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CHAPTER 1

INTRODICTION

In their comprehensive review of rumen metabolism,
Annison and Lewis (195%) emphasised the symbiotic relationship
between the metabolic activities of the mixed population of
anaerobic bacteria and ciliated protozoa, and the digestion
of fodder consumed by the host, Prominent features of the
microbial activity characterising the ruminant mode of
digestion have been listed by Moir {(1365) and may be summarised
as follaows: |
(1} Cellulose is hydrolysed to monosaccharides by microbial
cellulases and carbohydrates fermented to volatile fatiy acids.
While problems in the quantitative assessment af this volatile
fatty acid production were reviewed by Warner (1964), it was
also sugpgested that the amount produced in the rumen and
absarbed directly into the blood stream, was sufficient to meet
about 70 % of the host's energy requirements.
(2} Microbial protein is synthesised from both plant protein
and inorganic nitrogen with the energy released during
carbohydrate fermentation. Although the extent of this
conversion has also proved difficult to quantitate,
Phillipson (1364) has stated that the microbial synthesis of
essential amino acids; not always present in the diet, makes
the ruminant almost independent of the guality of dietary

protein,



(3} As B vitamin deficiency has never been demonstrated
in animals on a balanced intake of trace elements (Annison
and Lewis 1959 pe. 20) it would appear that the microbial
population can synthesise the B vitamins.

A more extensive review of carbohydrate metabolism
in the rumen can be found in the monograph by Oxford (1964),
while nitrogen metabolism was covered thoroughly by
Phillipson (1964) and Blackburn (1965),

To orientate investigations on the lipids of a rumen

microorganism, Streptococcus bovis, current knowledge of the

metabolism of lipids in the rumen is examined with special
reference to the microbial activity responsible for modifying
dietary lipid. Most attention will be directed towards
features not discussed by Garton (1961, 1965) in his reviews
of lipid metabolism in the rumen, The converse effect of
dietary lipid in wierobial activity is not considered, having
been recently investigated and discussed by Robertson and
Hawke (1964 a, b).

For further aspects of lipid digestion in the ruminant the

reviews of Garton (1961, 1963, 1965) should be consulted.

LIPID METABCLISHM IN THE RUMEN
After a brief examination of the constituents of dietary
lipid, the breakdown and modification of lipid is reviewed in
relation to microbial activity,. The section concludes with a

consideration of the lipids synthesised by rumen microbes,
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(1) Lipids in the Diet of Ruminants

Based on an intake of 100 1b dry matter (D.M.) per day,
Garton (1961) estimated the maximum lipid consumption of a
grazing cow to be of the order of 500 g per day. However,
the validity of this estimate is questionable, as Hutton,
Hughes, Newth and Watanabe (1964) found the maximum intake of
New Zealand Jersey cows was about 30 1lb D.M. per day. ‘ In
pasture plants the lipid content varies from 4 - 8 %

(Shorland 1961, Garton 1961), giving a maximum lipid intake
of about 1,000 g/day. This figure may be increased still
further, by 100 g per day, if the pasture has been sprayed
with emulsified oil to prevent bloat, as recommended by Reid
and Johns (1957).

Data on the lipid composition of any plant species, let
alone pasture plants, is still incomplete (Allen and Good 1965)
but from the work of Shorland (1961) and Weenink (1959, 1961,
1962) it was found that over half of the lipid from a variety
of pasture species was acetone-soluble; of which the galacto-
lipids, mono- and di- galactosyl glycerol esters of linolenic
were major components, For example in red clover, K Weenink (1962)
found that galactosyl glycerides amounted to 50 % of the total
lipid while triglycerides, diglycerides, sterols, sterol esters
and hydrocarbons together comprised less than 4 %. Virtually
all of the galactosyl glycerides are thought to be present in

plant chloroplasts (Benson 1964),



Known constituents of polar lipids in plants have been
listed by Allen and Good (1965}, These included the choline,
ethanolamine, serine, glycerol and inositol esters of
phosphatidic acid, the sulphonated sugar lipid {sulpholipid),
the sphingolipids (including cerebrosides), and proteolipids,
Ho estimate of the extent to which these constituents are
present in the lipids of pasture plants appears to have been
published.

Before reaching the small intestine, where absorption of
long chain fatty acids occurs, (Johnsten 1963),the complex
array of dietary lipids is subjected to the hydrolytic action

of rumen microorganisns,

{(2) Hydrolysis of Lipid

The discovery of lipid hydrolysis in the rumen was made
by Garton, Hobson and Lough (1958) who found that free fatty
acids accounted for over half of the total lipid-extracted from
rumen contents. In vitro incubations of linseed oil with rumen
contents released 75 % of the triglyceride as free fatty acids.
Subsequent experiments by Garton, Lough and Vioque (1961) showed
extreme variation in the extent of hydrolysis (in vitro) which
may have been due to the extent of emulsification of the linseed
oile. Thus cocoa butter, 2 very saturated fat and hence difficult
to emulsify was less extensively hydrolysed +than colive and linseed
oils whick are more readily emulsified. Turther evidence for the
hydrolysis of triglycerides was obtained by Hawke and Robertson (1964),
who found mono~ and di- glycerides in the rumen liquor of a dairy

cow fed pasture and 500 g/day of linseed oil.



Se

Besides triglycerides a wide variety of other lipid
compounds are alsc hydrolysed. Thus lecithin and
lysolecithin (Dawson 195%), ethyl esters of fatty acids
{(3i1l, Saylor, Allen and Jacobson, 1960), monostearin,
tributyrin, and Tween 80 {Wright 1961) and galactosyl
clycerides, sterol esters and methyl esters (Garton 1965)
have all been shown to undergo hydrolysis. However, atfempts
to isolate mono- and di- glycerides during the in vitro
hydrolysis of galactosyl glycerides by rumen contents were
unsuccessful (Hawke and Weenink unpublished. Cited by Hawke
and Robertson 1964),

Consegquent upon the hydrelysis of 1lipid ester linkages is
the release of water soluble moieties such as glycerol, galactose
and phosphatide bases. ihile galactose and glycerol are known
to be fermented to volatile fatty acids (see Garton 1965)
microorganisms can probably metabolise phosphatide bases such as

choline and ethanolamine.

Hydrolytic Enzymes and Migrobial Activity

Athough enzyme preparations, capable of releasing the water
soluble moieties from lipids, have been extracted from rumen
bacteria and protogoa, attempts to demonstrate lipase activity
in cell-free extracts have not been entirely successiul. Thus
Bailey (1962) obtainede{- and4§)~ galactosidase activity in
cell-free extracts of rumen bacteria, but the preparations were
inactive on intact galactosyl glycerides, depending upon their
prior deacylation. Deacylation was demonstrated, however, with
cell suspensions of the same bacteria, showing that bacteria could

be responsible for total hydrolysis of the galactolipids.
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Similarly Bailey and Howard (1963) and Howard (1963)
reported the extraction of < and [SL galactosidase activity
from four species of protozoa. While these enzymes were
capable of hydrolysing the intact galactosyl glycerides no
release of free fatty acids was observed.

The partial success in preparing cell-free lipase activity
is typified by the reports of Dawson (1959) and Wright (1861).
Butanol extracts of rumen bacteria prepared by Dawson (1959)
gave complete hydrolysis of lysolecithin but were inactive
against lecithin.  Likewise Wright (1961) obtained extensive
hydrolysis of tributyrin and trihexanocin with extracts of rumen
bacteria or protozeoa, but little activity was observed on esters
of long chain fatty acids.

On the other hand Hobson and Mann (1961) repeatedly isolated
an unidentified lipolytic bacterium from 1/109 dilutions of rumen
fluid from a sheep fed hay and concentrates with and without
linseed oil, Clear zones were obgerved around colonies on agar
containing an emulsion of linseed oil, indicating that the
organism may have secreted an extracellular lipase.

Further evidence to implicate bacteria as agents in the
hydrolysis of lipids comes from studies with antibiotics. It is
well knowr that some antibiotics are able to prevent the onset
of bloat {(lMangan, Johns and Bailey 1959) and some evidence for
their mode of action accrues from the studies of Hill (1960 (ited
by Garten 1965) and Wright (1961). Both of these workers showed
that the lipase activity of rumen contents decreased when some
antibiotics were fed and it was argued that reduced lipolysis would
favour the continued antifoaming action of the intact lipids.
However, Shellenberger (1964 Also cited by Garton 1965) was unable

to confirm the earlier results.
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Although Oxford (1958 a) observed the ingestion of
chloroplasts by a protozoal species it is not clear to what
extent the hydrolysis of lipids may occur as an intra-~ or
extra~ cellular process. Thus studies to define the location
and extent of lipid hydrolysis merit high priority, especially.
if it should be shown that the presence of intact lipid in the

rumen ligour is necessary for the prevention of bloat in cattle,

{3) Hydrogenation of Unsaturated Fatty Acids

Although the composition of the body fat of monogastrics
reflects the nature of the dietary fatty acids, ruminant fats
retain a highly saturated fatty acid composition in spite of the
ingestion of predominantly linoleic and linelenic acids from plant
lipids {(Garton 1963). The studies of Reiser (1951) pointed to
the occurrence of hydrogenation in the rumen to account for this
phenomena, as a reduction in linolenic acid concentration was
observed in incubations with rumen contents. Further evidence
for the hydrogenation of plant fatty acids was obtained by
Shorland, Weeninlk and Johns {1955) who showed that the high
proporticns of linolenic and linoleic acids present in herbage

were not reflected in the fatty acid composition ¢f rumen contents.

Hydrogenation and Microbial Activity

The hydrogenating activity of protozoa was indicated by
Wright (1959) who incubated linseed ¢il, sodium linoleate and
chloroplast lipids with washed suspensions of protozoa in the
presence of antibiotics to minimise the activity of any bacteria

alsoc nresent.



Analysis of the fatiy acids after incubaiicn showed a decrease
in iodine numbers or changes in fatty acid composition consistent
with the occurrence of hydrogenation. More recently Gutierrez,
Williams, Davis and ‘arwick (1962) have demonstrated the uptake
of ‘I---G'”+ oleic acid by washed suspensions of tweo ciliate pretosoal
species and its conversion to stearic acid,

Although initial attempts to demonstrate that rumen bacteria
could also hydrogenate fatly acids were unsuccessful, it was
later found by ilright (1960 a) that glucose and rumen fluid were
necessary for hydrogenation to occur and were possibly needed for
the fermentative activiiy cof the bacterial suspensions. Recently,
Polan, McHeill and Tove {1964) have developed an assay system for
measuring hydropgenation activity of washed suspensions of bacteria
in the presence of boiled rumen fluid and 0.25 - 4,0 mg/ml of
‘]--G‘”+ linoleic acid as substrate, In view of the high ceoncentraticn
of substrate, compared with the levels of fatty acids found in
rumen contents by Hawke and Robertson (1964), the claim by Polan
et.al. (1964) that carbon dioxide inhibited hydrogenation is not
necessarily valid; especially as Yard, Scoti, and Dawson {1G64)
obtained extensive hydrogenation with a gaseous phase of carbon
dioxide/nitrogen in an artificial rumen, where microorganisms were
supplied with a diet of hay and oats, and only 0,001 - 0.28 mg/ml
of a 014 ~ labelled unsaturated acid employed as substrate. These
levels approximated tc the concentration in rumen conients reported
by Hawke and Robertson (1964), Polan et.al. (1964) also found it

necessary to gas fTheir system with hydrogen in order %o effect

measurable rates of hydrogenation.
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A survey of rumen bacterial species by Polan et. al. (1964)
for hydrogenation ac¢tivity indicated that only

Butyriocibrio fibrisolvens was active, but further studies revszaled

a distinct loss of activity with aged cultures of this species.

In the 1ight of this finding it is disturbing that the survey of
bacterial spec¢ies was nhot repeated using suspensions known to be
viable or capable of fermentative activity. These authors also
found that suspensions of mixed species of bacteria were capable

of hydreogenation whereas pure species, presumably of a similar

age were inactive, Attempts to define the nature of this symbiosis
were inconclusive but made no allowance for the possibility that

the death or lysis of one species was providing fermentable substrate
for another,

It was alsc reported by Polan et. al. (1964) that glucose,
formate or amino acids were unable to renlace rumen fluid and
thereby act as hydrogen donors, However, as Wright (1960 a)
found that both rumen fluid and glucose were needed for the
hydropgenating activity of washed suspensions of bacteria, the
experiments of Polan et. al. (1964) probably failed to provide
eonditions necessary to test their hypothesis viz.; that glucose,
formate or amino acids served as hydrogen donors.

Evidence for the location of hydrogenation on or within the
cell wall was sought by Polan gt. al., (196%4) by measuring the
extent of hydropgenation in the precipitate and supernatant fractions
of their incubation system. As identical aetivity was noted in
each fraction their c¢laim that hydrogenation occurred on or within
the cell wall presupposed that acids were released into the

supernatant as rapidly as they were hydrogenated. No evidence for



10,

the wvalidity of this assumption was considered and consequently the
results fail to support their claim.

Although the nature of the hydrogenation reaction remains obscure,
Shorland, Weenink, Johns and MeDonald (1957) and Jard, Scott and
Dawson (1964} have both made zn intensive examination of the reaction
products. Shorland et. al. (1957) incubated relatively large amounts
of oleic, lincleic and linolenic acids with rumen contents and using
classical fractlonation procedures demonstrated the formation of trans -
unsaturated acids and positional isomers of mono~ and di- enocic acids
amonp the products of hydrogenation, indicating migration of the double
bond during the reaction. On the other hand Ward et. al. (1964)
employed radiocactive substrates in an artificial rumen and drew
conclusions from the radioactivity recovered in fractions obtained from
thin-layer and gas-~ligquid chromatographic separations. Unsaturated
aclds were oxidised and the products examined for radicactivity. As
well as substantiating the results obtained by Shorland et. al. (1957)
further evidence was obtained for the formation of a conjugated dienoic
acid from linolenic acid and the migration of the C-15 double bond toward
the methyl group in non-conjugated acids. Monoenoic acids formed were
predominantly of the trans configuration with double bond mainly at
C-13 and C-1&,

Both Shorland et. al. (1957) and Ward et. al. (1964) have noted the
resemblence between the products of hydrogenation in the rumen and the
products of catalytic hydrogenation of natural oils, As the reducing
potentizl of the rumen is only -0.35 V (Hungaite 1963) at a temperature
of 3900, little if any, catalytic hydrogenation would be expected and
the presence of enzymes is implied. Polan et. al. (1964) obtained

some evidence for the presence of iron and sulphydryl groups in =a
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hypothetical enzyme as both cyanide and arsenite at 0.1 M
concentration inhibited hydrogenation whereas 0,1 M azide had no

effect. It was also found that B. fibrisolvens, while capable of

converting linoleic to a monoenoic acid, was unable to form the
saturated @cid, indicating the posszible existence of specific enzymes
for each stage of the reaction,

