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Chapter l 

INTRODUCTION 

1.1. The Nomenclature of Branched Chain Fatty Acids 

Fatty acids containing a branched carbon skeleton have been isolated 

from different sources, and in most cases the branch chain consists of a 

single methyl group. The branched chain fatty acids have been named 

according to two different conventions. According to one system the 

branched chain fatty acid is regarded as having a straight chain with a 

methyl side group on one of the carbon atoms and the name of the acid is 

derived from that of the straight chain acid to which the methyl group 

is attached. For example, a branched chain fatty acid containing c15 

carbon atoms, with a methyl group on carbon atom 13, is known as 

13-methyltetradecanoic acid (Figure 1). 

CH 3-~H-(CH 2) 11 - COOH 

CH 3 

13-methyl tetraoecanoic acid 

( i so- pentadecanoic acid) 

Figure 1 

The second system of naming branched chain fatty acids is applicable 

only in the case of fatty acids having the methyl side chain on the 

penultimate, or ante-penultimate carbon atom. Branched chain fatty acids 

having a methyl group on the penultimate carbon atom belong to the iso 
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fatty acid series. For examp~.e 13-methyltetradecanoic acid is also termed 

isopentadecanoic acid (Figure 1). If the methyl group is on the ante

penultimate carbon atom the fatty acid belongs to the (+)-anteiso fatty 

acid series. An example of this series of acids is C+)-12-methyltetradecanoic 

acid, or (+)-anteisopentadecanoic acid (Figure 2). 

Figure 2 

Branched chain fatty acids of the(+) 

n C C 

series will exhibit 

optical rotation due to the stereochemical configuration of the 

chain about the ante-penultimate carbon atom. direction of rotation 

indicated by the insertion of the sign(+ or-) before the 

name of the acid. 

In this work the second system of nomenclature has been adhered to 

wherever possible, in order to show the relationship between fatty acids 

of the same 

1.2. 

earliest reported discovery of a branched chain acid in a 

naturally occurring was made Chevreul who, in 1823, reported the 

isolation of a volatile fatty acid with a branched chain structure from the 

head and body oil of The fatty acid was identified as 
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c14 

015 

015 

017 

017 
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vl8 

c20 

TABLE 1 

(Shorland and Hansen, 1957) 

Branched chain fatty acids in cows' milk fat 

Carbon Number 
of Fatty Jl4cid 

iso --
anteiso 

iso --
iso 

anteiso 

iso --
anteiso 

branched 

multi-branched 

Name of Fatty Acid 

ll-methyldodecanoic acid 

(+)-10-methyldodecanoic acid 

12-methyltridecanoic acid 

13-methyltetradecanoic acid 

(+)-12-methyltetradecanoic ac:id 

15-methylhexadecanoic acid 

(+)-14-methylhexadecanoic acid 

-

-

Estimated 
ne.r cent 
of Total 

Fatty 1kids 

0.05 

0.01 

o. 

0.37 

o.43 

trace 

o. 

trace 

trace 
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acid by Gill and Tucker (1930). This has since been proved to be an 

exceptional case, remaining the only known instance in which a branched 

chain fatty acid is a major constituent of a triglyceride from depot fat. 

Branched chain fatty acids have been isolated from extracts of the 

tubercule and leprosy bacteria (Anderson and Chargaff, 1929; 

1932). The fatty acids were isolated and shown to possess more than one 

terminal methyl group, which indicated their branched chain structure. 

Later of this fatty acid fraction showed that the acids concerned 

were 10-methyloctadecanoic acid (10-methylstearic acid) and the multi-

branched chain fatty acid, 3,13,19-trime ( and 

Anderson, 1944). These acids were not present as components of 

triglycerides but were found in the material, 

esterified to alcohols to form waxes. 

The waxes of wool grease have been found to contain amounts 

of branched chain fatty acids of both the and anteiso series ( 

1945). chain fatty acids have been isolated from the 

of ducks and geese (Weitzel and Lennert, 1951; 

1952a, b; , 1962). C ) has de the structure of 

branched chain fat acids from this source and found that the two main 

acids of the waxes were 2,4,6,8-tetramethyldecanoic acid, and 

2,4,6,8-tetramethylundecanoic acid. 

With the exception of isovaleric acid from dolphin s, all 

of the preceding reports concerned with the occurrence of branched chain 

acids indicate their presence in the 

lipid extracts. 

fraction of 

In a review of studies made on the fatty acids from butterfat, 

Shorland and ( ) reported that branched chain acids were 

present in small Table 1 summarises their s. 

Shorland and Hansen ( ) maintained that, in butterfat, the branched 
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(a) iso branched chain series. 

13-methyltetradecanoic acid. 

15-methylhexadecanoic acid. 

(b) anteiso branched chain series. 

(+)-14-methylhexadecanoic acid. 

The presence of branched chain fatty acids in the milk fat of 

has been reported by James and Martin (1956). 

Chromatography (G.L.C.), these workers tentatively branched 

chain acids containing to c18 carbon atoms from this source. 

These fatty acids were not identified, and 

acids the same number of carbon atoms were not resolved 

on the column used. The of the branched chain acids 

present in the milk fat were not , but observations on the 

these authors suggests that were 

present in trace amounts. Human milk fat has been found to contain traces 

of branched chain with a chain of from 

carbon atoms (Insull and Ahrens, 1959). 

The sebum from several s of mammals (human, rat, mouse, rabbit 

and 

both the 

pig) has been shown to contain branched chain acids of 

anteiso and multi-branched (James and 

and ) . 
The occurrence of branched chain 

an odd number of carbon atoms, in the 

acids, and fatty acids containing 

fat of rats fed a diet 

bovine milk fat has been (Bhalerao . ' ). However, 

fats from rats fed diet no milk or milk contained 

none of these components. This work ted as sugge that 

chain acids and acids with an odd number of carbon 

atoms were not the rat, but arose from a dietary source. 

• ( ) found that 10 per cent of 
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acid fed to rats on an otherwise fat-free diet was deposited in the depot 

fat. 

