ethionine f r a c t io n .

Reed e t  a l .  (19^9) and Block et. a l .  (1951) found equal 

amounts of c y s t(e ) in e  and methionine su lfu r in  the rumen 

m icrob io ta . The da ta  in  th is  experiment do not c o n f lic t 

w ith  the e a r l i e r  work since methionine could w ell be forming 

a t a slower r a te  than  the c y s t(e ) in e  and s t i l l  even tua lly  

a t t a in  an equal s ta tu s  provided c y s t(e )in e  form ation ceases 

before th a t  of m ethionine. Also, as much as 30$ of m icrobial 

su lfu r  may occur as g lu ta th io n e  (Cowie et, a l . ,  195*+) which 

may have been lo s t  in  the f ra c tio n a tio n  procedures of Reed 

e t  a l .  (19^9) and Block e t  a l .  (1951). The da ta  presented 

here support the  hypothesis th a t  inorganic su lfa te  i s  f i r s t  

inco rpo ra ted  in to  c y s t(e ) in e  which i s  then converted to  

m ethionine (Cowie ejt a l . ,  195^; Block, 1953).

The o v e r -a l l  r a te  of su lfa te  inco rpo ra tion  was about *+8$ 

/h o u r. The r a te  fo r  the concen tra te  m icrobiota was s l ig h t ly
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but not s ig n if ic a n t ly  f a s te r  than  th a t fo r  the hay m icrobiota. 

The concen tra te  m icrobio ta ac ting  on a concentrate su b stra te  

in co rpo ra ted  more a c t iv i ty  than the hay m icrobiota acting  on 

a hay s u b s tra te . This can be a t le a s t  p a r t ia l ly  explained by 

a g re a te r  d i lu t io n  of the la b e le d -su lfa te  by the su lfa te  

a lready  p resen t in  the  hay s u b s tra te . When the su b s tra te s  

we r e  a m ixture of hay p lus concen tra te , the hay m icrobiota 

inco rpo ra ted  more a c t iv i ty  than  the concen trate  m icrobiota. 

Since Cowie et, a l .  (195*0 found th a t  su lfa te  inco rpora tion  by 

E sch erich ia  c o l i  i s  d i r e c t ly  p ropo rtio n a l to  c e l l  p ro l i f e r a ­

t io n , and since the s u lfa te  content of the mixed su b s tra te s  

was eq u a l, the h igher inco rp o ra tio n  of a c t iv i ty  by inocula 

from a hay fed  cow would seem to  rep resen t g rea te r c e l l  pro­

l i f e r a t i o n .  However, t h i s  could rep resen t e ith e r  a g rea ter 

number of c e l l s  used as inocu la or a sh o rte r generation  time.

Where s u lfa te  concen tra tion  of su b s tra te s  i s  not equal, 

in co rp o ra tio n  of a c t iv i ty  i s  a fu n c tio n  of both c e l l  p r o l i f ­

e ra t io n  and the sp e c if ic  a c t iv i t i e s  of the  inorganic s u lfa te  

in  the  ferm ents. C ontrol o f inocu la  s ize  by use of cen trifuged  

c e l l  suspensions and co n tro l of sp e c if ic  a c t iv i ty  by use of 

s u lfa te  f r e e  su b s tra te s  would provide more accurate d a ta . 

Although, rumen m icrobio ta from cows fed a l l  hay may d i f f e r  

somewhat from the rumen m icrobiota of high concentrate  fed 

cows in  th e i r  a b i l i ty  to  u t i l i z e  s u lfa te ,  the r a te  and the 

p a t te rn  o f s u lfa te  u t i l i z a t io n  i s  predominatly s im ila r in  

both  cases .



SUMMARY

Rumen l iq u id  from 5 bovine s (receiv ing  e ith e r  hay alone 

or 1%  of the  t o t a l  d ig e s t ib le  n u tr ie n ts  as concentrate) vas 

incubated  w ith  su b s tra te  and s3 5 - iabeled inorganic s u lfa te .