The relationship between hydrolysis and hydrogenation has yet to
be fully clarified, but both Garton, Lough and Vioque (1961) and
Hawke and Robertson (1964) have obtained evidence for the preferential
hydrogenation of free fatty acids over triglycerides, as higher
proportions of saturated acids were found in the free fatty acids
released during hydrolysis, than in the unhydrolysed triglycerides.
However the unhydrolysed triglycerides also contained a higher proportion
of saturated acids than the linseed o©il employed as substrate, suggesting
that either some hydrogenation of intact triglycerides occurred or that
preferential hydrolysis of more unsaturated triglyceride species was
taking place. Transesterification reactions could also be invoked
to explain these results but no consideration to their occurrence in the

runen has been given,

(4) Degradation of TFatty icids

An evaluation of the extent of degradation of long chain fatty
acids is hampered by a paucity of experimental data and only the studies
of Vood, Bell, Grainger and Teekell (1963) give positive indication of
the oeccurrence of brealdown. These workers added 1“014 linoleic acid
to the rumen contents of sheep, then recovered steam volatile and leong
chain fatty acids after 486 hours, With the reticulo-omasal orifice
ligated, loss of digesta from the rumen was prevented and 90 % of the

radioactivity added was recovered as long chain acids. Less than 1 %
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of the original radicactivity was present in steam volatile fatiy acids
from the rumen, while further small amcunts of labelled volatile and long
chain fatty acids were found in the Jugular blood, having been absorbed
from the rumen. Thus only minor proportions of long chain fatty acids
are thought to be broken down in the rumen and no evidence is available
to implicate microorganisms in this capacity.
The w -oxidation of hydrocarbons to fatiy acids observed by
McCarthy (1964) in ruminants does not appear to be undertaken by rumen
microorganisms as following the administration of 014 - hexadecane or
014 ~ octadecane no labelled fatty acids were found in rumen conients,
Thus through the hydrolytic and hydrogenating reactions occurring
in the rumen, substantlial changes to dietary lipids are made prior to
their absorption frow the small intestine. However, as microbial growth
proceeds with fermentation (Hungate 1963) lipids are syntiaesised by
microorganisms for cell wembranes, or cell walls (Kates 1964). With the
outflow of digesta and microbes from the rumen, a wide variety of lipids
of both dietary and mic¢robial origin are subjected to further hydrolysis

by pancreatic lipases and absorbed from the small intestine (Borgstrom 1960},

(5) ILipids of Rumen Mic¢roorganisms

dpart from studies on the formation of branched chain fatty acids,
lipid metabolism by rumen ricroorganisms has received scant attention.
However Kates (1964) in a general review of bacterial lipids, their
distribution in the cell, and metabolism emphasised the similarities of
lipid composition shown by closely related species. Although
Bryant {(1959) has indicated that many of the bacterial species isolated
from the rumen are unique to this envircunment, it is expected that most

aspects of their lipid metabelism will resemble that discovered in other
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anaerobic¢ bacteria, In this review attention is confined to three
aspects of microbial fatty acid synthesis -
(a) The pathway of fatty acid synthesis in anaerobic
bacteria,.
{(b) The incorporation of free fatty acids.
(c) The synthesls of branched chain fatty acids and

aldehydes by rumen bacteria,

(a) TFatty Acid Synthesis by Bacteria

Barly evidence for the bhacterisl synthesis of fatty acids from
acetate was obtained by Stephenson and ‘Jhetham (1922) who showed that the

lipid content of liycobaclterium phlei was inereased by the addition of

acetate to the growth medium. 4 similar effect of acetate on

Escherichia coli 1ipid was also observed by Dagley and Johnson (1953).

HMore recently, Goldfine and Bloch (1961) working with

Clostridinum butyricum, and Thorhe and Kodicek (1962 b} working with

Lactobacillus casei, have shown that labelled acetate was incorporated

into long chain fatty acids.

For many years fatty acid synthesis from acetyl ~ Coi was thought
to occur by reversal of the pathway of /Jwoxidation (O'Leary 1962).
However Wakil (1958) showed that fatty acid synthesis in pigeon liver
proceeded via carboxylation of acetyl-Cold to form malonyl-Col.
Subsequently Wakil and Ganguly (1959) found the enzyme which catalysed
the synthesis of fatty acids by coupling the decarboxylation of malonyl-Coi
with the elongation of the acyl chain. A similar enzyme was found in
yeast by Lynen (1961) who also carried out an extensive investigation of
thi=s, the condensation reaction.

Recently Vagelos and co-workers have extracted soluble enzymes for the

condensation reaction from Clostridium kluyveri and E, coli.




14,

Fractionation of these enzymes yielded a heat stable protein which was
purified and found to contain one sulphydryl group. As this enzyme was
shown to bind the acyl group during condensation with successive
two-carbon fragments, it has been called the acyl carrier protein (ACP)
(Vagelos 1964), The following reactions were catalysed by the complete
enzyme syslen;

icetyl-S~Cod + ACP-SH — acetyl-S-ACF + CoASH

Acetyl-S«ACP + malonyl-CoA — acetoacetyl-S~ACP + CO2 + CoiSH

acetocacetyl~S«ACP 4+ 2NADPH + 25t — butyryl-S-iCP + 2NADPT H20
and shown to be intermediates in the formation of fatty acids from
malonyl=CoA {Alberts, Goldman and Vagelos 1963, Goldman, ilberts and
Vagelos 1963 a, 1963 b, Goldman 1964), These results constitute strong
evidence for the bacterial synthesis of fatty acids by the malonyl-Coi
pathway similar to that found in yeast (Lymen 1961) and pigeon liver
(ilakil 1961),

On the other hand biosynthesis of unsaturated fatty acids in anaerobic
bacteria proceecds by a different pathway from the aerobic desaturation of
fatty zc¢ids common to the actinomycetes, yeasts and higher organisms
(Bloch 1962). Current knowledge of the anaerobic pathway, which involves
elongation of/{?,'ﬁl decencic acid to cig-vaccenic acid, has been reviewed
by Vagelos (1964) who also presents evidence for the occurrence of this

pathway in facultative as well as obligate anaerobes.

(b) ZIncorporation of Free TFatty Acids

In addition to the synthesis of fatty acids, Goldfine and Bloch (1961)
and Thorne and Kodicek (1962 c¢)} have shqwn that bacteria can incorporate
nreformed fatty acids from the media. In view of the existence of long
chain fatty acids in rumen fluid (Garton, Lough and Viegue 1961, Hawke and

Robertson 1964), it is obvious that the fatty acids found in bacteria
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harvested from the rumen, are unot nec¢essarily those synthesised from
short chain precursors.

For example, using gas liquid chromatography, Keeney, Katz and
Alison (1962), Erwin, Sterner and Marce {(1963) and Tweedie (1965} have
all found volyenoic acids in bacteria harvested from the rumen,; yet
despite intensive investipgation no polyenoic acids have been found to bhe
synthesised by bacteria (Bloch, Baronowski, Goldfine, Lennarz, Iight,
Horris and Scheuerbrandt 1961, Kates 1964, Brwin, Hulanicka and Bloch 1964),

To overcome this problem fatty acid metabolism in rumen microorganisms
can only be studied with radiocactive precursors or in media known to be
free of long chain fatty acids,

Similar arpguitents also apply to the long chain fatty acid metabolism
of rumen protogoa, but, to date no studies of the fatty acids synthesised
by comparable species of anaerobic protozoa, let alone rumen species,
appear to have bsen reported. However, Gutierrez, ¥Williams, Davies and
darwiclk (1962) showed that palmitic, stearic, oleic and linoleic acids
vwere taken up from the media by washed suspensions of twe species of rumen

Drotozoa.

(¢) Branched Chain Fatty Acids and Aldehydes

Evidence for the occurrence of iso- and anteiso- long chain acids in
butterfat was reviewed by Shorland and Hansen (1957)}. Vlith the discovery
of branched chain fatiy acids in the lipids of bacteria harvesied from the
rumen by Keeney, Katz and Allison (1962), it was realised that these
bacteria were the probable origin of branched chain acids in butterfat.
Similarly Katz and Keeney (1964) have suggested that the branched chain
fatty aldehydes of complex plasmalogen lipids in ruminant tissues are
synthesised by rumen bacteria. These authors isolated fatty aldehydes

from rumen bacterial lipids and by gas-liguid chromatography of the
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reduced aldehydes showed that 45 % of the total aldehyde fraction had
a branched chain structure,

Tweedie (1965} has reviewed the occurrence of branched chain fatty
acids in bacterial lipids and the metabolism of branched chain volatile
fatty acids which are considered to be precursors of the higher branched
chain acids. Several studies claiming to demonstrate the dincorporation
of branched volatile fatty acids into their higher homologies have been
reported, Thus Allison, Bryant, Katz and Xeeney (1962) found that

. . - 40, . .
Runinococcus flavefaciens incorporated 1-GC isovalerate into long chain

fatty acids and aldehydes while R. albus, another cellulolytic bacterium,
incorporated 1-014 isobutyrate., Similarly wWegner and Foster (1963) found
that both 1—014 valerate and 1-014 isobutyrate were incorporated into the
long chain fatty acid and aldehyde moieties of an ethanolamine plasmalogen,
in the cellulclytic Bacteroides fibrisclvens. Tweedie (1965) using mixed

1%

cultures of rumen bacteria demonstirated the incorporation of 1-C

isobutyrate into bacterial lipids, These viorkers then used preparative
gas~liquid chromatography to separate the methyl esters of the fatty acids.
In each case the highest activity was associated with fracticns tentatively
identified as the homologous branched chain fatty acids. However, no
evidence for the purity of the fractions collected was queited in the
literature, nor was evidence other than retention volumes on gas-liquld
chromatography obtained for the chemical structure. Despite these
deficiencies the results conform to the theory of branched chain fatty
acld bicsynthesis. This visuvalises the elongation of a branched
volatile fatty acid with two-carbon units derived from malenyl-Cold
(Kates 1964),

The fatty acid compesition of a non-cellulolytic rumen microorganism,

Streptococcus bovis was studied by Tweedie (1¢65) using gas-liquid
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chromatography (Table 1), Unlike the cellulolytic bacteria mentioned
above, 3. bovis did not incorporate isobutyrate into long chain fatty
acids, nor could the formation of any iso~ acid be induced by the presence
of isobutyrate.

4s Tweedie (1965) had found lipids to constitute 7 % of the dry
veight of S. bovis, the present investigations were commenced with the
long-term cobjective of assessing the importance of lipids as endogenous
reserves., To keep this aim in perxspective, the importance of S. bovis
as a member of the rumen population is deduced from current knowledge of
rumen microbiolopgy and metabolism, Subsequent sections of this review
cover the general blochemistry of S. bovis, 1lipid metabolism in the lactic

acid bacteria and evidence for the function of lipids in bacteria,

S. BOVIS IN THE RUMEN

Bryant (1959) and Hungate (1963) have both made comprehensive reviews
of the variety of bacterial species found in sufficient numbers to account
for some aspect of rumen metabolism, One of these species, 3. bovis, has
been isolated from rumen contents by MacPherson (1953), Mann, Masson and
Oxford (1954), Perry, Wilson, Newland and Briggs (1955}, Hungate (1957),
Bailey and Oxford (1958 a), Krogh (1963) and Clarke (1964), A11 of these
authors obtained positive evidence for the identification of their isclates
and many were made from dilutions of greater than 1/106, while Gall and
Huhtanen (1951}, Hungate, Dougherty, Bryant and Cello {(1952), Higginbottom
and Hheater (1954} and Krogh (1959, 1960, 1961) have alsc found more than a
million streptoceocci per ml of rumen contents, Problems encountered in
making repeatable counts of rumen bacteria were discussed by Bryant (1959),
but the results obtained indicate that sufficient streptococci are preseat

to have some role in the overall metabolism in the rumen,



(P

Tungate (1957) claimed that most of his isclates shov
reguirement for ancerchiosis,

The characteristic
T luctate from hexose (snnisen and Lewis 16359), but only when diets rich
in soluble carbohydrats ape

rumen fluld reach a meassucable concentration {Balch arnd Rowland 1957).

Purtheruore, studies on the ifurnover of lactic acid oy Jayzsuriya and
fungate (1959) demoustrated that lactic acid formstion accounted for less
than 1 % of the totol fermentation of a hay dieb, but could reach 8 3%

of the tota’l on grain feeding, This the metsbolic activity of 5. bovis

is norzally of sminor dlmvortsnce to fermentoticn in the zumen,

—ef A

of soluble carbohydrate causcs en

However, a sudden
acute indipgestion agcompanied by the accumulation of lactlc acld in the
rumen (fungete et, al, 1952). This was alzo assoeciated with 2 shars
increase in the numbers of viable streptocccci as the pH of the rumen fell
to 5.0, Below pE 5,0, Xrezh (1%59, 1960, 1961) found that lactobacilli
prodoninated, sugpesting thot these speciles were more tolerant of acidity

than the streptecocel and had taken over the role of lactic acid production.

Death of the animal was conmnronly observed zs the result of indimestion.
if however, a gradual chonge was mads to a diet zrich in soluble

I

carbohydrate, no symptoms of indipgestion ocenrred and it is currently Thought
(innison and Lewis 1952 p. 165) thut the inereased lactic acid production

is matched by an increase in the numbers of lactic acid fermenting

Thus Javasuriva and lungete {1959) have demonstrated the
conversion of 2-C lactate to o mixture of acetic, propionic and

w8, while a number of lactate fermenting
bacteria have basen iseolatsd from the rumen, (see innison and Lewis 1959

ps 43},  On the other hand, evidence for the slow 2bsorption of lactate
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from the rumen has been presented by Williams end Hackenzie (1965),
From the data at present available, it seems as though S. bovis
is of minor importance during normal metabolism in the rumen, however,
its capacity for extremely rapid growth (Hungate 1963) places it at an
obvious advantage when given access to the soluble carbohydrates it is

capable of fermenting.

BIOCHEMISTRY OF S. BOVIS
Strain I of S, bovis, which was cultured throughout the present
investigation, was isolated by Bailey and Oxford (1958 a)s. According
to “Bergey's Manual of Determinative Bacteriology' (Breed, Murray and
Smith 1957), S+ bovis is a member of the "viridans" group within the.

Group D streptococci. A11 Streptococcus species are members of the

Lactobacteriaceae family within the order Eubacteriales.

To introduce a study on the lipids of S. bovis, current knowledge of
the bicchemistry of the species, the lipids of other lactic acid
bacteria and the function of lipids in bacteria will be reviewed.

In previous studies of S, bovis most attention was directed toward
the synthesis and degradation of pelysaccharides or the ability of some
strains to utilise ammconia as the sole source of nitrogen. Although
other aspects of S. bovis metabolism have received scant attention, the
biochemistry of S, faecalis has been extensively investigated and was
recently reviewed by Deibel (1664) with particular emphasis on the
similarities and differences between the various members of the Group D
streptococci, Therefore in a review of the biochemistry of S. bovis
under the headings indicated below, it is relevant to discuss literature
dealing with related streptococci and lactobacilli as many aspects of

their metabolism appear to be similar.,
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(1) Carbohydrate Metabolism of S. bovis.
(2) HNitrogen, Sulphur, Vitamin and Growth

Factor Requirements,

(1) Carbohydrate Metabolism

(a} Carbohydrases

{b) Intracellular polysaccharides
(¢) Capsular polysaccharides

(d) Extracellular polysaccharides

{e) Fermentation of carbohydrate for energy

(a) Carbohydrases of S. bovis

Identification of lactic acld bacteria according to "Bergey's
Manual of Determinative Bacteriology" (Breed, Murray and Smith 1957),
relies upon the ability of a species to hydrolyse and ferment a
characteristic range of poly- and olige-saccharides. The rationale of
this criterion of classification would appear to be that the enzymes
responsible for hydrolysis (the carbohydrases) are relatively constant
characteristics of the species. Thus amylolytic activity was employed
by MacPherson (1953) for the selective isclation of streptococci from the
rumen. The isolates were similar te cultures identified as S. bovis.
Similarly Merdek and Barnes (1962) examined the characteristics of 170
isolates of S. bovis. Hydrolysis and fermentation of starch, inulin, lactose
and raffinose was characteristic of all but one of the isolates.