The phospholipids of a species of bacteria of the genus Sarcina have 

been found to contain a c15 carbon atom branched chain fatty acid (Akashi 

and Saito, 1960). This fatty acid has been tentatively identified as 

(+)-12-methyltetradecanoic acid and constitutes the sole fatty acid component 

of the phosphatidic acid isolated from this organism. The acetone soluble 

lipids of Sarcina were also found to contain a large proportion of this 

fatty acid. These workers have also reported the presence of branched chain 

fatty acids of the iso series in Bacillus subtilis sub sp. (Saito, 1960) 

A study of the fatty acid composition of~- subtilis (strain ATCC 7059) has 

been made by Kaneeda (1963a), who found that the predominant acids 

isolated from this organism were the (+)-anteiso fatty acids, (+)-12-methyl

tetradecanoic acid and (+)-14-methylhexadecanoic acid. 

Macfarlane (1961) has found that the neutral lipid from the membranes 

and whole cells of Micrococcus lysodeikticus was a diglyceride which 

contained branched chain fatty acids. Of the total fatty acids, 77 per cent 

was a branched chain fatty acid containing c15 carbon atoms. The fatty acids 

from the membrane phospholipids were also predominantly (80-90 per cent) 

fatty acids having a branched chain structure, of which (+)-12-methyl

tetradecanoic acid was the most abundant. Further work has shown that a 

branched chain fatty acid containing c15 carbon atoms comprised 42 per cent 

of the total fatty acids of Micrococcus lysodeikticus (Lennarz, 1961), while 

a branched chain fatty acid containing c17 carbon atoms comprised a further 

5 per cent of the total fatty acids. 

Lipid extracts from the bacterial fraction of the rumen microbial 

population of a lactating cow have been found to contain a large proportion 

of branched chain fatty acids (Keeney et al., 1962). Bra.~ched chain fatty 

acids were also found, but to a far lesser extent, in the lipid extracts 



of the 
o the from mixed rumen bacteria, 

and of the 

BACTERIA PROTOZOA R. 

12:0 r, v. tr 1.5 0.7 

:0 tr tr 1.2 1.5 

:0 tr tr 0.7 0.7 

.7 l 3 2 • 

2. 0.9 • 8 l 0 1. 2.5 

br. 6. .9 .3 .5 3.7 .7 

:0 4,5 1.2 8.2 1. .6 2.0 4.3 

2. 1.6 2 1.1 9.3 

.l . .6 .5 2 5 .o 

:1 5 o. 1.3 0.7 1.2 
.4 

1.5 .5 1.2 o. .8 

:0 o.4 1. o.8 tr 1.3 o. 1.8 

:0 10.7 .9 6.5 12.3 .3 10.3 4.1 

:1 .2 12 .2 l 20.3 6 a . ;;, 
18:2 18.1 4.3 10.7 27.5 4.9 14.6 o.8 

18:3 

18:4 or 7.9 9.7 3.2 

20:l 

* The shorthand notation used for the fatty acids is that used by James (1960). 
The figure preceding the colon denotes the number of carbon atoms in the 
fatty acid, while the figure following denotes the number of double bonds. 
br. or cy. indicate branched chain or cyclopropane fatty acids. 
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volatile fatty acids of both branched and chain structure 

( , 1955). and Robinson (1962) have studied the 

of a number of strains of rumen in chemically 

defined and found that many strains, including some bacteria 

which were not cellulose , had a for of one 

or more of the branched chain volatile fatty 

The metabolic fate of the chain volatile acids 

up by _g. has been Allison et (1962a, b; ) . 
found that was into branched chain acids 

c
15 

and c
17 

carbon atoms, and also into the acid leucine. 

These authors are of the that because of the rumen 

environment, which has a low level of free amino acids and a level of 

ammonia, there is selection of those which are 

of or all of amino acids from ammonia. It 

has been shown that many rumen bacteria 

in a medium containing a level of amino 

Allison and ( ) suggested that R 

chain acids because the mechanism for the bio of 

the was or 

. (1958) showed that stion of cellulose 

rumen cultures was stimulated 

, and isoleucine, as well as 

the branched chain amino 

the branched chain volatile 

acid, acid and acid. 

leucine 

L4. 

The presence of branched chain volatile in the rumen has 

been a number of workers ( el 

their formation of amino 

acids demonstrated (el ) . El ) has 

) 
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postulated that the reactions involved could be the mutual 

reduction reactions first demonstrated Stickland (1934, 1935). Stickland 

found that anaerobic 

contained special 

of the Clostr;dium 

of amino acids. 

of bacteria 

of bac did not ammonia any amino acid was 

added to the culture medium, but some amino acids were deaminated if an 

dye was also present in the medium. Other amino acids in 

the were deaminated in the presence of 

amino acids have been into two groups on the 

behaviour in this , i.e. those that act 

as form one group while those which act as 

fall into second group. Stickland ( found that alanine, leucine, 

s 

and to the first group, while and 

are members of the second group. one 

each group was added to the suspension of cells there was an 

intermolecular oxidation-reduction reaction with the concomitant 

of ammonia. 

( ) has suggested that the volatile acids 

acid, and 

amino acids valine, and 

acid could be derived from the 

way of reactions of the 

Stickland. found that if casein was added to 

mixed of rumen bacteria, there was an increase in the 

of the branched chain acids present. The 

the culture medium the of and 

s. 

amino acid, ~aminovaleric acid, 

the chain amino acted as 

This evidence suggested that 

donors and the a~ino acid 

the in these reactions (see 

Pre amino acids other than could function as 

in the rumen, e •• 
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in al ric c d 
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The results of Dehority tl &· (1958) supported those of el Shazly and 

showed that when mixed suspensions of rumen bacteria were incubated in a 

medium containing one of the branched chain amino acids, together with 

proline, there was an increase in the proportion of the corresponding 

volatile fatty acid in the medium. The amino acid i aminovaleric acid, 

initially absent from the culture, was present at the end of incubation. 

The addition of valine-1-c14 to the culture medium resulted in a large 

proportion of the radioactivity being recovered as c14o2 , as suggested by 

the pathways shown (Figure 3). By slowing the rate of reaction, Dehority 

et&· (1958) were able to show the presence of J)C. -ketoisovalerate-l-C14 

as an intermediate in the formation of ~butyric acid from valine-1-c14• 

An amino acid catabolising strain of Bacteroides ruminicola has been 

isolated and shown to produce isovalerate-1-c14 from leucine-2-c14 (Bladen, 

Bryant and Doetsch, 1961). To date this is the only rumen organism isolated 

in a pure culture which has been shown to be capable of forming branched 

chain volatile fatty acids in this way. 