Two t r i a l s  used the  r a t io n  of the donor as su b s tra te  and two 

used a su b s tra te  of mixed a l f a l f a  meal and concentrate fo r 

both  hay inocu la  and g ra in  inocu la . In  each t r i a l ,  a separate 

fe rm en ta tio n  f la s k  was incubated fo r  each time of 0 . 5 , 1 , 1 . 5 , 

2 , 2 .5 , and 3 hours. Each ferment was fra c tio n a te d  in to  pro­

te in  s u l fu r ,  f re e  organic su lfu r and inorganic s u lfa te . The 

p ro te in  and f re e  organic su lfu r f ra c tio n s  were fu r th e r  sepa­

ra te d  by chromatography. G lutathione accounted fo r  2 to  

of the  t o t a l  a c t iv i ty .  The mean p a r t i t io n  of incorporated  

a c t iv i ty  in  a t o t a l  of U1* f la sk s  fo r a l l  tim es on both t r e a t ­

ments was 62% c y s t(e ) in e  and 38$ methionine plus an u n id en ti­

f ie d  f r a c t io n .  E xponential equations f i t t e d  to  the to ta l  

in co rp o ra tio n s  fo r  each combination of su b s tra te  and inoculum 

are p re sen ted .

The co n cen tra tio n  of a c e tic , p rop ion ic , and b u ty ric  acids 

in  3 bovine rumens.was determined a t  various times a f te r  feed­

ing e i th e r  an a l l  hay r a t io n  or one co n sis tin g  la rg e ly  of 

co n c en tra te s . Two t r i a l s  were conducted on each ra t io n . The 

co n cen tra tio n  of each acid  f i r s t  increased  and then decreased 

w ith  time a f te r  feed ing . The values obtained were f i t t e d  to
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tu rnover curves. A cetic acid  disappeared from the rumen a t 

the r a te  of 3 . 3$/hour and b u ty ric  acid a t the r a te  of 2.7%/ 

hour. The standard  e r ro r  was 0.3%. The disappearance ra te  

of p rop ion ic  ac id  on the  high concentrate  ra tio n  appeared to  

be *f.6$ /hour versus 3 .2$/hour on the hay ra t io n . The ra te s  

fo r  conversion  of feed to  sho rt chain acids ranged from 35 

to  8H$/hour.

Pooling d a ta  from the U t r i a l s ,  the amounts of ac ids per 

100 gm. of rumen l iq u id  which were produced from one pound of 

t o t a l  d ig e s t ib le  n u tr ie n ts  were, 0 . 2*+ to  0.67  a c e tic , 0.02  to

0 .26 p ro p io n ic , and 0.0*+ to  0.21 b u ty ric . These are the 95% 

confidence le v e l  ranges. The average rumen in  these t r i a l s  

was estim ated  to  con ta in  70 kilogram s of l iq u id . Using these 

v a lu e s , i t  was computed th a t the cow ob tains 3 to  13$ of i t s  

energy from sho rt chain ac id s .
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TABLE 8

SUMMARY OF REGRESSIONS OF ACETIC, PROPIONIC, AND BUTYRIC ACID 
CONCENTRATIONS IN THE RUMEN ON TIME AFTER FEEDING

A ll Hay R ation

A cetic Acid P ropionic Acid B u ty ric  Acid

L°ge AQ 2.2602 0.8256 0.^915

L°ge Ap 0 . 6¥+l -1.0103 -1 .1 5 1+5

kl 0.0353 0.0322 0 . 021+8

k2 0.5226 O.M+99 0.3511

Standard E rro r of Estim ate

R egression of
Log^ X on t  e o

0.1230 0 . 13^2 O.1308

kl 0.00^1 0 . 00^8 0 .00^6

Lo&e Ao 0.0*+97 0.0607 0.0592
Degrees of 
Freedom

16 Ik lU

R egression  of
Log^ A on t  e p

0.9739 0.5712 0 A 966

k2 0.293S 0.2372 O.IU98
L°ge Ap 0.3872 O.kOOk 0.3355
Degrees of 
Freedom

6 3 6
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TABLE 8 (Continued)