Tnzyme activities responsible for the hydrolysis of these carbohydrates,
together with melibiose and sucrose, were observed in cell-free extracts
by Bailey and Bourne (1961) and Bailey (1963), From the range of
substrates hydrolysed these authors suggested that S. bovis contains
anylase, of —-{1~—> 6) glucosidase, d-galactosidase, invertase,

sucrose phosphorylase and isomaltase. In addition Walker (1965 a) has
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isolated cell~bound and extracellular~%—amylases from S. bovis. The
properties of both enzymes were similar and evidence was presented for
the extracellular secretion of the enzyme into the medium, rather than

its release from lysed cells,

(b} Intracellular polysaccharides

Hobson and Mann (1955) observed the formation of an intracellular
idophilic polysaccharide, comprised almost entirely of glucose in
oA~ (1= LI} linkages, when S. bovis was cultured on maltose or various
amylopectins, but no formation was obsarved on glucose, sucrose,
trehalose, cellobiose or amylose, Lcoumulation of the polysaccharide
was only observed during resting phase and in a media buifered between
pH 5 and 6.

Recently Walker {1965 b) has studied the properties of an intracellular
transglucosylose of S. bovis which was capable of forming maltodextrins
with & ~(1=» 4} glucosidic linkages, However, this enzyme does not
appear to be responsible alone for the synthesis of the intracellular
iodophilic polysaccharide studied by Hobson and Mann (1355) as the enzyme
had pH optimum between 6 and 8 and utilised amylose or glucose as
substrates, while the accumulation of iodiophilic polysaccharide by whole
cells required a2 pH of 5 « 6 and was not observed in amylose or glucose

media,

{c) Capsular polysaccharides

Capsular polysaccharides from four strains of S, bovis were
extracted by Hobson and MacPherson (1954), Galactose, rhamnose, and
uronic acids were found in the acid hydrolysate of the dialysed
pelysaccharide, In addition to these sugars Bailey and Oxford (1959)

found glucose in the capsular polysaccharide of S, bovis (Strain I).
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(d) Extracellular polysaccharides

Following the reports by Hiven, Smiley and Sherman (1941) Hehre
and Neill (1946) and Dain, Neal and Seeley (1956) that extracellular
polysaccharides were formed when “viridans!' streptococci were grown
in sucrose media, Bailey and Oxford (1958 a, b}, Oxford (1958 b), and
Pajley (1959 a) showed that S. bovis {(Strain I) was able to synthesise
an unbranched =A~(1—>6) linked anhydroglucose polymer (dextran) from
sucrose, in the presence of carbon dioxide, The enzyme responsible
for dextran formation was found by Bailey (1959 b) to be present iﬁ the
cell free filfrate and was called dextransucrase after similar enzynmes

produced by Leuconostoc species. Carbon dioxide gave a four fold

increase in enzyme activity and while the snzyme was produced by cultures
grown on either glucose or sucrose, only the glucose moiety Ifrom sucrose
was utilised for the formation of dextran {Bailey 1959 b), leaving free
fructose in the culture medium,

In addition to the formation of dextran, Bailey and Bourne (1959}
and Bourne, Hutson and ¥eigel (1961) found small amounts of the
oligosaccharides leuncrose, isomaltulose, isomaltotricse and 5-=-0-=ef
isomaltosyl-D-fructose, with traces of isomaltose and isomaltotriulose,

all of which were thought to be by-products of the dextransucrase reaction,

(e} TFermentation of Carbohvdrate for Energy

As lactic acid was the principal product of the fermentation of
glucose, S. bovis was classified with the homofermentive lactic acid
bacteria (Bailey and Oxford 1958 a). Consequently energy requirements
areﬁmet by the production of two meles of ATP per mole of hexose fermented

via the Embden-Meyerhof pathway (Gunsalus and Shuster 1961),



23,

Although Smith and Sherman {(1942) reported that 91.7 % of the glucose
fermented by a strain of 3. bovis was recovered as lactic acid, other
nroducts may be formed under some circumstances. Clarke {(1964) recovered

ot

25 lactic acid, only 60-~80 7 of the glucose utilised by four strains of

S. bovis and Torrest, talker and Hopgood (1961) noted the formation of

volatile fatty acids by the classically homofermentive 5. faecalis on
fermentation of glucose.

The range of monosaccharides fermented by lactic acid bacteria is
another characteristic commonly employed to identify species (Wilson and
tiles 1964, Breed, Hurray and Smith 1957). In the case of S. bovis the
hexoses fermented are glutose, fructose and mannose (Bailey and Oxford
1953 a) but not sorbitol {Robertson 1961), Un the other hand arabinose
fermentation varied between different isolates of S. bovis (Seeley and
Dain 1960, HMerdrek and Barnes 1962, Clarke 1964), Dain, MNeal and Seeley
(1956} and Merdrek and Barnmes (1962) have also encountered a few sitrains
which unlile the others, fermented mannitol; were non-capsulated and did
not produce dextran from sucrose,

Little information is available on the enzymes or pathways of carbo-
hydrate fermentation in 5. bovis,. However #iken (1959), in a review of the
carbohydrate metabolism of lactic acid bacteria, cited work by Buyze,
van den Hamer and de Haan indicating that homofermentive activity was
dependent on the presence of aldolase. Cbligate heterofermentive species
contained no aldolase activity in cell-free extfacts but the presence of
hexckinase, glucose-b6-phosphate dehydrogenase and G-phosphogluconate
dehydrogenase indicated that glucose possibly was fermented through a pentose
phosphate pathway. On the other hand Buyze et. al. (loc. cit.) observed
that the facultative homofermenters possessed aldolase as well as
dehydrogenases for glucose-b~phosphate and 6-phosphogluconate. 4is Burchall,

Nidderman and Volin {(1964) found no glucose-G-vhosphate dehydropgenase activity
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in cell~free extracts of their strain of 5. hovis it would be classified
among the obligate homefermenters. However, the sirain variability
which exists for the fermentation of arabinose (Seeley and Dain 1960,
Merdrek and Barnes 1962, Clarke 1964) suggests that some strains contain
engymes for the metabolism of pentose sugars, which in the lactic acid
bacteria are usually cleaved and the products metabolised to yield
equimolar amounts of lactate and acetate (Wood 1961),

From the data presented by ¥iken (1959) and Wood (1961) it is obvious
that homofermentation and heterofermentation have outlived their usefulness
as terms to describe carbohydrate metabolism of lactic acid bacteria, and
should be replaced by a description of the products of fermentation from a
range of carbohydrates, and the enzyme activities present in cell-free
extracts. So far for S. bovis, Wolin (1964} has demonstrated that the
lactic dehydrogenase of one strain required fructose-1,6-diphosphate and
phosphate for maximal activity, but the same enzyme from other strains was
leses dependent upon fructose-1,6-diphosphate,

Evidence for other pathways of energy metabolism in Group D
streptococci was recently reviewed by Deibel (1964), who differentiated
the enterococcal species S. faecalis and S. faecium from one another on their
ability to utilise glycerol, pyruvate, arginine, citrate, serine, agmatine,
gluconate and malate for the production of energy. Apart from a negative
response on glycerol and an inability to release ammonia from arginine
(Deibel 1964, Robertson 1961), S. bovis has not been rigorously tested for

the metabolicsm of compounds listed above.

(2) UYitrogen, Sulphur, Vitamin and Growth

Factor Requirements of S, bovis

Members of the Lactobacteriaceae generally require a number of essential

amino acids and vitamins for satisfactory growth {(Guirard and Snell 1962).
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However some strains of S, bovis have extremely simple requirements and do
not conform teo the patiern for the family. Hutritional reguirements are
reviewed under the following headings.,

(a) HNitrogen nutritien

(b) Sulphur nutrition

(¢) Vitamin requirements for growth and dextran production

(da) Effect of carbon dioxide

(e) Acetate incorporation

(f) Ammoniz fixation

{g} Long chain fatty acids as growth factors

() HNitrogen utrition

Working in the U.S8.4. [Hiven, Vashburn and White (1948) found that
seven bovine strains of 5. bovis grew on a media containing only arginine
or glutamic acid as nitrogen source, Hlo single amino acid was essential
but for arginine to supply all the nitrogen, Prestcott and Stutts (1955)
showed that carbon dioxide was reguired. Experiments were also carried
out by Prestcott, Williams and Ragland (1959) to find nitrogen sources,
which would substitute for arginine and supwort growth of two strains of
Se bovis in the presence of carbon dioxide. Flutamine, citrulline, serine,
glucosamine and histidine were almost as good as arginine, but a third strain
failed to grow on any single amine ac¢id and reguired a casein hydrolysate,
It was thus completely unexpected that all three strains would grow in a
medium containing ammonium salts as the sole source of nitrogen., Under
these conditions carbon dioxide was reqguired while scetate was found to
stimulate growth and be incorporated by the cells.

Wolin, Hanning and Helson (1959) also reported the growth of bovine
strains of S, bovis in media contalning either L~glutamine or ammonium
chleoride as the sole source of nitrogen provided that carbon dioxide was

present, Subsequently olin and Veinbergz (1960) found that growth on
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ammonium chloride would not occur at pH greater than 7.0 unless glucose
was autoclaved with the media to yield products of the non-enzymic browning
reaction. Similar requirements have been shown by other members of the

Lactobacteriaceae (Guirard 1958).

A number of amino acid antogonisms have also been observed in the
growth of some strains of S. bovis on chemically defined media.

Washburn and Niven (1948) reported that the addition of isoleucine,
leucine, nor-leucine or threonine inhibited growth on a simple source of
nitrogen, but if valine was added with any of the inhibitory amino acids,
growth was normale. This suggested that synthesis of valine had been
blocked by the presence of similar amino acids. Another antagonism was
noted by Washburn and Niven (1948) between tryptophane synthesis and the
presence of DL-phenylalanine and L-tryosine in the medium, Later
Prestcott, Ragland and Stutts (1957) showed that these antagonisms ;ere
overcome by the addition of carbon dioxide to the growth medium,

Exhaustive studies of the minimal amino acid requirements of strains
of S. bovis isolated in other parts of the world do not appear to have been
undertaken, but Oxford (1958 b) reported that none of five strains of S. bovis
isolated in United Kingdom and New Zealand would grow in the simple medium
of Niven, Washburn and White (1948), Similarly in Australia, Paul (1961)
found that six rumen strains of S. bovis required a peptide-like substance
for growth while three faecal strains would grow in simple media containing
only six amino acids as nitrogen source.

From these reports it is obvious that strains of S. bovis vary
enormously in their nitrogen requirements, but it is not clear whether the
strains studied in the U.S.4A. received attention because of their unusually
simple nitrogen requirements or because they were typical of the majority
of strains isolated. Wolin, Manning and Nelson (1959) suggested that

strains with simple nitrogen requirements were commonly encountered but no
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report of their occurrence in other countries appears to have been

published.

(h) Sulphur Hutrition

The sulphur requirements of S, bovis were examined by Prestcott (1961)
who snowed that cultures would grow in media containing a variety of
sulphur compounds ineluding thioglycollate, thiomalate, thiourea, thicuraecil,
sulphide, and thiosulphate as the sole socurce of sulphur but best growth
was obtained in medis contazining either cysteine or cystine. Methionine
was unable to meet the requirements of £, bovis for growth when used as the
sole source of sulphur. Kowever, as the presence of methionine reduced the
requirement for other sulphur compounds, Prestcott (1961) concluded that
methionine supplied sulphur to the cells, but that enzymes were lacking for

the transfer of sulphur from methionine to some of the essential cellular

constituents of S. bovis.

{c) Vitamin Reguirements for Growth

and Dextran Production

The vitamin requirements of 5. bovis, like the nitrogen requirements
show wide wvariation between different strains. Niven, Washburn and ‘hite
{1948) found that only biotin was needed to initiate growth in a chemically
defined media and while other B vitamins gave variable growth responses,
only thiamine, nicotinic¢ acid and panthothenic acid were esszential for
prolonged serial cultivation. Part of the variability in resvonse was no
doubt due to the lack of attention to anaerobiosis as lFord, Perry and
Briggs (1958} found that none of the twenty-six strains of S. bovis studied
had a B vitamin reqguirement for growth under anaerocbic conditions.

However, the presence of 0.1 % Tween 80 would have satisfied the biotin

requirement (Barnes, Seeley and VanDemark 1961). Under aerobic conditions
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Ford, Perry and Briggs (1950) noticed that some strains required
nicotinic acid, biotin and thiamine.

Differences between another five strains of 5. bovis were found by
Oxford (1958 b) and it was concluded that prowth and dextran nrcduction
had separate vitamin requirements. On the other hand, Barnes, Seeley
and VanDemark (1961) claimed that growth of seven other strains of
S. bovis was always accompanied by dextran production, as measured by a
very sensitive antiserum precipitation technigue. In this study the
magnitude of dextran production was not considered but growth requirenents
for piotin, pantothenate and thiamine were observed.

The growth of S. bovis on simple sources of nitrogen by Wolin, Hanning
and Nelson (1959) and Prestcott, Hilliams and Ragland (1959) also required
the presence of vitamin solutions, One of these strains was examined for
specific vitamin requirements by Barnes, Seeley and VanDemark (1961) who

found that only bioctin and thiamine were needed,

(a) Wifeect of Carbon Dioxide

Carbon dioxide has been found to have a variety of effects on the
metabolisim of S. bovisa

(i) Higher weights of cells were harvested from complex media
containing a source of carbon dioxide,. {Bailey aad Oxford 1958 a,
dUright 1960 bl

{ii) Dextransucrase activity in the cell free supernatant was
greater when cultures were grown in the npresence of carbon dioxide,
(Bailey 1959 b).
(iii) Growth from simple nitrogen sources was dependent upon the
vresence of carbon dioxide in the media, {(Prestcott and Stutts

1955, Wolin, Manning and Welson 1959},



(iv) Antagonism between amino acids was relieved if the media
contained carbon dioxide, {Prestceott, Raglard and Stutts 1957),
A1l of these effects have a common basis in amino acid metabolism or
protein synthesis and evidence for & mechanism of the carbon dioxide

stimulation was obtained by Uright (1960 b) workinsg with S, bovis,

S5train I, (Bailey and Oxford 1958 &), In this sirain, which required
casein hydrolysate as a nitrogen source, C:'”+ - carbon dioxide was
incorporated mainly into aspartate but also into glutamate and threonine.
Depradation of aspartate and glutamate showed that the label was located
in the carboxyl greoups of aspartate and the ={-carboxyl group of glutamate.
4 gimilar fixation of carbon dioxide into aspartate was ohserved by Lardy,
Potter and Burris (1949) and MacPonald (1958) in the homofermentive

Lactobacillus arabinosus and by Hartin and Hiven (1960) in the "minute

streptococci” (3. anginosus). Labelling patterns showed the loealisation
1
of C in the /F-carboxyl of aspartate which was consistent with carboxy-

lation of a G-3 acid formed from glucose by the IEmbden-Heyerhof pathway.

Lardy, Pobtter and Burris {1949) notzd that carbon dioxide fixation was

dependent uvon biotin, Conversely Broquist and Snell (1551) showed that
biotin spared the need for exogenous aspartate in L. arabincsus, 4s

exogenous aspartate was not readily incorporated into protein, Jright (1960 B)
suggested that aspartate synthesis could limit cell growth or
dextransucrase wnroduction.

) - “ 1 1!{ s : :

dright {1960 b) also found that C - carkon dioxide was incorporated
into the pyrimidine and purine nucleotides, illustrating the wide variety
of cellular compounds synthesised by a strain of S. bovis that is allegedly
quite fastidious in itis growth requirements, From the effects of carbon

s sa . - . N R L .

dioxide in other strains of 5. bovis it might we expected that C - carbon

dioxide would be incorporated into a much wider variety of cellular compounds.
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4z an alternative argument Barnes, Seeley and Vanlemark (1961)
suggested that 5. bovis was capable of producing carbon dioxide from an
organic constituent of the nmedium. Although experimental details are
only vaguely described, it would seem that these authors have ignored the
action of lactic acid on pectassium carbonate as the wnrobable socurce of

carbon dioxide in their mancmetric growth experiments,

(e} Acetate Incorvoration

. . 14 , .
The incorporation of C' = - acetate was demonstrated by Trestcott,

Willisms and Raglond (1959) and Burchall, Nidderman and Yolin (1964) and
found to be more extensive when S. bovis was grown in a medium with

- * ry - I ] 11" L L
aitsonia as the sole source of niitrogen, The fate of the C - acetate
was pot followed but it was postulated by Burchall, Hidderman and
Wolin (1964) that acetate would be incorporated into o{-ketoglutarate by
the reactions of the tricarboxylic acid eycle, However, of the enzymes
responsible for this pathway, only isoclitric dehydrogenazse activity was

detected in cell-free extracts of 5, hovis.