1.5. The Biosynthesis of Branched Chain Fatty Acids in Animal Tissues 

The discovery of small proportions of branched chain fatty acids and 

fatty acids with an odd number of carbon atoms in the milk and body fat of 

certain animals, especially ruminants, has raised the question of their 

biological origin. As the configuration of the carbon skeleton of these 

fatty acids resembles that of the branched chain volatile fatty acids found 

in the rumen, el Shazly (1952b) has suggested that branched long chain fatty 

acids arise by condensation of several molecules of acetate with one molecule 

of the appropriate branched chain volatile fatty acid precursor. A number 

of workers have attempted to demonstrate, in animal tissues, the synthesis 

of these long chain fatty acids from branched chain volatile fatty acids, 

and also from fatty acids with an odd number of carbon atoms (Gerson et al., 

1960; Verbeke tl al., 1959; Horning tl &•, 1961). 
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Gerson ( ) ec acid 

into the vein of a lactating cow and examined the 

which occurred in the acids of the milk. found that the 

distribution of the c14 label in the acid molecules was consistent 

breakdown of n-valeric acid to acetate and the 

subse of these breakdown into the 

acids of the milk fat. The of 

chain 

from the 

James blood into the fat of milk fat has been demonstrated 

. ( , but Gerson • (1960) could find no evidence to indicate 

the direct of n-valeric acid into chain 

acids an odd number of carbon atoms. 

of labelled acid into the 

f milk fat has been studied 

In his one half an isolated cow's udder was perfused 

blood while the other half udder was perfused 

with blood In the half udder with 

leucine recovered from the 

the milk while very little radioactive carbon dioxide recovered, 

sugge leucine extent in 

udder tissue. 

acid the other half of 

the udder measurable of the added (6 per cent) 

was recovered as , which sugge that acid was metabolised 

to some extent 

indicated that 

branched chain 

unit 

then 

the udder tissue. The of radioac in the 

acids of 

acid 

acids, but 

milk and of the fat of the udder 

not into the 

broken down into a radioactive two-

acetic 

the 

This two-carbon unit 

acids f the milk fat. 

s 



breakdown of to acetate and aceto-acetate has been demonstrated 

in rat liver slices and in intact rats (Coon, 1950). 

The in 

chain 

sis of branched 

acids with an odd number of 

chain fatty acids, and of 

atoms, has been demonstrated 

). The precursors were shown to be the 

s of volatile acids containing either an odd number of 

carbon atoms or a branched chain structure. 

se authors used a enzyme from rat 

tissue and the mechanism involved the addition 

to the of 

precursor involved. . ( ) accounted for the very low 

of branched chain acids in mammalian 

that there 

branched 

enzyme system. 

of branched chain 

a11d state that 

short 

the 

odd 

a low concentration the 

precursors available to the 

et ( ) are of the that the bio 

acids in animal tissues is not of 

to be demonstrated that the 

branched chain esters become available to 

ll 

sis 

that 

chained fat 

could be animal tissues 

into 

Jrunes 

the 

in the 

the 

for 

acids an odd number of carbon atoms. 

( found that, on ection of radioactive into 

vein of a cow the 

acids of milk fat which had an odd 

, the results of Gerson Verbeke 

sis in animal tissues of acids 

was located 

of 

cast doubts upon 

a branched 

Thus, a site other than in animal s must be found 

sis of branched chain acids. 
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an odd number of carbon atoms (Shorland, 1956) (see Figure 4). 

It is interesting to note that there are no naturally occurring anteiso 

branched chain fatty acids with an even number of carbon atoms. The 

probable reason for this is that there is no naturally occurring amino 

acid which can undergo a Stickland reaction to form a volatile fatty acid 

with an anteiso carbon skeleton and an even number of carbon atoms. 

The bacteria which are able to synthesize branched chain fatty acids 

appear to fall into two groups. The first group consists of bacteria, 

such as Bacillus subtilis and Micrococcus lysodeikticus, which can produce 

branched long chain fatty acids from both the branched chain volatile fatty 

acids and from the branched amino acid precursors. The second group 

consists of bacteria, so far found only in the rumen, which have an 

obligate growth requirement for the branched chain volatile fatty acids 

and cannot synthesize branched long chain fatty acids from branched chain 

amino acid precursors. 

1.7. The Transfer of Branched Long Chain Fatty Acids of Rumen Bacteria 
to the Milk and Depot Fat of Ruminants 

Many bacteria in the rumen perish and are broken down by the bacterial 

and protozoal enzymes, which include lipolytic enzymes, capable of 

hydrolysing triglycerides (Garton et al., 1958) and phospholipids (Dawson, 

1959). Thus, it is probable that some of the branched long chain fatty 

acids would be released into the rumen content as free fatty acids. The 

presence of branched chain fatty acids in the extracellular rumen fluid 

has been reported (Hawke and Robertson, 1964). 

McCarthy (1962) has demonstrated the absorption of long chain fatty 

acids directly from the rumen into the blood of the ruminal vein, but the 

physiological importance of this is not clear. Probably the great majority 

of bacteria in the rumen pass unchanged into the abomasum and then into 

the small intestine. Here the bacterial cells are broken down by the 



intestinal and enzymes, which include lipolytic enzymes 

(Keller . ' ) . 

stion, the chain acids are absorbed into the 
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octadecanoic acid). The octadecenoic acid in these 
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bac ,vas found to be cenic acid tadecenoic acid) and 

not oleic acid (cis-9-octadecenoic acid). In a study of the 

L. and L. and Kodicek ( 

acids of 

) found 

that the or fatty acid of these bacteria was a c
19 

with smaller amounts of octadecenoic, cenoic and acid. 

The of and S. have inve 

by and Brown ( ) and HacLeod • (1962). The acid 

C of these bacteria is very similar to that of the lactobacilli, 

with lactobacillic, octadecenoic, hexade 

the or acids. An to this 

composition is ( and ) which 

has not been found to contain any lactobacillic acid. 

The sis o cenic acid has been to occur 

chain the addition two-carbon units an 

unknown, unsaturated, short chain cursor and Ho 

Hofman • ! ) . for this is that of the double 

in the unsaturated the lactobacilli is with 

t acid. unsatura 

short chain precursor acids, 

o which found in lactobacilli 

illic acid has been to the of 

a one-carbon from methionine across the double 

acid (Lui fman, fman and Lui, 
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(Allison et ., 1962; gner and Foster, 1960). However there have not 

been any reports on this pathway of synthesis either in vivo or in mixed 

cultures of rumen bacteria. The second section of this investigation was 

undertaken to establish further evidence for the pathways of synthesis of 

branched long chain fatty acids in mixed cultures of rumen bacteria. 
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(b) Source of Streptococcus bovis 

Streptococcus bovis strain I (Bailey and Oxford, 1958) was obtained as 

a freeze-dried culture from Plant Chemistry Division, D.S.I.R., Palmerston 

North. 