SUMMARY OF REGRESSIONS OF ACETIC, PROPIONIC, AND BUTYRIC ACID 
CONCENTRATIONS IN THE RUMEN ON TIME AFTER FEEDING

R e s tr ic te d  Roughage-High Concentrate R ation

A cetic Acid Propionic Acid B utyric Acid

1.9683 0.8593 0.8562

0.7710 -0.8915 -0.3201

0.0311  0 . 0*t65 0 . 028k

0.8379 0.2763 0.7335

Standard E rro r of E stim ate

0 . 13^8 0.2197 0.1279

0.0050 0.0089 0.0052

0 .0613  0 . 1161+ 0.0680

12 10 10

0.6509 1.U099 0.9568

0 . 266*+ 0.6753 0.3520

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

6 5 8
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TABLE 9
THE CONCENTRATION OF ACETIC, PROPIONIC, AND BUTYRIC ACIDS

IN RUMEN LIQUID

(M illim oles Acid /100 gm. Rumen Liquid-*-)

Hours A ll Hay R ation
A fter
Feeding A cetic Acid Pronionic Acid B uty ric  Acid

C707 T2 C707 T2 0707 T2

0 .0 5.87 8.32 1.66 2.07 l.Cfc 1 .k7

2.0 8.76 7.69 2.0U 1.90 1.32 l.*tl.

2 .5 8.50 7.35 2.22 1.73 1.W7 1.38

3.0 2.22 ------------- 1 M -------------

3.25 7.78 ------------- 1.77 1A 0

3.5 8.71 8.35 2.36 1.76 i .5 o 1.66

*♦.0 8.19 7.97 2.13 1.79 1.38 1 M

5.0 8.06 8.33 2.03 2.01 1.7k l . k l

6 .0 8.08 8.27 1.80 1.95 1.52 l .kQ

10.25 6.57 ------------- 1.59 -------- 1.2k

10.5 6.90 1.71 -------- 1.15
12.5 ------------- 6.18 ------------- I .k2 ------------- 1.2k

i*+.5 5.*+l ------------- 1.37 ------------- 1.00 ■ — — — —

18.0 ------------- 6.38 ------------- 1.56 1.03
19.5 k.21 ------------- 1.09 0.96 --------

23.5 -------- 5.36 — — —- 1.37 1.19
2H.0 3.07 0.82 0.68

1. Sample weighed on to  column con tained  91.3# rumen l iq u id  
on a dry m atter f r e e  b a s is ;  the  v a lu es  re p o rte d  here a re  
co rre c te d  to  100# rumen l iq u id .
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TABLE 9 (Continued)
THE CONCENTRATION OF ACETIC, PROPIONIC, AND BUTYRIC ACIDS

IN RUMEN LIQUID

(M illim oles Acid /ICO gm. Rumen Liquid^-)

Hours R e s tr ic te d  Roughage-High Concentrate Ration
A fter
Feeding A cetic Acid Pronionic Acid B utyric Acid

C707 T1 C707 T1 C707 T1

0 .0 H.9 5.*+o 1.31 2.25 1.8 2.15

1 .0 6 .2 ------------ l.S* 1.73 ------------

6 .H 5.^2 I.W3 2.15 1.80 1.69

2 .0 6.**7 5.62 1.^9 2.07 1.77 2.17

2 .5 6.75 6.20 1.71 2 . 3U 1.87 2.12

3 .0 6.77 6.26 1.58 2.25 1.89 2.3^

3.75 ------------ 5.93 ------------ 2.18 ------------ 2.18

U.O 6.5 5-69 1.63 2.13 1.70 2.15

5.0 ------------ 7.17 2.29 ------------ 2.52

6.0 6.57 -------- 1.58 -------- 2.13 -----------

8.0 5.97 ------------ 1.5^ 1.72 ------------

10.75 ------------ it. 88 ----------- 1.65 ------------ 1.83

12.0 5.6*+ ------------ 1.21 ------------ i . 7 1 - - - « = ■

13.0 ------------ 3.36 1.05 1.38

18.25 ------------ 3.96 ——- — 1.23 -------- 1 J +5

2*t.O 3.38 3.81 0.53 1.09 1.07 1.36

1 Samnle "Welshed on to  column contained 91*3$ rumen l iq u id  
on a d ry  m atter f re e  b a s is ;  the values rep o rted  here are 
co rre c te d  to  100$ rumen l iq u id .