{(f) smmonia Tixation

Following the isolation of S. bovis strains which would grow on
ammonium salts as a sole source of nitrogen, Burchall, Hidderman and
Wolin (1964) carried out an extensive survey of the enzymes likely to be
involved in smmonia fixation. Of the amino zcid dehydrogeunases, only
L-Glutamic acid dehydrogenase activity was present in cell-free ecxiracts,
When this strain of 5, bovis was grown on a complex media or when nitrogen
requirements were met by acid hydrolysed casein, glutamic acid
dehydrogenase activity was repressed, suggesiting that the activity of this
enzyme controlled ammonia uptake. However, this hypothesis was not
supported by the finding that a complete amino acid mixture in the medium

decreased ammonia uptake without affecting the activity of glutamic acid



dehydrogenase (Burchall, Migderman and Wolin 1964),

immonia was also founi to be incorporated intc the amide group
of asparagine by asparagine synthetase, Burchall, Zeichelt and
volin (1964) extracted this enzyme from cell-free extracts and showed
that the reaction comprised:-

Aspartic acid + ATP + NHK —> aAsparagine + AMP + Pyrophosphate.
Asparagine was found to inhibit the engyme activity.

Should these two sites of ammonia fixation be the only means of
incorporating nitrogen from a simple medium, it would be expected that
these strains of S. bovis would contain a rich array of transaminases and

engymnes for the synthesis of carbon skeletons of amino acids.

(g) Long Chain Fatty Acids as Growth Factors

In many of the lactic acid bacteria unsaturated long chain fatty
acids have been found to have a growth stimulating effect. O'leary (1962}
has postulated that this is due either to their physicochemical action or
te the reguirement of the cell for essential fatty acids.

Kvidence for the physicochemical action was presented by Villiams,
Broguist and Snell (1927). These authors found that concentrations of
oleic acid toxic to growth could be made stimulatory by adding to the nedia
Tween 20 or Tween L0 (polyoxyethylene sorbitan mono-esters of laurate and
palmitate respectively). These results were atiributed fo the surfzace
active properties of the Tweens, as lecithin or saponins exerted a similar
action; It was also found by vright (1960 b), that in the presence of
1 % Tween 80 (polyoxyethylene sorbitan mono~oleate) uptake of
¢ - aspartic acid from the medium by S. bovis, during growth, was
enhanced three-fold. It was suggested that the Tween -~ oleic acid

combination exerted its stimulatory effect by increasing cell permeability

to constituents of the media.
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On the other hand O'Leary (1962) favoured the concept of Ffatty
acids as essential metabolites for the cell and evidence to suvport
this theory was obtained by Guirard, Snell and “illiams {1946). These
authors showed that for a number of lactic acid bacteria, including

lactobacillus casel and Lactobacillus plantarum, myristic, oledc, linoleic

and linolenic acids, lecithin, cholestercl, ergosterol or calciferol could
replace the requirement for acetate,. In addition ¥#illiszms and Feiger
(1946) and Broguist and Snell (1951) found that oleic acid and aspartate
would together replace the biotin requirement of L. casei, L. plantarum,

o Tazecalis zsnd Lenconostoc mesenteroides.

Hofmann, O'Leary, Yoho and Liu {1959) also found that biotin was

spared by L. casei, L. delbrueckii and L. plantarum in the presence of ths

shorter chain fatty acids, cis-bH-dodecenolc, gis~7-tetradecenoic and palmit-
oleic; all of which are thought to be intermediates in the biosynthesis of
cis-vacce#nic acid (Kates 1964).  Synthesis of fatty acids from labelled
acetate was also increased by the addition of biotin to the culture wmedium
{Thorne and Xodicek 1962 b),

Camien and Dunn (1957) argued ian favour of fatty acids having a

metabolic =ffect, as the growth of several Lactobacillus sp, in media free

of fatty acids was inhibited by the addition of saturated C-14% to C-20
fatty acids,. The inhibition was overcome by the addition of Tween 50, or
oleic, cis-vaccenic, behenic or lactobacillic acids. Camien and Dunn
(1957) suggested that the saturated fatty acids inhibited the synthesis of
an unsaturated fatty acid whrile in the presence of an unsaturated fatty
acid the pathway was by-passed. Furthermore O'Leary {1959} demonstrated
the uptake of gis-vaccenic and oleic acids by L. plantarum and their

retabolism to cyclopropane derivatives,



Although the exact mechanism by which fatty acids act as growth
Tactors for streptococci remains to be elucidated clearly, it appears as
though some of the effects arise through the replacement of acids whieh

would otherwise have fo be synthesised,

LIPIDS OF LACTIC ACID BACTERIA

In an extensive review of bacterial lipids, Kates (1964) discussed
factors which were found to affect tbe lipid composition reported by
various authors,. Tt was shown that age of culture, temperature and the
composition c¢f the growth medium all had coansiderable effect on the lipid
composition reported. These factors may explain the discrepancies which
occur hetween different reports on the lipids of lacitic acid bacteria
(Table 1), Hovever, it is also pertinent to examine the method of
gxXtraction employed and procedures used in the fractionation of lipid

classes,

{1) Hethod of Extraciion

Different methods of extraction and analysis could also account for
some of the variations in the reported lipid composition of these organisms,.
In their early work on lipids of lactic acid bacteria, Hofmann and
co-workers used reletively mild extraction procedures to obtain free lipids.
Cold acetone or diethyl ether were commonly used (Hofmann, Lucas and
Sax 1952}, Lound lipids were defined as those extracted after acid
hydrolysis (2H sulphuric acid) at 118°¢ for 1% hours., For L., caseil,

ol

L. plantorum and the Group C Streptococecus bound lipid comprised 60-80 %

of the total (Table 1), Fore recently chloroform - methanol mixtures have

ned wide peopularifty and with these it has bheen nossible to extract much

1.].

&a

=}

larger amounts of lipids from cells than was possible with oacetone or



T ABLE 1

LIFIDS OF THE LACTOBACTERIACEAE {(LACTIC ACID BACTERIA)

ORGANISM g;PIgR? FRACTIONS AND % FATTY ACIDS (% OF TOTAL) (1) | OTHER ACIDS FOUND, METHOD OF AUTHOR
AND STRAIN WEIGHT OF TOTAL LIPID 012:0 014:0 016:0 016:1 018:0 018:1 C19cyc ANALYSIS AND REMARKS
LACTOBACILLI
L. acidophilus 7 Free fatty acids
Neutral Lipids 3 é6 28 25 37 Dihydroxy etearic Crowder and Anderson
Polar lipids Fractional Distillation (1932, 1934 a, b)
L, acidophilus Saponifiable lipids 0.3 5.0 10.9 10.5 1.0 39.2 29.0 }12:1, 14 br, 15:04 15 br, 17:1 | Thorne and Xodicek
TATCC Lk963%) GoL.C. (1962 4)
Le casel 2.9 |Free lipid 21 % ] . . 4. . Hofmann and Sax
ATOC 9469) Bound 1lipid 79 % 23 L 38 16 Fractional distillation (1953)
L. casei Saponifiable lipids 0,2 0.9 9.8 10,0 1.0 26,0 7.3 i12:%, 14:1, 15:0, 15 br, 17:1 Thorne and Eodicek
(aTCC 7469) GeL.Cs (1962 4)
L, caseil 4,7 |Acetone soluble 23 % Polar lipid contained lysine Ikawa (1963)
TaTCC 7469) Polar lipid 54 9 but little choline :
Bound 1lipid .23 %
L. casei Phospholipids: % P . c20:0 G.L.C, Thorze (1964)
(aTCC 7L469) Fraction 1 1245 8.6 11.7 9.3 244 4h,7 1.3
Fraction 2 23.8 8.0 14.5 trace 33.3 42,5 2.7
P~choline 36,3 . 7.3 11,3 3.0 33,4 41,0 4,0
P-ethanolamine 1,0 ¢ 9.0 13,6 1.9 37.2 37.5 1.6
Cardiolipin 6 bt 7.2 1.0 2.6 4#1.85 33,1 13 4
L, delbrueckii 1.8 |[Saponifiable lipids 1e 1 2.5 27.5 0.8 45,5 &.4 110:0 Rubber Ceolumn Hofmann, Henis and
(ATCC 9649) Chromatography Panos (1955}
L., plantarunm 2.5 |Free lipid 20 % ] . . . Hofmann, Lucas
TAT%EHQBE?TH Found 1ipid 80 % 37 2 20 31 Fragtional Distillation and Sax (1952)
L, plantarum 1492 |[Saponifiable lipids 2.3 1e2 18,7 35,6 30,1 |10:0 Rubber Column Hofmann, Hsiao, Henis
(ATCC 8041) Chromatography and Panos (1955)
L. plantarunm Saponifiable lipids De2 08 7ol 13,4 1,0 26,5 47,7 [12:1, 1h4:1, 15:0, 15 br, 17:1 |Thorne and Kodicek
TaTCC S01L) GoLoC. (1962 )
L, plantarum 2.6 |Total lipid 0,9 38,5 7.6 1.8 40,1 10,8 [14:1 High biotin Croom, McNeill and
TarcC 8014) 2.3 " L 0.8 43,7 8.2 1.9 38,6 6.5 9 Low U Tove (1964)
L. plantarum 2.4 |Saponifiable lipids 3.9 2.6 29.8 22,4 39,6 [10:0 cis-Vaccenic acid in media|Ot'Leary (1959)
TATCC S01k) 2.3 n " 2.8 2.9 32.2 26,6 33,2 | " Oleic acid in media :
L. plantarum 2.9 |Acetone soluble 17 % Acetone soluble fraction Ikawa (1963)
TATCC 301%) Polar lipid 2h % contained glucose and galactose
Bound 1lipid 59 %
L. plantarum Two glycolipid fractions Vorbeck and
{B-26L4) ) Marinetti (1965 a)




STREPLOCOCCT
Group C 0,8 I|Free lipids 37 % 10:0 Rubber Column Hofmann, Hsiao, Henis
Streptococcus Bound lipids 63 % .2 holh 2646 18,0 38.0 0 Chromatography and Panos (1955)
S. faecalis 7.5 jAcetone soluble 35 % Polar lipid contained lysine Ikawa (1963)
(ATCC o043 Polar lipid 24 %
Bound lipid 31 %
S. faecalis 21 Glyceride ? 22 %
TATCC 97907 Diphosphatidyl
(Membrane glyceride 54 % 19,4 29,1 13,6 19.4 17,5 M7 cyc Go.L.C. Ibbott and
ghosts) "Slow polar lipid'23 % 179 34,0 11.b 16.2 19.5 L Abrams (1964)
8. faecalis 2.9 |Membrane Fraction 94 % Vorbeck and
(ATCC 97907 Neutral iipid Marinetti (1965 b)
Glucosyl diglyceride
Glucosyl galactosyl
diglyceride
Phosphatidic acid
Phosphatidyl glycerol
Phosphatidyl amino acyl
glycerol
S. bovis 7.2 |Total lipid 0.6 2.2 29.5 5.7 15,1 38,8 1.6 [12:1, 14:1, 20:0, 20:1, G.L.C. |Tweedie (1965)
ER lactis Se2 |Neutral lipid 30 % 7;4 355.0 2.7 175 25,1 |88 % of acids identified Macleod et.al.
Polar lipid 70 % 121 32.7 k.6 18.4 20.1 {G.L.C. (1962}
S. lactis var. 503+0.24 {Polar lipid "¢ .. 19.0 35,4 2.9 1,8 17,6 16,1 [13:1 or 14 br, 15:1 or 16 br Macleod and
maltigenes Neutral lipid 2.0% 8,8 61.8 2.6 3.1 5.1 12.9 |G.L.C, Brown {(1963)
Triglyceride 7 2.3 24,9 50,6 0,8 1.2 1,9 11.5
S. cremoris 5.540,07 {Polar lipid 21,1 26.4 3,6 3.2 25.6 [G.L.C, MacLeod and
Neutral lipid 3.1 12,2 264 1.0 5.7 6.2 h2,5 Brown {1963}
Triglyceride ? 8.8 37.2 5.9 3.9 10.7 32.2
(1) TFirst figure of fatty acid designation denotes number of atoms; second figure, number of double bonds;
¢ye indicates the cyclopropane ring of lactobacillic acid; and br, a branched-chain acid.
G.L.C, Gas-liquid chromatogravhy.
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diethyl ether alone. Jorbeck and Harinetti (1965 a) claimed that

linids were released from lipeprotein complexes by refluxing with
methancl, and after extraction with cold chlorcform - methzanol they

also claimed that little degradation of the lipid molecules had occcurred,
Howsver, even after extraction with chloroform - methanol, Ikawa (1563)
found that prolonged acid hydrolysis cenabled the extracltion of a further
-2 % of the cellular dry weight (or 23~59 % of total 1ipid) zs "bound
1lipid!" from a variety of lactic acid bacteria (Table 1),

It was claimed by Thorne and Kodicel (11962 &), that refluxing cells
for 3 hours with 17 % {(v/v) conc. hydrochloric azcid in methanol to
extract total fatiy aclds, also caused degradation of the cyclownropane
lactobacilic acid (Eig—methylene octadecenoic). This report requires

confirmation by examining the direct sffect of hot acid conditions on
of o

I_l

actobacillic acid itself, Until then the percentage conposition of
lactobacillic scid in the lipids of lactic acid bacteria (Table 1) must
be accepted with reserve, hut it would also be nrudent to avoid
methylation of fatty acids for gas-liguid chromatography under strongly

acidic conditions,

{2} TIracticnation of ILiwvids

A complete separation of lipids inte fractions, whichk can bhe
characterised by the structure of the water soluble moiety, has yet to be

aceomplished for any single organism of the family Lactobacferiaceas,

Fost workers have been content to separate as broad classes, neutral lipids
from vpoler lipids using silicic acid chromatography (lacleod, Jensen,
Gander and 3ampugna 1962), thin-layer chromatography Macleod and Brown
(1963), or acetone solubility (Ikawa 1963), (see Table ). However,

more vecently Thorne (1964) has cbtained chromatographic evidence for the

identity of three phospholipids of L. gasei, Ibbott and Abrams (1964) have



isolated two phospholipids from membrane ghosts of S. faecalis, and
Vorbeck and Marinetti (1965 b) have separated and identified five polar

lipid components in the membrane fraction of S. faecalis (Table 1).

Partial identification of six phospholipids from S. laciis was published
by MacLeod and Brown (1964).

Ho fractionation of neutral lipids into mono-, di- and tri~ glyceride
fréctions appear to have been revported, nor has positive evidence for the

identification of these glycerides been obtained.