(c) Maintenance of stock cultures of Streptococcus bovis 

The organism was maintained in agar stab cultures, in 20 ml. screw 

capped bottles and the medium used was that described above with the addition 

of 2 per cent of agar (N.Z. Davis) prior to sterilisation. After sub

culturing, which was carried out at weekly intervals, the cultures were 

incubated at 37°c. for 12 hours to initiate growth. They were then stored 

in the refrigerator at 4°c. 

(d) Growth of Streptococcus bovis in large scale experiments 

Several workers have shown that Streptococcus bovis requires a high 

concentration of carbon dioxide in the medium before maximum growth will 

occur (Barnes, Seeley and Van Demark, 1961; Bailey and Oxford, 1958; 

Prescott and Stutts, 1955; Wright, 1960). A comparison of the yield of 

bacterial cells was made between cultures grown in air, in an atmosphere of 

carbon dioxide, and with the addition of calcium carbonate to the medium. 

The results of these experiments (shown in Appendix I) indicated that the 

addition of calcium carbonate to the medium produced the highest yield of 

bacterial cells. In all subsequent experiments 5 per cent of sterile 

(360°c. for four hours) calcium carbonate was added to the medium prior to 

inoculation. 

Growth of~· bovis on a large scale was carried out in 2 litre conical 

flasks which contained 1 litre of medium and which were loosely plugged with 

cotton wool, After the addition of calcium carbonate, and inoculation with 

10 mls. of a 12 hour sub-culture of S. bovis in liquid medium, the flasks 

were incubated at 37°c. for 36 hours. As the bacteria grew, the pH of the 



fell, due to the of and, after 6 to 10 hours, 

had 5 6. Sterile O. then added to 

the pH back to amount of O. sodium 

needed was calculated from information ~Q·"'-''·~ in an trial 

is 

(e) 

The medium 

in 

carbonate 

traces f 

3. 

( 

in II. 

tube, 

removed, 

f medium used 

buffer 

( 

low (200 x G) for 5 minutes 

at 

in 

tube 

10 

2 

ml. 

,OOO 

of 

the 

G 

cells 



to 

and 

The f the 

, and for the 

below. 

- 26 -

solution used in the culture 
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dioxide were into the culture medium. the third tube 

of the culture medium were removed during the incubation. Both the second 

and third tubes were closed with screw clips when not in use. 

(d) Conditions for the culture of mixed rumen bacteria 

After the addition of the washed suspension of mixed rumen bacteria 

flask containing the culture medium was placed in a water bath at 

39°c. and carbon dioxide was bubbled the medium for one hour to 

ensure that the tension was as low as possible. The 

the culture during 

taken at 

were followed the of a 

5 ml. intervals. Each time the of the medium 

below 5.8, concentrated ammonia solution was added until the 

reached its initial value of 6. - 7.0. Carbon dioxide was bubbled 

the for minutes after each was withdrawn. 

Non-radioactive was added to several of the cultures 

of mixed rumen bacteria before inoculation. The amount added was O .44- ./ 

litre which gave concentration of 5 f moles of acid per litre. 

and dl-valine In where radioactive sodium 

added to the medium, the f the labelled substrate was 

until visible increase in the of the medium the 

flasks, that bacterial had started. 

All cultures of mixed rumen bacteria were incubated for hours and 

at the end of this time the cells were harvested and freeze-dried 

in the same way as described for on page 25. 

3.2. 

All solvents used were ace to (1956). All 

1:vere or 11 te unless otherwise specified. 
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The esters were then treated with diazomethane to 

me any free acids formed the procedures 

acid me esters were then analysed gas-

Total volatile fatty acids were obtained from the culture medium 

steam distillation in a Markham (1942) Five mls. of the culture 

medium and 2 mls. of lON acid (saturated with ) 

were added to the and steam distilled. mls. of 

were collected, followed further mls., on which a blank determination 

was carried out to correct for 

The distillates were titrated 

carbon dioxide free conditions 
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Relative retention volumes in two 
chain acids 
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s. 
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12:1 

12:0 0 o. 
:1 o. 

n-tridecanoic 0 o. o. 
n-tetradecenoic 14:1 o. 
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15:0 1. 1. 
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3. 3.53 
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Lac acid cy.19:0 6. 
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s. 

Polyethylene glycol adipate at 180°c. 
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NUMBER OF CARBON ATOMS IN FATTY ACID 

The relationship between the carbon number of the fatty acid and 
the loglO of the relative retention volume for the fatty acids of 
&• bovis on Apiezon M (Figure 5) and P.G.A. (Figure 6) liquid 
phases. 
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Gas-liquid chromatograms of the methyl esters of the fatty acids 
of S. bovis on Apiezon M liquid phase at 200°c. 

Figure 7: Total fatty acids. 

Figure 8: Saturated fatty acids. 
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Gas-liquid chromatograms of the methyl esters of the fatty acids 
of~. bovis on P.G.A. liquid phase at 180°c. 

Figure 9: Total fatty acids. 
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Gas-liquid chromatograms of the methyl esters of the fatty acids of 
~. bovis grown in a medium containing isobutyric acid, Apiezon M 
liquid phase at 190°c. (Fatty acids higher than c18 :0 not shown.) 

Figure 11: Total fatty acids. 

Figure 12: Saturated fatty acids. 
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An attempt was made to analyse the steam volatile fatty acids the 

S. bovis lipid extract by gas-liquid chromatography on the 

described iµ Chapter 3 on page 33. However no results were obtained since 

the amount of volatile fatty acids in the sample was below the limit of 

detection of the apparatus. 

Once it had been established that there were no branched chain fatty 

acids in Streptococcus bovis it was decided to extend the investigation to 

the study of mixed suspensions of rumen bacteria, which are knovm to contain 

al., branched chain fatty acids of the iso and anteiso series (Keeney 

After preliminary experiments to establish conditions for the of these 

14 bacteria a study was made of the uptake of the C label from 

and valine-4-c14 into the long chain fatty acids of these 

4.4. The Identification of Methyl Esters of the Fatty Acids of 
Mixed Rumen Bacteria a.~d Rumen Protozoa by 

Gas-liquid Chromatography· 

A preliminary experiment was undertaken to determine the fatty acid 

composition of the bacteria and protozoa in the rumen of a 

lactating, Jersey cow which had been grazing on mixed ryegrass:white clover 

pasture. 