(3) Fatty icid {omposition

Apart from the occurrence of minor amounts of fatiy acids, which
might have arisen frﬁm the casein hydrolysate used in the medium (Demain,
Hendlin =znd Hewkdrlt 1959),‘the fatty acid spectrum of the lactic acid
bacteria seems to consist of only dodecanoic, tetradecanoic,
hexadecanoic, hexadecenoic, octadecanoic, octadecenoic and cis-methylene
octadecenoic acids (Table 1), The hicsynthesis and netobolism of these
acids was recently reviewed by Fates (1964} and evidence summarised for
the precursor-product relationship hetween cis-vaccenic and lactobacillic
acids, dpart from the occurrence of these two agcids in varying proportions
which seemed to depeund upon the age of the culture, only subtle differences
in the fatty acid composition existed between the verious species (Table 1},
However, differences existing between the nethods of analysis make it
difficult to compasre fatty acid compositions reported by different workers
(Horning, ahrens, Lipsky, Mattson, Mead, Turner and Goldwater 196h),

Heports on the fatty acid composition of different lipid fractions, and
of cells cultured under varying conditiocns have been common in literzture
pertaining to bhacterial lipids, but little consideration has been given to
variations in the fatty acid spectrum between replicate cultures. Data

cbtained by Hacleod and Brovn (1963) showed considerable veristion between
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nine replicate cultures of S, lactis var. maltigenes and should emphasise
the danger of drawing conclusions from a restricted number of cultures,
without undertaking a formal statistical analysis eof the variance, For
this reason the changes in fatty acid composition with different
treatments imposed upon cultures, reviewed by {(Kates 1964}, and change

in fatty acid composition of L, plantarum under aign and low levels of
biotin (Croom, iHeclNeill and Tove (1964}, Table 1) must be interpreted with

caution.

FU?CTION OF LIPIDS Il HMICROCRGANISHS

Bvidence for the role of lipids in the cell membranes was reviewed
by Burgen (1662)., Studies carried cut by Thorne and Kodicek (1862 4a),
Shockman, Kolb, Bakay, Conover and Toeunnies (1963), Ibbott and sbrams (1964)
and Vorbkeck and liarinetti (1965 b) hawve shown that the protoplast membranes
of the various lactic acid bacteria studied contained lipids, which are
thought to be complexed as lipoproteins (e{uillen 1960) and indispensible
to the physiological function of the membrane (Brown 1954),

For cells to remain alive after they have depleted their exogenous
energy source, Dawes and Ribbons (1964) have asserted that the energy of
maintenance nust be derived from reserves accumulated within the cell;
the endogenous reserves. These authors {(Dawes and Jibbons 1962) have
also suggested that lipids may act as endogenous reserves, but only in the

case of a Mycobacteria sp, and Bacillus cereus was there any evidence

available to implicate lipids other than poly-A-hydroxybutyrate. However,

for an aerobic actinomycete, Hocardia corallina, Hidwinter (1962)

indicated that lipids may act as endogenous reserves, while Robertson (1964)
observed the oxidation of palmitic, stearic and oleic acids to carbon

dioxide during rcsting phase.
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On the other hand, in anaerecbic bacteria, it is doubitful whether
fatty aecids could liberate any more than a2 fraction of their potential
enercy, for even if there was a vathway of /F-oxidation for the

production of G, units, there is no tricarboxylic acid cycle to effecxt

2

their complete oxidation. In studies of the [woxidation resction in

Closgstridium kluyveri, & strict anaerobic bacterium, Stadtman_and

Barker (1949} found that dried cells incubated aecrobically had a higher
oxygen uptake in the presence of fatty aclds, up to octanoic in chain
length, Stadtman (1953) also presented evidence for the 9 -oxidation
of butyrate by enzyme preparazitions from the sane organism.

Studies on the anaerobic eundogenous metabolism of S. fzsecalis by
valker and Vorrest (1964) showed that cells, grown in the presence of
2-014 acetate to label the linid fraction, releacsed no activity on
resuspension in a phosphate buffer, Cn the basis of this data alone,
“alker and Forrest (1964) concluded that lipids did not constitute the
endogenous reserves of 5. faecalis,

From the eguivocal resulis obtained in these studies on the metabolism
of lipids for energy Ly anaerobic bacteria, it appeared that a study of

lipid metabolism in 3., bovis offered scone for investigstion.



All:5 OF THE PRESKHNT THVESTIGATION

Tweedie (1965), in an investigation of the fatty acid composition

of 3. bovis reported that the lipid content was of the order of 7.2 %,

and the lnvestigations reported in this thesis were commenced with the
objective of obtaining information on the lipids present, their metabolism
and function in the cells, Studying the lipid metabolism of

Kocardia corallina, Robertson (1964} had found that the untske of radio-
] iy

active long chain fatty aclids could be used to study, not only fatty azcid
metabolism, but also the netabolic nature of the lipid pools. It was
therefore decided to test whether long chain fatty acids were incorporated
into 5. bovisg lipids.

However, hkefore any experiments on lipid metabolism of S, bovis could he
commenced, it was essential tc groy cultures under carefully defined
conditions (Kates 1964), 4 search of the literature showed that most of
the previous studies with S, bovis had been carried out in media of low
buffering capacity (Hobson and Mann 1955, Bailey and Oxford 1958 a,

Beiley 1963, Burchall, ieidermen and olin 1964) where a low pH (4.0 ~ 4.L4)
resulted from producticon of lactic acid during grovwith, &5 growth was

halted at this pH, the medium could hardly be expected to favour viability
during resting phase with the utilisation of endogenous reserves. On the
other hand a medium of high buffering cepecity was employed by Urizht (1960 B
and srovuth ceased at pE 4,8. Jowever as acetzte (0,36 1) was the main
buffer salt, it was feared that this constituent, at four times the
concentration found in the rumen, might nrovide an nnnaturalily large

carbon source for lipids (Stephenson and VWhetham 1922},



To permit the full growth of 3, bovis and achieve cell stability

during resting phase, the effect of varying concantrations of phosphate
and blcarbonate tuffers on growth were studied, Iin the medium that was
finally chosen for studies of lipid metabolism, an estimate of the change
in cell viability with time was mzde to indicate the general extent of
endogenous reserves and to enable investigations of resting phase
metabolism to be integrated with cell viability.

Investigntions on the lipids of 5. bovis began by attenmpting to

verify the lipid content reported by Tweedie {1965). Possible reasouns
for the discrepancy discovered were investigated and lead on to a study of
the origin of some of the lipid components, is a baeils for further work
on the lipid metabolism of 3. bovis, methods for the separation of 1ipid
components were investipgated and prelinminary identification sough®t fox
some of the components. The incerporation of a long chain fatty acid was

followed by radicautography.



CHAPTER 3

MATERILALS AND HETHODS

Culiure

Streptococcus bhovis Strain I (NCDO 1253) was obtained as a freegze-

dried culiture from the Hational Collection of Dairy Bacteria, Natiocunal

Institute for Resesrch in Dairying, Reading, Tngland,.

Subcul ture
5. bovis was subculiured daily in the Glucese - Tryntose - Yeast

Bxtract =~ Phosphate (GTYP) mediuvm (see Appeandix). Stab cultures were
made inte the GTYP medium with 1,25 % Davis asger added, and were stored

) . s oses
at 0=4"C for up to ihree weeks without loss of viability,

Microscopic Appearance

Smears of 5. bovis were made periocdically and snowed that the
organism was a Gram-positive coccus. Cells were mainly in pairs but

chaining and c¢lumping were alsc prevalent.

Fermentation Reactions

48 a further check on the identity of the organism, some fermentation

reactions, wihich distinguished 5. bovis Irom other Strepitococcus species,

were kindly undertaiken by Dr P,9, Robhertson, of the Dairy Research
Institute, using standardised methods {Robertscon 1961). The results of
these tests are presented in Table 2, along with the reactions published
by Bailey and Oxford (1958 a) who isolated Strain I, the tests carried out

by Dr E.Ll. Garvie {(pers. comm.) on %the same strain, and the usual
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TESTS EMPLOYED TO IDBNTIFY 8. BOVIS FROM OTHER GROUP D STREPTOCOCCI.

TEST PRESENT BAILEY AND GARVIE ROBERTSOHN
STUDY KFORD (1958 a) | (pers. comm,} (1961)
Growth at 10°C -
woowo45% + +
Resists 60°C for 30 min. + -
Growth in: 2 % Na,Cl + +
4 % Na.ClL + +
6.5 % Na,Cl -
Arginine Hydrolysis - - -
Starch Hydrolysis +
,{3 Haemolysis - -
Acid from ¢ Arabinose - - - ?
Dextrin + +
I'ructose +
Gluco;e + + + +
Glycercl - ?
Inulin ¥
Maltose - +
Mannitol - - -
Raffinose + + ¥ ;
Sorbitol S - -
Sucrose + ¥ + +
Trehalose - +
Xylose -
+ = Positive Reaction + = Usually Hegative

Reaction Ill~defined

i
#

- = HNegative Reaction ?

b+
1

Usually Positive
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reactions of S. bovis strains, as collated by Roberison (1961}, The
results indicated that the culture had characteristics similar to

Streptocogcus bhovis,

Crowth Experiments

Culture HMedia '

5. bovis was grown in a basal medium of glucose (B.DoH, reagent
grade) Bacto-Tryptese (Difco) =nd Bacto-Yeast Extract (Difcol} as used by
Bailey (190)) while sodium salts of scetate, bicarbonates, mono-~ and 4di-~

hydrogen phosphate, and potassium di-hydrogen phosphate (211 B.D.H,

o

reagent grade) wers employed as buffers in the various exneriments.
Tryptose was used zt a concentration of 1.4 % {(w/v) and Yeast Extract at
Qe¢5 % (w/v) throuvghout, while details of the varying concentrations of
glucose and bvuffer salts are given with other experimental data in

Chapter 4, Txperimental cultures were grown in 250 ml of media, previcusly

PR . .o e} . . "
sterilized by antoclaving at 121 °C for 15 min, in 500 ml Erlenmeyer flacks

o

plugged with cotton wool, Initially gluceose wes included with other
constituents of the media but severe browning, especially at high buffer
concentrations, was observed on autoclaving. Glucose was therefore
autoclaved sevarately and aliguots of the 12,5 % {w/v) solution added to

Lhe sterile mediz with asepitic precautions Just prlor to inceculaticn.

3
Sodium bicarbonate, when used, was also auntoclaved as a separate solution
to avoid carbon dioxide lossz which occurred when a neutral solution was
heated.

Although the goncentration of sodium bicarbonate quoted throughout
is in terms of the concentration present in the media after the addition of

. . + .
the concentrated sterile solution, some loss of HCO,' and H idons occurred
2

at neutral pH, as no control over carhon diozide evolution was possible,
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On addition of .10 M Bicarbonate to 0,10 M Phosnhate there was

a gradual riss in pH from 6.9 to 7.5 before logarithmie growth of the
culiure commenced., Trom this rise in pH it can be caleulated, using

the Henderson-~Hasselbach equation {Dawson, Elliot, Elliol and Jones 1959),
that no more than one third of the bicarbonate added was evolved as

o

carbon dioxide,

Cell Growth and pl Measurements

A1l cultures were grown at 5?06 in an 2ir incubator aud hefore
inoculation the media was warmed to this temperaturc. Incculation was
from a 12-16 hour culture growsn in fthe GTYP medium (see Appendix) and
1 ml of incculum was used for each 250 nl of media. Bacterial growth

»

was followed turbidimetrically usiang z Hilger colorimever with a green

05

filter (Filter 58), In initial growth experiments, where the nedia had
browned extensively, a direct reading of the culture was mnde against an
uninoculated blanlk. However, bacterial dry weight was not linsar with
optical density above a reading of 0.4 (see Figure 1 &nd Deloss and
Bard 1957) and tenfold dilutions of the culture were reguired to remain
below this (Figure 1).

pH of the culture medium was measured on a 5-10 ml aliguot usineg a

Radionmeter pH meiter (Hodel 23},

Viable Counts

Duplicate 1 ml samples, wiithdrawn asepitically from well agitated
cultures were diluted through eight ftubes, each containing ¢ als of

1iluent (0,02 M Sodium acetate + 0,02 M Sodium/potassium di-hydrogen

vhosphate pH 5.8). The mixing and cipetting techniques described by
Yhitehezd and Sargent (1950) vwers followed closely. Flucose - Trypiose -

- : ; . . 0
Yeast Bxtract - Phosphate - ipgar (see Avpendix), kept molten at 45
wa.s poured inio sterile petriplates ceontaining 1 ml of the diluted cell

. . , . . . o}
susnension and gently swirled., Plates were incubated at 3770 for



approxizately 236 hours, by which tiwe colonies were approximately C.5 mm

in size and clearly countable apgalinst a2 darl baclkpground. & further count
was made one day later, Usually two plates having betwesn 20 and 600
=i

colonies per plate were obtained from aliguots ranglug between 10 znd

the original cell suspension.

Larse Scale Cultures

Cells were grown in 6-8 litre batches in 10 litre boiling flasks.

e

for growth experiments (see page 43)., 4t the end
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czarithnis growith cells were harvested at 15,000 % g in & continuous

Q
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i

flow "Servall! refrigerated centrifuge, at 2 flow rate of Lw6 litres/hour,
. ! A 1eg b 0500 it .
Thusg all cells were chilled to 0-4 C within three hours from the end of

logarithmic growth. The cells were washed twice by suspending in

s s . . . o] . .
distilled water and recentrifuging at 0-470, freeze-drisd and wredghed.

CHEMICAL
Jolvents
A1) solvents used for lipid manipvlations were either of Y“Analar®
grade or reagent zrade purified by redistiliation. Chlorcforn was washed
twice with water befors distilling and the carly distillate which contained

water was discarded, lethancel was distilled over caloium oxide,

Extractlon of Lipids from S. bovis

Jp to 10 3z of cells were refluxed tuice in 300 ml of chloroform -
methanol (2:1) for 4 hours (oberison 1964) and the cold exiract Filterad
through ether~washed Wo.1 Filter paper. ‘jater soluble impurities were
renoved by the procedure of Folch, Lees and Sleoane-5Stanley {1059} and the

washed lipid solution tzken to drynsss in a tared flask on a rotary

FL;
;J

evaporator under reduced pressure, The lipid was dried to congtani



in a vacuum desicator over potassium hydroxide peileis and stored for

. ) o s s .
analysis at ~107C. The lipid was freely scoluble in chloroform.

Separation of Linids

Celumn  Chromatogranhy

For column chromatogravhy of toital lipids the method of Vorbeclk and

Harinetti (1965 a) was followed witih two modifications.

(2)

Hallinkrodt's silicie acid (100-200 mesh) was used in place
of Clarkscon's "Unisil' silicic aecid.
In this laboratory Rumsby {in press) had found
chloroform ~ acetone {(3:1) eluted a monoglycolipid,
prezent in brain tissue,from Mallinkrodt's silicic
acid, while the sevaration of yphospholinids, obtained
by Vorbeck and Marinetti {1955 a) with chloroform - methanol
mixtures, was not reguired in this study. Therefore the
elution seanence comprised:

60 ml  Chloroform

60 nl Chloroform ~ icetone {3%:1)

75 m1  Chloroform - Acetone (1:1)

75 ml Lecetone |

100 ml Methanol

Thin-Layer Chromatography

TLC {thin-layer chromatograrphy) was used extensively throughout the

study to momitor separations from column chrematography, for tentative

identification of some lipid components znd to effect separation into

broad classes on a preparative scale. Following the procedures cutlined
brep b it
by Hangold {1961), glass plates 20 % 20 cm and 20 z 10 cm were coated



analytical studies and 500 a for preparative work. The platas were
activated at 110°C for at least 1 hour before use. Lipids dissolwved
in chloroform were awunnlied to the plates which were developed in one
of ths following solvent systens;
Hexane « Diethyl Bther - icetic dcid (30:70:1)
(Malins and HMangold 1960)
Chloroform - Methanol (185:15)
(Gray 1965)
Chloroform - Hethanol - Water (65:25:4)
(Thorne 1964}
in tanks lined with filter paper to facilitate eguilibration of the
solvent with the atwmosnhere. After the zolvent front had migrated
10«15 em from the origin, the plates were removed from the tank and
allowed to dry bhefore spraying with 20% sulphuric acid and charring

o} ) ~ o
at 1107C, To test for the presence of phosphate, plates were swyprayed

a8
ck

with the molybdenum spray of Ditimer and Lester (1964), On standing
for a few minutes phospholipids gave a distinct blue colour, while
subsequent charring with sulphuric acid revesled the presence of other
lipid conponents.

For preparative TLC the plates were spotted with total lipid and

developed in a solvent of chloroform « mzthanol (185:15), Spots were

[0y

visualised under ultra-~viclet light after spraying with 0.2 &
dichlorofluorescein in 95 % ethanocl, Fractions were scraped from the

plate into funnels plugged with glass wool and lipids eluted with

chioroforn - methanol (2:1).

Detection of Glvcolinids

The presence of glycolipidse was determined by refluxing approxe

10 mg of 1ipid with 3 mi 2§ sulphuric acid for 1 hour, extracting lipid

O

ues three times with petroleum ether and neuvtralising acid in the

o

e31

H
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aqueous phase with barium carbonate. after cenirifugzing to remove the
precipitate, the supernatant was evaporated to dryness at reduced
temperature and pressurse. Sugars were redissolved in 0,2 ml water

and 10 ml applied to io. 1 Whainm

an paper for chromatography by the
procedure of Jermyn and Isherwood (1949) using thedir ethyl acetate -

ridine ~ water (2:1:2) solvent, Papers were suyrayed with an alkaline
Py IS pray

silver nitrate spray (frevelyan, Frocter and Harrison 1950).

Sterol Analysis

Total sterol was determined as cholesterol using the method of
Saclkett as described by Varley (1958}, Absorpiion zt 520 mp vias

measursd with a Unicam 5.P. 500 spectrophotlometer.

n 1}+
[ . . .
1-C 7 3cdium acetate, 29 mC/muole, 2and U-~C' ' palmitic acid,

9% 1C/m mole, were purchased from the Radiochemical Ceatre, imersham,

England,

Determination of Jctivity

Non=igueous Samnples

Lipid samples in chloroform were evaporated to dryness in a

|
o

secintillation via nd 15 nl of toluene scintillation fluid added,
This solution contained 0,5 % (w/v) 2,5-diphenylozazole (PPO) and

0,005 % (w/v) 1,h-bis-2~(5-phenyloxazolyl)~benzene (POFOP),

agueous Samples

15 ml of a 50:40 mixture of Tolueme and #“thanol containing 0,5 %
(w/v) PPC and 0.002 % {w/v) POPOP was added to 0.5 ml of sample in the

)
T

seintillation viel (Ziegler, Chleck and Brinkerhoff 1957},
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Combusticn of Cells

14

c revaining in the cells after extroction of lipdds was
determined by Folch - Vau Slylke wet combustion as described by
Sakami (19553}, Carbon dioxide liberazted was trapped in 3,5 ml of

5 desciribed

m

ethanolamine - ethylene glvcol monomethyl ether (1:2 v/v)
by Jeffay and Alvarez (1961).,  For counting.? ml of this solution was

added to the Toluenes - PPO -~ POPCP solution described above.

Counting Samples

411 samples were counted in a Packard Instrumeant Company 3eries 4000
Geintillation Spectrometer with window settings of 50-800 and gain 7.5 %,
Background counts were determined for eachk of the scgintiilation solutions
containing the sample solvent. Hificiency of counting was assessed by

) - - R L. N s -
the addition of 50 ul of C' ~toluene having a total activity of
21,050 G.psite (Packard Instrument Company) and enabled all activities

to be calculated as d.neite

Radiozmutogranhy of TLC Plates

Thin~layer plates were radicautographed by placing Z-Ray film

(Kodak) in close contact with the absorbent layer in a specially
constructed box and exposing Tor two weelks, The positicns of spots on

the developed auvtograph Were compared with the positions of lipids on

the plate after charring with 20 % sulphuvic acid,

STATISTICAL AMALYSZES CFF DATL

Growth Txperiments

Cptical density measurements were statistically analysed and the

significance of differences assessed by the "F test? (Snedecor 1556 p.2hh),
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imes and Treatments mean sguares vere ltested against the Treatments x Times
mean square, which in turn was tested against the Mlasks mean square
(Flasks and days where the replication was dy days instezad of by duplicate

flasks within the day).

To restrdct the nunmber of comparisons aade between treatments, setls
of eorthogonal comparisons (Snedecor 1256 p. 330) were devised to partition

Treztments and Treatments x Times mean squares and to give tests for
comparisons of interest.

A5 orthogonal comporisons were devised on the basis of scientific
interest rather than on the basis of differences obiainsd, the risk of

finding significant differences pursly on the one-in-twenty probabillity
was substantially reduced. However, in one analysis (Table 7) separa
sets of orthopgonal comparisons, within a subeclass of the a2nalysis of
varionce table, were required to maeke the periinent comparisons.

Only comparisons of interest have been prssentsed in the analysis of
variance tables, and in several instances comparisons lacking sienificance
within an erthopgonal set have been sroured. If overall ftreatument effects
were highly significant (when the Treatument x: Times dinterzction formed the
denosinator of the VF test!) they were not analysed further by the use of
orthogonal componentg,provided that The growth curves in question remained
apart from those for all other trsastments. Howewver, tec correctly
interpret the effect of most treatmenits it was necessary to wmake orthogeonal
comparisons within the Treatment and Times ianteraction with the time scale
arvitrarily subdivided into three periods.

.

growth were sxamined as deviations from

iy

he rate o

ot

{a) Differences in

the common linear regression of the treatments in guestion if sufficient

samples had been takean during logarithmic growth.
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{b) Differsnces in the yield of cells between trealtments were examined

densities over two samples near the end of

=

by comparing mean optica
logarithmic growth and if the curves in question had similar regression
coefficient during resting phass an indirect assessment of yleld was
possible by taking the mean optical density over the sziationary phase,
(¢} Differences in the rate of cell lysis were tested by examining
deviations from their commorn linear regression during resting vhase.
Flasks variance aypeared to be higher durinz growih than dvring the
resting phase, and was in part a reflection of the wvariable lag phase
between flasks. Comparisons within the Trestments x Times interaction
vere therefore made uwding appronriate subdivisions of the lasks variance

(Cochran and Cox 1957,, whils the reduced "error degrees of freedom® in

these comparisons made the tests of significance more conservative.

Colaony Counts

Colony counts of bacteria normally confirm to a Foisson distribution
in which the variance is equel to the mean of all possible samples
{Stearman 1955}, Conputation of the variance for counts ait each sampling

time showed that variance was proportional to the mean, but hecame

M
in

indenendent of it if counts were ftransformed to their square roots,

™ [ag

recommended by Snedecor (4855 p.315).
Aan analysis of variasnce on the transformed data was made using an

-

hierarchical classificatio Kemntho 1066 ), mean sguare of each
h 1 ¢la cation {(Xemr rne 1956) The mean sguay f each

W L

level of the hierachy was tested for significance by # tests, using as error,

the mezn sguare from the underlying level, Differcnces hetween counts nade
at intervals during resting ghase were examined for sipnificance by the

1 o
combination of analysis of variance and ¢  tests (Snedecor 1956 1.251),

The f2ll in viabkle numbers with time was sufficiently obvicus to male the

use of more delicate techniques (5tudentized Ranges or Rmnge Tests) appear

unwarranted.
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Call Tields and Liwuvid Content

analyses of verlance of the data obtained from cell yields of
large scale cultures aznd the 1lipid content of the cells, were carried

out as described by Snedecor (1956 p. 268) for samples of unecual sizes.

by

differences between mediz were assessed by the usme o

ifference,; also described by Snedecor (1955 v. 251},
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HICRCBIOLOGICLL SWUDIES

DIs pE BY BUPPERS

o

GROVTH CF S.

Before studying the lipids of a microorganism the conditions
uncder which cultures were to be zrowan had to be casrefully defined

- Z s S S .
{ates 196L4), In the case of a homofermentive organism such as

Strentotoccus bovis producing large guantities of lactic zeid during

growth, control cver a changing media oH was of primary concern,
Murthermore, where the relationshin between lipids and cell visbility
was of interest any effect of pll on viability had to be eliminated,
fnuigeon and Lewis (1959 p, 124}, referred to "a »H range of
5.5 =~ 6.5, normally associated with rumen contents™ tut Bryant (1964)
found a pH range of 5.8 - 7.6 in the fumen ligqueor of a pasture fed cow.
In view of the suggestion by Yrogh (1959) that rumen strepntococei lo
their viability below pH 5,0 in animals fed large guantities of zoluble
carbohydrate, control within the limits of piH 5.0 - 8.0 was imperative

e

while control within the range of pH 6.0 - 7.0 would simulate the rumen
envircenment,
One method of achieving this objective was to grow Lhe orgenism 1n

. n

buffers hoving dissociation constants in the range, pKa 5 = 7.

Hono-~hydrogen whospha and vicarbonzte were Ltwo salts selected for this
purpose as both are constituents of parotid saliva, the natural sourcs of

rumen fluid buffers, (Mcbougall 1948), and both are important for the

affective buffering of rumen pH {(Turner and Hodgetts 1955).

o+
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Figure 2. Buffering capacity of phosphate solutions as

determined by change of pH on titration with lactic acid

(/3 W),
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4 study of the buffering capscity of mounohydrogsn phosphate -

ckgerving the pH chanze of & 50 ml sclution on titration with 4/3 &
lactic acid. The rasulis are presseanted in Tigure 2.

Assuming the production of two moles of lactic acid for easch mole
of zlucose fermented it is evide that 0,15 M phosphate is the minimum

ity of phosphate noedsd Lo maintain mediza pH within the limits

...I

7.0 when 0,055 M (1.0 %) glucose is Termented. However, if 3. bocvis

could withstand higher concentrations of phosphate, a higher cell

¥ield should theoretically be obtained from the fermentation of gresater

quantities of glucose. The tolerance of 5. bovig to phosphate was

therefore studied.

Tolerance of S. bovis to Phosphate

A preliminary experiment to test the tolerance of $. bovis o

[#3]

phosphate showed that growth could occur on 2.05 - 0.15 d Phosphate
selutiaons, Confirmation of the eflect of veariations in phosphate

concentration was obtained in a subseguent experiment using 0.05 i,

015 H,; and 0,30 ¥ Phasphate buffers with two glucose concentratious
(0,055 i and C.11 ¥) at each level of phosphate. Growth curves and

pH changes are presented in IMlgure 3 and the analysis of variance
appears in Tabhls 3,

Mo significant difference was observed either in flnal optical

=

ensity or rate of cell growth during logarithmic phase hetween cultures

grown in .05 ¥ and 0.15 K Fhosphate, Growth in 0,30 M Phosvhate was
lower (P <0,01) than the mean for the lower phosphate levels, A5

expected (see Tigure 2), 0.0% ¥ Phosphate was unable to neunitrslise the

lactic acid praoduced and at the final »pH of this buffer (4.,2) the cells
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Figure 3, Growth of S. bovis (in O,D. units) and pH change of
the media with fermentationm of 0,055 M and 0.11 M Glucose in
0.05 My, 0¢15 M and 0,30 M Phosphate buffers.
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ANALYSES OF VARIANCE FCR GROWTH OF S, BOVIS AND pH OF MEDIUM ON 0,055 1 AND 0,11 M GLUCOSE IN 0.05 M, 0,15 M, AND 0,30 M

PHOSPHATE BUFTERS.

GRO¥ITH, (0,D. UNITS)

pH OF MEDIA

o MEAN RESULTS OF
; P VA O ., y R
SOURCE O ARTANC L. SQUARE D.F F TESTS
Total 95 - - 107 - -
Times 7 1.7235 P < 0,001 8 5,385 P<a 0,001
Treatments 5 5,0998 P < 0.001 5 9,486 P< 0,001
Glucose levels within phosphate
= - - - z
G1P5 G2P5, G1P15 C2P15, G1P30 GaP30(1) 31 0.0893 u.S. 3 0.7142 W.8,
High v low + medium phosphate
2 (G1P30 + GEPBO) - (G,]P5 + G2P5 + G1P15 + G2P15} 1 124,5174 P < 0.001 1 33.528 Ps 0,001
Low v medium phosphate
™ = 5 L -
(G1P5 + G2P5) (C1P15 + G2P15) 1 0.7504 P < 0,06 1 11,761 P 0,001
Treatments x Times (Residual for testing Times and Treatments) 35 0,1946 P < 0,001 Lo 0.5580 P« 0,001
Deviations from Common Linear Regression 1:45 o« 5:15 hrs
Low v medium phosphate
+ G - . < O - - -
(G1P5 caP5) (G1P15 + G2P15} 1] C.0334% P < 0.09
Mean Values of 0,Ds 8:15 = 11530 hrs.
Glucose levels at medium phosphate
- . < 0O, o 2 0.
G,]P15 GZP15 1 0, 0113 P 0,10 1 2,10 Pa 0,001
Flasks 1:45 = 29:30 hrs (Residual for testing Treatment x Tines) L8 0.0041 - 54 0,0337 -
1: - - ™ 8 L - - —
G1P5 + G2P5 + G1P15 + GzP15 4s 6.30 hrs 16 | 0,009
3 H - HE ° 1 - . -
G Pg + GyPg + G P g + GPyg 8:15 - 10:30 hrs 8| 0,003 8 0.005
(1) G1P . GaP5 ete, refer to treatments - see Figure 3. legend, N.3. Probability of effect being due to chance is
2 greater than 0.10; .’ not significant.,
G subseripts = grams glucose/100 ml.
P, B, A subscripts = m.,moles buffer/100 ml. P< 0,001 Probability of effect being due to chance

etce

is less than 0.001.




were presumably killed by the acid conditions, In 0.15 ¥ Phosphate,
the final pH of the media was 6,0 from the fermentation of 0.055 H
(lucose, compared with pH 5.6 on 0.711 K Glucose, indicating a greatler
vield of lactic acid from the higler level of glucose. Yowever, the
higher glucose concentration gave ano increase in cell prowth as
determined by ontical density measurements,

Zxperimeats were also carried out to test the tolerance o¢f 3. bovis
to 0.20 i Fhosphate. logarithisic growth occurred in only four out of
gix flasks inoculated and moreover all four flasks showed sn extendsd
lag phase of 10-14 hours zs oponsed Ho 2-4 hours for 0.15 1 Phosphate,

It seemed therefore that 0.20 ¥ TPhosphate approached the limit of

'y

phosphate toleranc

for 5. bovis but the wariability iz growth precluded
its further use as a2 buifer, On the other hand, as the combinatiop of
0.15% H Phosphate buffer with a substrate of G055 I Jlucosme gave good
yield of cells (0,80 g/litre) with effective contrel over pH, it was
adorted as a control media against which other buffer mixtures involving

bicarbonate and phosphate could be conmpared.