Freshly collected rumen fluid was strained twice through two of 

cheese cloth to remove food particles and then centrifuged ( x G) to 

precipitate the protozoa, which were then washed twice with 0.9 per cent 

saline solution and recentrifuged. (This fraction was observed to contain 

a certain amount of finely divided food material which had 

the cheese cloth.) The supernatant obtained after centrifuging at x G 

was then recentrifuged at 10,000 x G for 15 minutes and the of 

bacteria obtained was washed twice with distilled water. Both fractions 

(bacteria and protozoa) were then freeze-dried and the me esters of 

fatty acids were prepared from the total lipid extract as de in 
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Gas-liquid chromatogram of the methyl esters of the saturated fatty 
acids of mixed rumen bacteria on Apiezon L liquid phase at 210°c. 
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TABLE 7 

The retention volumes (relative to methyl palmitate) 
of the methyl esters of the fatty acids found in 

mixed rumen bacteria and in rumen protozoa. 

Liquid phase: 20 per cent Apiezon Lon Celite 545. 

Col11-~u1 temperature: 200°c. 

Fatty Acid 

n-decanoic 

n-undecanoic 

10-methylundecanoic 

n-dodecanoic 

11-methyldodecanoic 

10-methyldodecanoic 

n-tridecanoic 

ll-methyltridecanoic 

n-tetradecanoic 

13-methyltetradecanoic 

12-methyltetradecanoic 

n-pentadecanoic 

14-methylpentadecanoic 

n-hexadecenoic 

n-hexadecanoic 

15-methylhexadecanoic 

14-methylhexadecanoic 

n-heptadecanoic 

n-octadeca-di and tri-enoic 

n-octadecenoic 

l6-methyloctadecanoic 

n-octadecanoic 

* See Table 2. 

Shorthand 
Notation* 

10:0 

11:0 

i.br.12:0 

12:0 

i. br.13:0 

a.i.br.13:0 

13:0 

i.br.14:0 

14:0 

i.br.15:0 

a.i. br .15:0 

15:0 

i.br.16:0 

16:1 

16:0 

i.br.17:0 

a.i. br.17:0 

17:0 

18:2 & 18:3 

18:l 

i.br.l8:0 

18:0 

Rf (obs) 

0.076 
0.118 

0.142 

0.177 
0.220 

0.238 
0.250 

0.365 
o.44 
0.54 
0.59 

0.67 

0.82 

0.91 

1.00 

1.22 

1.35 

1.50 

1.90 

2.98 

1.93 
2.26 

o. 
o. 

o. 
o .. 

o. 
o. 

o. 

0.90 

1.00 

1. 

L 

2. 

2. 
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TABLE 8 

The relative percentage fatty acid composition of the 
bacterial and protozoal fractions from the rumen 

of a lactating fistulated dairy cow. 

Fatty Acid 

n-d.ecanoic 

n-undecanoic 

n-dodecanoic 

branched tridecanoic 

n-tridecanoic 

branched tetradecanoic 

n-tetradecanoic 

branched pentadecanoic 

n-pentadecanoic 

n-hexadecenoic 

branched hexadecanoic 

n-hexadecanoic 

branched heptadecanoic 

n-heptadecanoic 

n-octadeca-di and tri-enoic 

n-octadecenoic 

br2nchad octadacanoic 

Shorthand 
Notation* 

10:0 

11:0 

12:0 

br.13:0 

13:0 

br.14:0 

14:o 

br.15:0 

15:0 

16:1 

br.16:0 

16:0 

br.17:0 

17:0 

18:2 & 18:3 

18:1 

:C 

Bacterial 
Fraction 

0.7 

0.7 

1.5 

3.5 

11.0 

1.0 

l.l 

29.0 

l.1 

1.1 

6.0 

4.3 

0.3 

0.1 

O.l 

l.O 

1.0 

0.1 

0.2 

20.0 

1.2 



fore 

that bacterial 

also determine the effect, if any, of the addition of 

acid the the of these bacteria. 

In 1 mixed bacteria, 

3, grown in two flasks each 1 litre of 

in 3 2 

1 that 0 51" . ) of 

to one of the (column B 

) . 
in s 

of the of 

fermentation which had t. These 

for all the ts of 

end f harvested 

the esters from the total 

The acid in s 1 

shown in Table 10. The feature about acid 

compositions shown in Table 10 are the occurrence of fatty acids with more 

than one double bond in the sample of bacteria used to inoculate the 

culture, and the decrease in the proportion of branched chain fatty acids 

in the lipids of the mixed bacteria after incubation of the mixed 

suspension. 
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basic culture medium only. 

In experiments i4and 4 flask B contained the basic culture medium plus 
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culture medium plus d1-valine-4-c1 • 
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4.7. The Incorporation of the Radioactivity from ~butyrate-1-c14 

and valine - 4-c14 into the Long Chain Fatty Acids of Mixed 
Rumen Bacteria grown as Washed Suspensions. 

Two experiments were carried out to determine the fate of the label 

from isobutyrate-l-c
14 

when this short chain fatty acid was incubated with 

a mixed culture of rumen bacteria. The first of these experi ments 

(experiment 3) was similar to experiment 2 described previously (page 49), 

but in addition to the 5 )/' moles/ml.of unlabelled isobutyric acid which 

was added to one flask (flask A), 10 )> -curies of sodium isobutyrate-1-c14 

were also added to the medium in this flask. The other flask contained 

only the mixed suspension of rumen bacteria in the basic medium and acted 

as a control (flask B). 

The volatile fatty acid production by the mixed bacteria was determined 

by measurement of the concentration of these acids at the beginning and end 

of incubation. These results are shown in Table 9. 

Samples of the whole culture, supernatant from the culture and steam 

distillate of the culture supernatant were obtained at the end of incubation 

from the suspension which contained isobutyrate-1-c
14 

(flask B) and the 

radioactivity of these fractions was determined and is shown in Table 11. 

The difference in radioactivity between the whole culture and the culture 

supernatant represents approximately the amount of isobutyrate-1-c
14 

which 

was taken up from the culture medium by the bacteria. However, as the 

activity of the whole cells was not determined, it was not possible to 

obtain an accurate estimate of the total radioactivity taken up by the 

bacteria. 