Growth of S. bovis in Phosphate and Bicarbonate Buffers

Uright (19601 reported that carbon dioxide increased the growth of
BSe hovis (3train 1) oun & complex medinm, and as blcarbonate is an important
buffer in ruvmen fluid (Turner and Hodgetts 1955) it was dzcided to explore
its uscfulness as a vuffer and/or growth stimulaat. Darly evidence of its
value as a buffer was obtained when, on titration of a solutlon of
0,70 M Phosphate + 0,10 I Bicarbonate with lactic acid, lititle change of
pH occurred {see Figure 2). To examine the effect of bicarbonate on the
grouth of S. bovis, an experiment was conducied comparing J.15 [ Phosphate

with 0,15 ¥ Fhosphate + 0.10 K Bicarbonate at 0,055 i Glucose. T™e eiffect
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4

'GROWTH OF S. BOVIS IN MEDIA CONTAINING BICARBONATE (RESULTS FOR INDIVIDUAL FLASKS)

0.D. AT END OF

TIME TO END OF

MEDIA pH 4T END

LYSIS

TREATHENT LOG. GROWTH L0G. GROWTH | OF 10G. GROWTE OBSERVED (1)
0.055 M Glucose 0.15 M Phosphate 1.65 11:00 hrs 6.2 +
1" t 1 T 1.65 12:30 hrs D43 -
0,055 M Glucose 0.10 M Phosphate + 0.70 M Bicarbonate 1.8 9:10 hrs 6.7 +
L 2 " L " L 1.6 9:10 hrs 6.7 +
0,055 M Glucose 0,15 M Phosphate + 0.10 ¥ Bicarbonate Te2 12330 hrs 6.7 +
" t " " m L 1.2 15:40 hrs 6.7 +
0.0825 M Glucose 0,15 M Phosphate + 0;18$M Bicarbonate 1.5 15:40 hrs 6ok +
" n " L 2 " 1.3 (2) 24:00 hrs (2) R +

(1)

(2)

-+
It

Ne fall in 0,D., observed.

log- Growth completed overnight and 24:00 hours value presented.

10-20 % fall in 0.D. during 10 ~ 12 hours of resting phase,
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of an increased Jevel of glucese {(0.0325 M) in 0,15 M Fhosvhate + 0.10
Bicarbonate was zlso examined. Reducing the level of phosphate to 0,10
with the addition of bicarbonate (0.10 M) gave & further comparison with the
best treatment (0,15 M Phoswvhate) from the exveriments on phosphate tolerances
Yo statistical analyses were made on the data from this experinent as

-

full interpretation of the resulis was hamnered by inaccurate assessment of
grouth (see page Lh), and the possibility of extensive glucose degradaticn

through trowning during avtoclaving. Observations made For each treatment

au
are summarized in Table & from which the following provisicnal conclusions
were drawn to form the baslis of hyvotheses tested in later experiments,

{1} 4T 0,15 ¥ Prosphate and 0.055 il Glucose, the addition of 0.10 ¥

jd

Bicarbonate reduced the yield of cells as measured hy optical density. In

[uy

he same buffer solutlon (0,15 ¥ Fhosphate + 0.10 i Bicarbonate) the higher

|—
[}

vel of glucose (0,0825 M) increased 2ell yield and laciic acid production

i

H

o

timated by change in pE. However, 11 both cazses the c¢ell yield was

D

a
lovier than that obiained with 0.055 ¥ Glucose on either 0,15 M Fhosphate
zlone or 0,10 i Phosphate + 0,10 ¥ Bicarbonate, suggesting that the overall

¢ strength of the media, rather than gluccse concentration was Iimiting

e

osmot
cell growth,

{2) 1o evidence was obtained for the emistence of any bicarbonzte stimulatim
of growth, as any difference between (.15 ¥ Phosphate and 0,10 M Phosphate =
D.10 M Bicarbonate in cell yield or rate of growth could be due teo the
reduced phosphate concentraition, rather than the presence of bicarbonate.

(3) 4 10-20 % fall in opiical density (Table 4) occurred during the

10 - 12 hours of resting phase in those flasks containing bicarbonaite or where

the pH of the media remained abhave 5,.0. although no c¢ell counts were
nade, the fall in opHical density was fully inddcative of cell lysis

(sece page 70).
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Using better vechniqgues for the conduct of growth experiments
{(zee page 43}, a wmore detziled study of the combiued effects of

phosvhate and blcarvounats on growth and lysis of 8. bowvis was carried

cut by coumparing four different buffer nmixtures;

Te 0,15 F Fhosphate

2a 0,15 I Phosunhate + 0,05 M Bicarbonate

Fa Ce15 i Fhosphate 4+ 0,10 [ Bicarbonate

b, 0.10 ¥ Phosvhate + 0,10 M Bicarbonate
each with C.055 M Glucose as substrate, in analysis of variance for
avtical densities threvghoeut the experiment is presented in Table 5.

Growth curves and the pH of the nmedia at the end of legarithmic growth

48 1u the previcus experiment poor growth was observed on 0,15 H
FPhosphate + 0,10 M Bicarvonate bhut with copltical density meassured in a
manner thzt gove & linear relationshin with cell vield {(see Tigure 1)
the effect was grester than indicated by Table 4, Mezn opt
(over all times)} on this treatment (0.15 ¥ Phosphate + 0,10 ¥ Bisarhoaat
-

was signilicantly less (P <0.01) than the aversge optical density of all

cther trestments (0,15

0,10 M Phosphate + 0,10 B Zicarbonate), hence no further exsmination of
this comparison was made within the Trestments x Times interaction.

Yo examine differe between 0,15 i Phosphate, 0.15 ¥ Thosphate

1

4+ 0,085 ¥ Zicarbonate and 0,10 M Phosphate + C,10 ¥ Bicarbenate, the

Treatment ¥ Times interaction was subdivided intoc three neriocds -

et
Py

Phosphate ané 0,15 i Fhosphate + 0.05% 1 Zicarbonate, whereas with

>, 10 M Phosphate + 0,10 M Bicarbvonate z higher rate of growth was obhtai
C, 10 8 Ph hat Co 10 3 ponat hizh t £ ogr Lowa htain
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of 0.055 M Glucose in media containing phosphate and bicarbonate

buffers.



T ABLE 5

ANALYSIS OF VARIANCE FOR GROWTH OF S. BOVIS ON 0,055 M GLUCOSE IN PHOSPHATE AND BICARBONATE BUFFERS.

GROWTH {(0,D. UNITS)

OURCE  OF AR DT SQUARE F TESTS
Total 102 - -
Times 12 L, 24 P « 0.01
Treatments 3 25.58 P < 0,001
High phosphate high bicarbonate v remainder
3P45B - (P15BO + PygBg + PioBio’ 1 66,83 P < 0,001
High bicarbonate at low phosphate v high phosphate
2P,10B1g - (P1530 + P15B5) 1 8612 P < 0,025
Low bicarbonate at high phosphate
> -
11550 P15B5 1 177 Ne3s
Treatments x Times {(Residuval for¢$ests of Times and Treatments) 36 1. 30 P < 0,001
Deviations from Common Linear Regressions 3:00 -~ 8:15 hrs
High bicarbonate at low phosphate v high phosphate
2P, B, - (P,.B. + P _B_.) 1 ha312 P < 0,001

10710 1570 1575
Low bicarbonate at high phosphate
P15BO - P1535 1 0.0298 Ne,
Mean Values at End of Log. Growth 9:30 - 10:30 hrs
High bicarbonate at low phosphate v high phosphate
2PypByg = (PsBy + PygBs) 1 36375 P < 0,001

Low bicarbonate at high phosphate

P15BO - P,|5B5 1 0 Na.B.
Deviations from Common Linear Regressions 12:30 - 32:30 hrs
Bicarbonate at low and high phosphate
- - <

2P15BO (P1OB1O P1555) 1 1,679 P 0,001

High bicarbonate low phosphate v low bicarbonate high phosphate

P10310 - P15B5 1 0,099 P < Q.05
Plagks 4:00 - 32:30 hours (Residual for testing Treatments x Times) 51 0,119 -

P15B0 + P15B5 + P,IOB10 3:3C - 10:30 hrs 23 O.242 -

P,.B.+ P.-.B. + P, B 12330 ~ 32:30 hrs 18 0,0211 -

1570 1575 10710

P15B10 etc, refer to treatments - gee Fig. 4 legend,

For other footnotes see Table 3 - page 58.
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{P= 0.01 for deviations from common linear regression.

¥ield of cells at the end of logarithmic growth (9:30 - 10:30 hrs)
showed similar differcences. Hence not only did cultures in
0.1C 4 Phosvhate + 0.10 ¥ Blcarbonate grow more rapvidly than in

Ce 15 It Fhosphate or 0,10 ¥ Phosrhate + C.10 11 Dicarbonafte but the sxtent

-

Thereafter {12:30 - 32:30 hrs) a drown in oniical density,
associated with a pid of greater than 6.0 or bicarbonate in the wedia,
ocgurred iun both 0,10 X Phosphate + 0,10 ¥ Bicarbonate and

0.1% 1 Fheosvhate + 0.05 1 Bicarbonate. Un the other hand in C.15 M1
Fhosphate zlone, where the i fell to 5.5, the culture remained at almost

constant optical density. (P< 0.01 for deviations from common lineor

gining bicarbonate,
the higher yield of cells and similarity teo the rumen envyironmant

varranted the selection of 0.10 ¥ FPhoguhate + 0,10 d Blcarbonate alcng

i
5
e
D
L]
-3
Wi
[

Growth of 5. bovis in Phosphate, Bicarhonate aud Acetate Bulfers

and Jomporison of Two Cation mixtures.

i

Tyeedie (1965) found the lipid content of 3, 2ovig to bhe 7.2 % of

the cell dry weight, btut chloroform - methanol extreactions of the cells
zrown in the present study yielded only 0.7 - 1.7 % (Table 11 ). One

¢f the ressons for thi

in

of acetate (0,35 M) emploved by Tweedie [(1865) to Luffer the mediun. Ty
ploy K

comparicon, the concentration of acetate in the rumen flvid seldom excecd

0.11 ¥ {iunison and Lewis 1959 n. 51),

- - . o P - 1+ . > A
Phosphste for studles on the lipids of $. bovis (see vage 81)

discrevancy was thought to be the high concentrati

(-3
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It was thereiore decided to determine whether acetate had any
effect on the 1lipid conteat of S, bovis, but te interpret these results

it was also necessary to know the effect of zcetate on cell zrowth.

e

For a study of the affect of acetalte on the growth of ZS. bovis, a

concgantration of 0.10 1 was chesen, tc be added to the buffers feound

most useful in previous experiments (0,15 H Phosphate and 0,10 ¥

Phosphate + 0,10 M Bicarbonatel. Substitution of C.10 M acetzate for

llence the buffer treatuents wers,
Te 0.1% M Phosphate

Ca 0015 1 Phosyhate + 0,10 M Acetate

b

Z. G, 10 i FPhosphate + 0,10 ¥ Bicarbonate

Lo 0,10 ¥ Phosphate + 0.10 I Bicarbonaie + 0.10 M fcetate
Be 0.10 ¥ Phosphate + 0.10 K icetzte

[y
]
L]
]
(9]
\n

sach wit? ilucose.

Superimposed upon ezch of these treatments was a comparison of two

catlion mixztures. Although previously all buffers had been made up from
only sodium salts, it was realised at this stage that a sodium-potassium
mixture would bhear more relation To rumen fluid. To provide a potassium

concentraticn within the range of 0,01 - 0,07 mole/litre, as found in rumen
£fluid by Reid (1965), potassium dihydrogen phosphate (0.C45 ) replaced
the sodiun salt in half of the flasks assigned to each wuffer treatment,

Growth curves and i of the media at the end of logarithmic zrowih are

-

Tt
H

shown for 211 treatments in Figure 5. 4n analysis of variasnce ism presented

in Table 5.
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Figure 5. Growth of 8. bovis (in 0.D. units) with fermentation
cof 0,055 M Glucose in phosphate, bicarbonate and acetate buffers,



TABLE 6

ANALYSIS OF VARIANCE FOR GROWIH OF 5., BOVIS ON 0,055 M GLUCOSE IN PHOSPHATE, BICARBONATE AND ACETATE BUFFERS.

GROWTH (0.D. UNITS)

MEAN RESULTS OF
S0URCE OF VARIANCE D.F. SQUARE F TESTS
Total 179 - -
Times 8 10235 P < 0,001
Treatments g L, B26 P < 0,001

Acetate at high phosphate
P,.B A - P _B A

157070 157010 1 9.200 P 2 0,01
Bicarbonate at low phosphate
2 P10B10A1O - (P10310A0 + P10B1OA10) 1 b1,.317 P « 0.01
Acetate at low phosphate
P,.B. A - P_ B A 1 0.0178 N.S.

10 1070 10710710
Cations without bicarbonate
Na.la - Na.K in P15B0A0, P1OBOA1O’ P15BOA10 3 0. 1087 M.S.

Cations with bicarbonate

Na.Na - Na.K in P,oB A " 1 14,761 P < 0,001

Cations with hicarbonate + acetate

Na,Ha = Na.K in P10B10A10 1 7o 347 P a 0,01
Treatuents x Times (Residual for tests of Treatments and Times) 72 0.8866 P < 0,001

Mean Values at ’nd of Loge. Growth 6:45 - 10:45 hrs

Cations at low phosphate + bicarbonate
Yy Tl - T al

Fa.Na - Na.K in P, B, A, 1 6.66 P 4 0,01
Cations Remainder

Na.Na - Na.k in PoeBylys PooBolygs PagBiodos ProBiotio y 005307 0.5,

Mean Values during Resting Phase 15115 « 33:100 hrs

Acetate at high phosphate
- A
PisBofo = FasBotio0
Acetate at low phosphate + bicarbonate

—— E -]
P.oBio%o = PioBiotio 1 2,470 P < 0,001

—

2.73h P < 0.001

Cations at low phosphate + bicarbonate
= Tco i L »
Na.Na Na,K in P,IOB,IOA0 + P10B1OA10 1 2,734 P < 0.001
Deviations from Common Linear Regressions 13:15 ~ 33:00 hrs
Bicarbonate
3 - L] L < o 1
2 (P15BOAO + P15B0A10 + P1OBOA1O) 3 (P1OB10AO + P10B1OA10) 1 2.9647 P < 0,00

Differences between Treatments with Bicarbonzte

Cations

Ne.Na - Na.K in P1OB10AO + P,IOB,IOA10 1 0.,8382 P < 0,01
Acetate

P10B10A0 - P10B10A10 1 00,0002 N.S.
Remainder 1 0.0068 NeSo

Differences between Treatments without Bicarbonate

Cations

Na.,Na - Na.X in P15B0A0 + P15B0A10 + P1OBOA1O 1 00,0021 NaSe

Phosphate levels

2 P,lOBOA10 - (P1530ﬁ0 + P15B0A10) 1 0,2895 P < 0.07
Acetate at high phosphate
P15BOA0 - P15Boﬁ.,]0 1 0.0115 HaSa
Remainder 2 0,040 N.S.
Flasks + days ;15 « 73:00 nhrs (Residual for testing
Treatments x Times) 90 0.3422 -
6:45 - 10:15 hrs 30 0.5183 -

13:15 = 73:00 hrs 50 0.0786 -




T ABLE 6

ANALYSIS OF VARIANCE FOR GROWTH OF S. BOVIS ON 0.055 M GLUCOSE IN PHOSPHATE, BICARBONATE AND ACETATE BUFFERS,.

GROWTH (0.D. UNITS)

\ MEAN RESULTS OF
3 VAR v D.F.
SOURCE OF TaNCE D.F SQUARE F TRSTS
Total 179 - -
Times 8 10,35 P < 0,001
Treatments g L,826 P < 0,001

icetate at high phosphate
P B.& «~ P _B.A

157070 1570710 1 3200 P« 0,01

Bicarbhonate at low phosphate

2 P1OB1OA1O - (P1OB1OAO + P1OB1OA10) 1 41,317 P & 0,01

Acetate at low phosphate

P10Bioto ~ Fr0Br0tq0 L 0.0178 HeSe

Cations without bicarbonate

Na,Na - Na.K in P15BOAO, P 0ByR0 P1530A10 3 0.1087 N.S.

Cations with bicarbonate .