A sample of the steam volatile fatty acids obtained from the culture 

supernatant from flask B by steam distillation was separated by gas-liquid 

chromatography and all of the c
14 

was located in the isobutyric acid 

fraction. The radioactivity of the other steam volatile fatty acids was 

not significantly above background. 
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Column X - Fatty acids from the suspension of mixed rumen bacteria used 
to inoculate the cultures. 

Column A - Fatty acids from mixed rumen bacteria grown in the basic 
medium ( flask A). 

Column B - Fatty acids from mixed rumen bacteria grown in the basic 
medium plus isobutyrate-1-014 (flask B). 
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T.ABLE 15 

The radioactivity present in a sample of the steam volatile 
acids from the culture at the end of incubation of a mixed 

suspension of rumen bacteria in the basic medium k 
together with isobutyrate-1-cl4 and dl-valine-4-cl:. 

(Experiment 4) 

Fatty Acid 

Acetic 

Propionic 

Isobutyric 

Butyric 

Radioactivity (counts per 10 m1nutes) 
(corrected for background) 

. ~edium~plus 14 
1sooutyra ... e-l-C 

3 

4 

350 

9 

3 

6 
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C 11 .20 

* See Table 2. 

Column X 

Column A 

Column B 

Column C -

Fatty acids from the suspension of mixed rumen bacteria used 
to inoculate the cultures. 

Fatty acids from mixed rumen bacteria grown in the basic 
medium (flask A). 

Fatty acids from mixed rumen4bacteria grown in the basic 
medium plus isobutyrate-l-C1 (flask B). 

Fatty acids from mixed rum~n bacteria grown in the basic 
medium plus dl-valine-4-clL+ (flask C). 
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The absence of any branched long chain fatty acids of the iso or anteiso 

series in S. bovis in the experiments reported here is consistent with the 

fatty acid spectra reported for other members of the same family of bacteria 

(Hofman and Sax, 1953; Hofman and Tausig, 1955; MacLeod et!!•, 1962; 



) It 

fat acids factors ( . ' ) . 

in 

( 

I 



f 

chain 

of ) 

( 

the 



the acids 

se bac the 

chain acids fraction, 

the pre \ 
I • It 

of 

f 

( 



CH 
3,cH-COOH CoASH 

CH/ 
3 

isobutyric acid 

CH 
2~c-coscoA 

CH{ 

CH 
> :)cH-COSCoA 

CH 3 

-21-1 

isobutyryl CoA 

HO-CH 
2'CH-C0SCoA 

CH{ 

methylac ry ly I Co A f-hydroxyisobutyryl CoA 

HO-CH2 O=CH 
'CH COOH ;:::====== 'CH COOH 

CH{ CH; -co 
2 

13- hyd roxy i sobutrate methylmalonyl semialdehyde 

CH 3CH2CHO 

propionaldehyde 

CH 3CH 2COOH 

propionic acid 



- 73 -

5.3. The Production of isobutyrate-3-c14 from 
valine-4-c14 by Mixed Rumen Bacteria 

The production of c14 labelled isobutyric acid from valine-4-c14 by a 

mixed population of rumen bacteria has been demonstrated in the present work 

(experiment 4, Tables 14 and 15), The mechanism involved was probably a 

mutual oxidation-reduction reaction between two amino acids, one of which 

was valine-4-c14 . In this type of reaction, which was first elucidated by 

Stickland (1935) and subsequently shown by el Shazly (1952b) and Dehority et~ 

(1958) to occur in mixed cultures of rumen bacteria, valine is oxidatively 

deaminated to form oc -ketoisovaleric acid, while a second amino acid is 

reduced and ammonia is produced. oc-ketoisovaleric acid is then oxidatively 

decarboxylated at the expense of another molecule of the second amino acid 

to form isobutyric acid. An outline of the reactions involved is shown in 

Figure 3 (Chapter 1). The formation of c14 labelled isobutyrate from 

valine-4-c14 in the present work is consistent with the occurrence of this 

type of reaction in mixed cultures of rumen bacteria. 

The formation of c14 labelled propionic acid from valine-4-c14 , which 

has been demonstrated in the present work (Table 15), is in agreement with the 

known pathways of metabolism of this amino acid. The mechanism of formation 

of isobutyrate from valine has been outlined above and the subsequent pathway 

of catabolism of isobutyrate to propionate has been elucidated by a number of 

authors (Atchly, 1948; Kinnory et al., 1955; Robinson and Coon, 1957; 

Rendina and Coon, 1957) and the reactions involved are shown in Figure 15, 

Reference to Figure 3 shows that after deamination and decarboxylation, 

carbon c 4 of the valine molecule becomes carbon c3 or c4 of isobutyric acid, 

In the subsequent metabolism of isobutyric acid (Figure 15) the carboxyl 

carbon (c1 ) is lost by decarboxylation and carbon c 2 , c3 and c 4 become 

carbon c1 , c 2 and c3 of propionic acid. Consequently in the experiments where 

isobutyrate-1-014 was incubated with mixed rumen bacteria, the catabolism of 
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this metabolite could not be followed because of the loss of carbon 1, as 

shown in the reaction scheme in Figure 15. 

5.4. The Incorporation of the c14 Label from i.aQ.butyrate-1-c14 

and valine-4-c14 into the Long Chain Fatty Acids 
of Mixed Rumen Bacteria 

When mixed rumen bacteria were incubated in a medium containing iso-

14 butyrate-1-C the label was found to be located in the branched long chain 

fatty acids of the bacteria containing both odd and even numbers of carbon 

atoms (Tables 13 and 17). In experiment 3 (Table 13) a comparison of the 

relative specific activities of the fatty acids shows that the label is 

incorporated to a greater extent into those branched chain fatty acids with 

an even number of carbon atoms. However in experiment 4 (Table 17) the c14 

label is incorporated approximately equally into both odd and even numbered 

branched chain fatty acids. Although the iso and anteiso isomers of the 

branched chain fatty acids could not be separated, it is probable that only 

the iso branched chain fatty acids were labelled in these experiments. 

The incorporation of the c14 from isobutyrate-1-c14 into the iso series 

of branched long chain fatty acids with an even number of carbon atoms is in 

agreement with the pathways reported for the synthesis of branched chain 

fatty acids in pure cultures of several species of rumen bacteria ( Wegner and 

Foster, 1963; Allison et al., 1962b). Those pathways have also been found to 

occur in several species of bacteria not found in the rumen (Lennarz, 1961; 

Kaneeda, 1963b). The mechanism postulated for their formation involves the 

addition of a variable number of two-carbon units (presumably acetate) to the 

carboxyl group of isobutyrate or a similar branched chain volatile fatty acid 

(el Shazly, 1952b) (see Figure 4). 

The incorporation of the c14 label from isobutyrate-1-c14 or valine-4-c14 

into the branched chain fatty acids with an odd number of carbon atoms has 

been demonstrated in the present work and this pathway has not previously been 
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reported in any species of rumen bacteria. However Kaneeda (1963c) has 

reported that when Bacillus subtilis was grown in a medium containing 

valine-u-c14 the c14 label was incorporated into the iso series of branched 

chain fatty acids containing both odd and even numbers of carbon atoms. 

These findings are an exception to the generally accepted belief (Keeney et a: 

1962) that branched chain fatty acids of the iso and anteiso series are formec 

by the condensation of a number of acetate molecules with the appropriate 

branched chain volatile fatty acid precursor. On the basis of this theory 

one would expect only the iso series of branched chain fatty acids to be 

produced from isobutyrate. 

Kaneeda (1963c) postulates a mechanism for the synthesis of the odd 

numbered branched chain fatty acids from valine which involves the formation 

of oc -ketoisocaproate by condensation of oe.-ketoisovalerate and acetate, 

followed by the elimination of one carbon atom. A mechanism of this type has 

been shown to occur in several micro-organisms in connection with the synthesi 

of the amino acid leucine (Calvo et al., 1962; Gross et al., 1962; Jungwirth 

et al., 1961; Strassman and Ceci, 1962). The carboxyl carbon of 

oc -ketoisocaproate is then lost and the resulting isovalerate is incorporated 

into the iso branched chain fatty acids having an odd number of carbon atoms. 

This reaction sequence, an outline of which is shown in Figure 16, could 

account for the production of c 14 labelled odd numbered branched chain fatty 

acids from valine-4-c14 in mixed rumen bacteria since, in these organisms, 

o< -ketoisovalerate has been shown to be an intermediate in the formation of 

isobutyrate from valine (Dehority et _tl., 1958). 

For the formation of iso branched chain fatty acids with an odd number 

of carbon atoms from isobutyrate by reactions of this type, it is necessary 

that the isobutyrate first be carboxylated to oc.-ketoisovaleric acid. This 

reaction has not been reported in rumen bacteria, but Allison et al. (1962b), 

reporting unpublished work of Wegner and Foster, have stated that 
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isobutyrate-1-0
14 

is a direct precursor of valine-2-c14 in the rumen bacteria 

Ruminococcus flavefaciens. If the reactions involved in this transformation 

are the reverse of those involved in valine catabolism, and outlined in 

Figure 3, then it is probable that oc.-ketoisovalerate is an intermediate in 

the formation of valine from isobutyrate. Consequently this metabolite would 

be available to enter the reaction pathway leading to the formation of 

isovaleric acid suggested by Kaneeda (1963c). The reactions postulated for 

the formation of isovalerate from isobutyrate and valine are shown in 

Figure 17. 

Subsequent condensation of isovaleric acid-2-c14 (formed from isobutyric 

acid-l- c
14 

by this reaction) with a number of molecules of acetate, would 

14 produce C labelled iso branched chain fatty acids with an odd number of 

carbon atoms, as has been shown to occur in the present experiments (Tables 

13, 17 and 18). 

An alternative explanation for the production of odd numbered branched 

chain fatty acids from isobutyrate-1-014 in the experiments reported in this 

work could be their formation by a process of oc. -oxidation from the even 

numbered branched chain fatty acids formed from this metabolite by 

condensation with acetate units. This process would involve the loss of 

one carbon unit from the carboxyl end of the even numbered branched long 

chain fatty acids. Saturated and unsaturated long chain fatty acids have been 

shown to be degraded by oe-oxidation in plant systems (Martin and Stumpf, 1959 

Castelfranco et al., 1955; Stumpf, 1956; Hitchcock and James, 1964) and a 

similar mechanism has been demonstrated for the degradation of the long chain 

fatty acids found in brain tissue (Mead and Levis, 1963; Levis and Mead, 1964 

However the plant enzyme systems responsible for cx:.-oxidation have an absolute 

requirement for molecular oxygen (Hitchcock and James, 1964) and in some cases 

require an exogenous source of hydrogen peroxide (Martin and Stumpf, 1959). 

A similar requirement for oxygen for OC,..oxidation in brain tissue has not 
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acids require a branched chain volatile fatty acid as a growth factor (Bryant 

and Robinson, 1961) and the addition of valine, or a similar branched chain 

amino acid to the culture medium for these organisms did not satisfy this 

requirement. 

The labelling of n-heptadecanoic acid in the experiment with valine-4-c1~ 

(Table 18) was almost certainly due to the incorporation into this fatty acid 

of labelled propionate which had resulted from the catabolism of the 

isobutyrate produced from valine. It was likely that the lower straight 

chain acids with an odd number of carbon atoms (c15 :0, c13 : 0 ) were also 

labelled in this experiment but, as there was not a clean separation of these 

fatty acids on the gas chromatogram, the activity of these acids could not be 

accurately determined. The radioactivity which was found in these fatty acid 

fractions (c15 :0, c13 : 0 ) was also due to carry- over of labelled branched chain 

fatty acids from the previous fraction during gas chromatography. The 

formation of long chain fatty acids with an odd number of carbon atoms from 

propionate has been demonstrated in a number of bacteria and in a cell-free 

enzyme system from rat epididymal adipose tissue (Kaneeda, 1963b; Horning, 

1961). 

5.5. The Validity of Results obtained with Experiments 
using Mixed Cultures of Rumen Bacteria and their 
Application to .in~ Conditions in the Rumen 

The results of in vitro experiments using mixed rumen bacteria, such as 

those reported in this work, must be treated with caution when drawing any 

conclusions about reactions taking place in vivo in the rumen. The conditions 

imposed in these experiments were markedly different to conditions in vivo and 

the effect of this must be considered in any work of this type. 

The method of preparation of the mixed bacteria used for washed 

suspensions in the experiments reported in the present work, together with 

the long period of incubation of the suspensions (36 hours) makes it very 



been 

fleeted the 

acids f 

3 to 10 

1 in 

in 

4 

bacteria include 

since 

of 

4. 



f 

) 

( 

of 

( 



cul s f 

) 

fat s 



chain 

f 

f 

fed 



f 

of 



L . , 
( ) 222. 

3 M 

4 

l) 

8 

' ' 

• l ( 

• l 

Gen, 

' , Van 

R, 

), 

. ' 

T 
'<} 

( 

( 

\ 
I • 

( ) . 

) . 

( 



J. 

\ 
) . 

• j 

\ 

' l 
) . 

2) 

' j 
( \ 

I • 

J. 

( 

20 ) . 

\ 
) . 

22, ) 

) 

. J. l ( 



• l • l ( 

( ) . 

( 

' ' ( 

'j 
) 

• j ( 

'l 

( 

S, 

J. 

) 



'l ' ' 

. ' ( ) 

( 

' l 
( 

( 

( 

' ' ( 

( 

• l ( ) 

'! 
( 

LUI, 
' ! 

( 

\ 
I ' 



and 

• ! ( ) . 
Biol. 

' ' ( 

• ! . ' ( ) 

' ' ( 

( 

... 
<) • ! 

.J 

and • ! 
I ,, 

. ' 

,D, ( ) 

,R, 

( 

( 

• l ( \ 
) . 



( ). 

. ' 

. ' 

. ; 

T 
dJ. 

. ' 

\ 
) . 

( \ 
I • 

). 

) 

) 

. ' • ! 

. ' ( 



p 

\ 
) . 

. , 

J 

. ' 
in f 

J. 

( \ 
I • 

) . 

. ' 

( 

( 

T 
• .LI' 

• ! 

\ 
I 

( 

) 

), 

and J • 

) . 



- 91 -

97. ROBERTSON, J.R., (1964)'. 

M.Sc. Thesis, University of Otago. 

98. ROBINSON, W.G. and COON, M.J., (1957). 

J. Biol. Chem., 225, 511. 

99. SAITO, K., (1960). 

J. Biochem. (Tokyo),~' 710. 

100, SAMMONS, H.G., (1961). 

Biochem. J., Bo, 30 P. 

101. el SHAZLY, K., (1952a). 

Biochem. J., .21, 640. 

102. el SHAZLY, K., (1952b). 

Biochem. J., .21, 647. 

103, SHORLAND, F.B., (1956). 

Australian J. Sci., 18, 49. 

104. SHORLAND, F.B., (1961). 

J, Sci. Food Agr., 12, 39. 

105, SHORLAND, F.B., GERSON, T. and HANSEN, R.P., (1955). 

Biochem. J., 2.,2, 350. 

106. SHORLAND, F.B. and HANSEN, R,P., (1957), 

Dairy Sci. Abstr., 1:2,, 168. 

107. STICKLAND, L.H., (1934). 

Biochem. J., 28, 1746. 

108. STICKLAND, L.H., (1935), 

Biochem. J., ~' 288. 

109. STRASSMAN, M. and CECI, L .N., (1962). 

Federation Proc., 21, 10. 

110. STUMPF, P.K., (1956). 

J. Biol. Chem., 223, 643. 



92 -

Biochim. Biophis. Acta., 59, 306. 

112.- VERBEKE, R., LAURYSSENS, G.M. 1 PEETERS 1 G. and JA].'IES, A.T., ( 

Biochem. J., 73, 24. 

113. VOGEL, A.I., (1956). 

in HPractical Organic Chemistry11 • 

114. VORBECK, M.L. and ~L4RINETTI, C.V., (1965). 

11~ WAKTL S J (,9'1' ./. "·- .l. , • • ' .!.. 0 ; • 

J. Lipid Res., g, 1. 

116. WEENINK, R.O., (1961). 

J. Sci. Food Agr,; 12, 34. 

117. WEGNER, G.H. and FOSTER, E.M., (1961). 

Bact. Proc., 61, 170. 

118. WEGNER; G.H. and FOSTER, E.M., (1963). 

J. Bacteriol., 85, 53. 

119. WEITKAMP, A.W., (1945). 

J. Am. Chem. Soc., 67, 447. 

120. WEITZEL, G.,FRETZDORFF, A.M. and WOJAHN, J., (1952a). 

rr ,.. 1 ,_, "' • - C' 201.. "9 noppe-.::>ey_ers LJ. r'nysioJ.. 11em., ~' c: • 

121. WEITZEL, G,s FRETZDORFF, A.M. and WOJAHN, J., (1952b) 

Hoppe-Seylers Z. Physiol. Chem., 291, 46. 

). 



the 

of 

. ; 

of 

5 

5 



• of f 

( 

( ) J 

( ) 

Medium of Wri5ht (1960) Medium of Oxford (1958) 

Caco3 Co2 Air Caco3 Co2 Air 

0.3135 O. 0772 0.0357 0.0135 0.0277 0.0107 

0.297.5 0.1048 0.0584 0.0411 0.0128 0.0091 

0.3024 0.1072 0.0436 0.0226 0.0284 0.0098 

0.3096 0.0984 .., 0.0389 0.0197 0.0113 



The sults f s 

f 

all cultural conditions in 

f 

in in those 

C 

$ 

in 

0 

inoculation 12 

f 



= 



of 

7 

0 

7 

0 f 

f in 

f 

an 

1 

5 



5.5 

~ 
0 6·0 w 
~ 

u. 
0 

:c 
0. 

6-5 

6 8 10 12 14 16 18 20 22 24 

HOURS FROM INOCULATION 

with 

5·0 

5,5 
" 

" 

<( 

ci 6-0 w 
::a 
u. 
0 

:c 
0. 

6-5 

2 3 

ML. •75N NaOH 

The amount of 0.75N NaOH required to. bring the pH of 25 mls. of 
the~. bovis culture medium to pH 7 from various pH levels. 



- 98 -

with 10 mls. of a 12 hour culture of S. bovis and incubated at 37°c. The 

pH changes in the medium were followed and when the pH had fallen to 5.6, 

sufficient 0,75N sodium hydroxide to return the pH to 7.0 (calculated from 

Figure 18) was added to one of the flasks, Both flasks were replaced in the 

incubator and were harvested after a total of 18 hours ' inc ubation. The 

bac terial cells we re washed, freeze-dried and the dry weight determined. 

The flask in which the pH had been corrected produced 1 . 579 gms. of dried 

bacterial cells while the control flask produce d 1,122 gms. of cells. Bince 

the proc edure of pH correction resulted in a 30 per cent increase in the 

yield of cells it was used in all subsequent experiments with S. bovis. 