Na,Na =« Wa.K in P10310AO ' 1 14,761 P < 0,001

Cations with hicarbonate + acetate

Ha.lMa « Na.K in P1OB1OA1O 1 7347 P 4 0,01
Treatments x Times (Residual for tests of Treatments and Times) 22 0.8866 P < 0,001

Mean Values at %®nd of Log. Growth 6:45 = 10:45 hrs

Cations at low phosphate + bicarbonate
Na,Na - Na.K in P10B10A0 1 6.56 P < 0,01
Cations Remainder

Ha.Na -~ Na.K in P15BOEO‘ P15B0A10, P1OB1OAO’ P1OB1OA1O 4 0.5307 N.S.

Mean Values during Resting Thase 13:15 - 33:00 hrs

Acetate at high phosphate
P15Bodo = PisBotig 1 2734 P < 0,001
Acetate at low phosphate + bicarbonate
P10B1OA0 - P10310A10 1 2.470 P < 0,001
Cations at low phosphate + bicarbonate
Na.Na - Na.K in P, B, A, + P, B o A.0 1 24,73 P 4 0.001

Deviations from Common Linear Regressions 13:15 ~ 33:00 hrs
Bicarbonate
.ﬁ. - 2 i
2 (PigBofly + PooBoh o+ PugBohig) = 3 (PigBaghy + PigBaghis

Differences between Treatments with Bicarbonate

} 1 3.9647 P < 0,001

Cations

a.lNa - Na.K in P1OB1OAO + P1OB10A10 1 0.8382 P4 0,01
Acetate

P1OB1OAO - P10B10A1O 1 0,0002 NuSe
Remainder 1 0.,0068 N.Se

Differences between Treatments without Bicarbonate

Cations

Na,Na = Na.K in P15BOAO + P15BOA1O + P1OBOA10 1 00,0031 N.Se

Phosphate levels

2 ProBohg = (P15B0A0 + P15B0A10) 1 0.2895 P < 0,07
Acetate at high phosphate
P15BOAO - P15BOA1O 1 0.0115 N5,
Remainder 2 0.0401 N.S.
Flasks + days 115 « 73:00 hrs (Residual for testing

Treatments x Times) g0 0.3422 -
6:45 - 10:15 hrs 30 0.5183 -
13:15 = 73:00 hrs 50 0.0786 -

qu B,10 ete, refer to treatments - see Fig.5 lepgend.,

For other footnotes see Table 3 page 58.



(a) Cation Effects

In solutions containing bicarbonate where cell lysis was always
observed, a highly significant difference in rate of lysis was found
tetween the cation mixtures. Over the 13:15 ~ 33100 hour period cells
grown in the scdivm-potassium mixture lost optical density at only

observed for cultures in the sodium-sodium mixturs,

]v\‘
F)‘

half of the
45 ne other differences due to the changed cation complement wers found,

the sodiwm-potassiva mixture was =adopted for subsequent experinments.

{(bv) Acetate Effects

A prolonged lag phase in one flask containing 0.10 M Phosphate

T

+ 0410 H 3Bicarbonate {sodium~sodivim)} was responsible for the atypical

i) e

mean growsh curve of this fTreatment presented in Figure 5. Individually
gnch culiture exhibited & normal growth curve but o verizble laz vhase was

also found to be associated with this treatment in other euxperinents.

Zecause of the inecreased wvarisbility of this

restricted number of sauples telken during logarithmic growth, no sirsnificant

£

o
@
o

effect of acetat diition to either 0.5 ¥ Phecaphate or $.10 M Phosvhate
+ 0.0 i Bicarbonats was observed in the verisd H:45 - 4015 hours.

Howewver durins resting phase the zddition of zeetate to both buffers
)

resulted in a 20 5 reduction in the average optical density reading

(Ps 0.01), Ag deviations from the common linesr regressions due to
acetate did net contribute to the varisnce (F <) for either ireatment,
it was unlikely thet 2cetate mude any difference to the slope of the
repregsion during resiing phase, Fence differences in the mean values
during resting phase may bz extrapclated baeck teo infer a decreased cell
yield from the additicn of 0.10 M acetate to both 0,15 M FPhosphate d

015 M Fhosphate + O Similar decreases in growth were

observed from the addition of .10 I ZBicarbonate fto 0.15 1 Phosphate

{sec pape H2),
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While substitution of C.10 ¥ icetate for 0.1C M 3icarbonate in the
presence of 0,10 ¥ Fhosphate permitied adequate growth, it zlso zllowed
the pH of the media o fall to pH 5.0. is Erogh (1959) suggested that

viability of L. bovis fell as pH decreased below 5.0, no further uss of

Despite the possibility of dwinished growth of 5, bowis, 0,10 i Acetate
was retajned in subseguent medla to »rovide zn enhanced buifering capacity

below pH 6.0 and to simulste Lhe comrposifion of rumen liguor,

Contral of Cell Lvsis

-t

n previocus experiments; the inclusion of bicarbonate ss a constlituent

Loy

of the buffer mixiure led to a digtinct fall in optical densitiy during
i o %)

resting phase, and was atiribuled to cell lysis. ilse assoclated with the

nate was a higher bufferdng capacity, so that on no occasion
did pH fa2ll below 5.0.
Srockman, Conover, Xolb, Pnillips, Riley and Toennies (16671 a) in a

1

study of Strentococcus faecalig, observed that lysis cccurred above pH 5.9

when cells were depleted of a media constituent (e.gz. glucose or lysine)

egsential for cell wall synthesis; vhereas at a lower pl the cells remained

intact, In a preliminary experiment with 2. hovig, the addition of

[ fla

hydrochloric acid to one flask of a fully groun culiure lowered the pH from

Golt to 5.2 and prevented the fall of optical density, Cells in a duplicsat
flask left at vl 6.% lysed extensively.

Thus to control lysis in mediz emoloying bicarbonate as buffer it was
necessary to forfeit the original aim of a medis huffered at about pH 6.0
for studies of resting phase metabolism, 2nd instead adont = media buflered
in the range pH 5.2 « 5.7, Three aliernative methods of achicving This

were possible,



7.

(1) Commencing growth at a lower pH was undesirable, as

in agid coaditions, there could be extensive conversion of

£)

bicarbonate to carbon dioxide which, in the open incnbation

systen adopted, would be oveoived before logarithmic growth

commenced,

(2} By increasing zlucoss concentration, & greater produchtion

of lactic acid could be expected, with possibly some increase

in ¢2ill yield.

(2) Reducing the concentration of a buffer cemvonent {such as

bicarbonzate; would allow ol %o £all to the desired level.

To test the two latter hypothieses and confirm that lysis could be
controlled by adjusting media pi, the follewing combinations of glucose
and buffer were compnarady
{1) 0,055 i Glucecse, 0.70 ¥ Thosphate + 0,10 [ icetate + 0.10 H Bicarbenate
(2) " t ts 1t f

+ lactic zcld at end of logarithmic growth,

(7 0.0825 1 Glucose, 0.10 Phosphate + 0.10 ¥ Lcetate + 0,10 U Zicartona
(k) 0,71 ¥ Zlucose, Y K u
(5) 0.055 1 Glucose, " " &+ D.07 ¥
(6} 1" i1 H + 0.05 B A

Growth curves for each ftreatment are preseanted in Figure 6 znd the
analysis of variance in Table 7.

() Addition of Lactic Jicid

Degreasing the mediz »H toe 5.7 at the conclusion of logarithmic growth,

by the adlitlon of lactic acid, ccunteracied cell lysis (P<0.0% for

deviations from common linear regressicon).
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Figure 6, Growth of 3. bovis (in 0,D., units) with fermentation
of varying glucose concentrations and in media of varying

bicarbonate concentrations.

Addition of lactic acid to media
containing 0.0%% M Glucose and 0,10 M Blcarbonate gave stable
0.D, during resting phase,




T 4BLE 7

ANALYSIS OF VARIANCE FOR GROWTH OF S. BOVIS IN MEDIA OF VARIING GLUCOSE AND BICARBOWATE CONGENTRATIONS.

GROVWTH (0,D, UNITS)

3 AN ' MEAN RESULTS OF
SOURCE OF VARIAN I,
CE CE b SQUARE F TESTS
Total 107 - -
Times 8 20,343 P < 0,001
Treatments ’ 5 2,60 P < 0.001
High Gluceose v remainder
- (& <
5 G2B1O (C1.5B10 + G1B1O + G1B1OL + GqB? + GqB5) 1 9.,2302 P < 0,001
Low Glucose high bicarbonate v remainder
b 6By = (G By + G4By L+ G By + GyBg) 1 2,7366 P < 0,01
Remaining orthogonal comparisecns 3 0.3437 NaSe
Treatments x Times (Residual for testing Treatments and Times) Lo 0.3435 P < 0,001
Mean Values at end of Log. Growth 5:15 = 6330 hrs
Low v high bicarbonate at low glucose
2 G,8g - (G,B,, + @B, L 1 1.1516 P < 0.01
Medium v mean of low and high bicarbonate at low glucose
4 B, - (2 G Bg + GB, + G,B, L) 1 0.0010 N.5.
Glucose levels
(G231O + G1.5B1O) - (G1B10 + G1B1OL), G,B,y - G1.5B10 2 0, 1603 N.S.
Mean Values during Resting Thase 11:45 - 35:00 hours
High glucoss v remaindex
5G,Big - (G?.5B1o + @By + GB L + G, B, + G1B5) 1 7.8130 P < 0,001
Deviations from Common Linear Regressions 11:45 - 35:00 hrs
Addition of laectic acid
G,Byy = G, B oL i 0.1238 P< 0,04
High v medium glucose
G,B,, - G1°5B1O 1 0, 1865 P« 0,02
Low v high bicarbonate at lew gluccse
- L
G,.IB5 G1B1O 1 0.1515 P 0.025
Medium v mean of low and high bicarbenate at low gluocose
2 G,IZB,7 - (GqB5 + G1B1O) 1 0,0233 NeSa
Flasks + Days 1:30 = ?3:00 hre (Residual for testing
Treatment x Times) 54 0.0209 -
5:15 « 6:30 hrs 18 0, 1100 -
18 0.0233 -

11+45 « 35:00 hrs
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. BLE 7

ANALYSIS OF VARIANCE FOR GROWTH OF 8. BOVIS IN HMEDI& OF VARYING GLUCOSE AND BICARBONATE CONCENTRATIONS.

® GROVTH (0.D, UNITS)
, - AT - MEAN RESULTS OF
SOURCE OF VARIANCE .F.
. ARTANGE b SQUARE F TESTS
Total 107 - -
Times 8 20,343 P <« 0,001
Treatments ‘ 5 2.60 P < 0,001
High Glucose v remainder
5 G2B1o - (G1.5B1O + G1B10 + G1B10L + GqB? + G1B5) 1 9.2302 P < 0,001
Low Glucose high bicarbonate v remainder
b G By = (G1.5B1O + G Bl + G By + G1B5) 1 2.7386 P < 0,01
Remaining orthogonal comparisons 3 0.3437 HaS.
Treatments x Timés (Residual for testing Treztments and Times) Lo 0.3435 P < 0,001
Mean Values at end of Log, Growth 5:15 - 6330 hrs
Low v high bicarbonate at low glucose
2 @By - (G,B,, + G,B 5L 1 11516 P < 0,01
Medium v mean of low and high bicarbonate at low glucose
b GqB? - (2 6135 + @B+ G1B1OL) 1 0.0010 N.S.
Glucose levels
(G,B,q + e1.5310) - (61510 + G1310L), G,B g - G1°5B1O 2 0, 1603 N.S.
Mean Values during Resting Fhase 11:45 ~ 35:00 hours
High glucose v remainder
- ra
5 G,B,, (G1.5B10 * G By, + G B L+ G1B? + G1B5) 1 7.8130 P < 0,001
Deviations from Common Linear Regressions 11:45 - 35:00 hrs
Addition of lactic acid
G,B,y = @B, L 1 0.1238 P< 0,0k
High v medium glucose
@B, " G1°5B10 1 0,1865 P 0,02
Low v high bicarbonate at low glucose
- & < »
G1B5 G1B10 1 0.1515 P 0.025
Medium v mean of low and high bicarbonate at low gluceose
2 6B, - (G1B5 + G B ) 1 0,0233 .S,
Flasks + Days 1330 ~ 73:00 hrs (Residual for testing
Treatment x Times) 54 0.0209 -
5:15 - 6:30 hrs 18 0,1100 -
18 0.0233 -

11:45 - 35:00 hrs




TABLE 7

ANALYSIS OF VARTIANCE FOR GROWTH OF S. BOVIS IN MEDIA OF VARYING GLUCOSE AND BICARBONATE CONCENTRATIONS.

GROWTH (0.D. UNITS)

o P, MEAN RESULTS OF
SOURCL OF VARIANCE D.F.
b SQUARE F TESTS
Total 107 - -
Times - 8 20,343 P < 0,001
Treatments ‘ 5 2,60 P < 0,001
Hipgh Glucose v remainder
5 G2B10 - (G1.5B10 + G1B10 + GqB10L + G1B7 + G1B5) 1 9.2302 P < 0,001
Low Glucose high bicarbonate v remainder
b G.B - (G1°5B10 + G B, L+ G.B, + G1B5) 1 2.7386 P« 0,01
Remaining crthogonal comparisons 3 0a3h37 NaS.
Treatments x Times (Residual for testing Treaiments and Times) Lo 0.34%35 P < 0.001

Mean Values at end of Log. Growth 5:15 - 6330 hrs

Low v high bicarbonate at low glucose

2 G1B5 - (G1B10 + G1B10L} 1 1.1516_ P < 0,01
Medium v mean of low and high bicarbonate at low glucose
4 B, - (2 G Bg + G By, + G, B, L) 1 0.0010 N.S.
Gluceose levels
(G2B10 + G1‘5B10) - (G1B10 + G1B1OL), G,Byg - G1°5B10 2 0. 1603  N.s.
Mean Values during Resting Phase 11:45 - 35:00 hours
High glucoss v remainder
5 G2B10 - (61.5510 + G1B10 + G1310L + G1B7 + G1B5) 1 7.8130 P < 0,001

Deviations from Common Linear Regressions 11:45 - 35:00 hrs

Addition of lactiec acid

G1B10 - G1B10L 1 0.1238 P« 0,04

High v medium glucose

— L 1 o "4 L]
G231O G1°5B10 : 0.1865 P4 0,02
Low ¥ high bicarbonate at low glucose
- - < L]
G1B5 G1B10 1 0.1515 P 0,025
Medium v mean of low and high bicarbonate at low glucose
2 B, - (G1B5 + G,B,,) 1 0.,0233 N.S,
Flagks + Days 1:30 ~ 73:00 hrs (Residual for testing
Treatment x Times) 54 0.0209 -
5:15 = 6:30 hrs 18 0. 1100 -
11:45 - 35:00 hrs 18 0,0233 -

G.B

1Bt G1°5B10 etc., refer to treatments - szee Fig. 6 legend

For other footnotes see Table 3 - page 58,




The

(h) Increased Gluccse Concentrations

The use of 0,11 M Giucose gave a significant improvement in total
crouwth over zll other treatments. Howewver, within the Lrealtments x Times
interaction a similar comparison (Eigh Glucose v Remsinder, Table 6} was
only significant during resting vhase. 4Again the restricied sampling
schedule masked the probable effeét of increased glucose; ¥ig. an extenced
period of growth,

Despite & 100 % increase in glucose concentration, optical density
ounly increased by 30 7 while media pH at the c¢onclusion of logarithmic

growth (5.6) was not as low as expected from the complete fermentation of

011 M Glucese Lo lactic acid, Thus although correcting cell lysis,
0,11 ¥ Glucose was unsatisfactory in a medis where cells were required to

fully utilise their exogenous supply of carbohydrate for growth.

{c) Decreased Bicarbonate Concentratiocn

v

When compared against 0,70 I Bicarbonate (with 0,055 I Glucose) the

reduction of Bicarbonaite to 0.05 M resvlted in a small but highly significant

da

improvement in logarithmic growth and a lower rate of lysis (P<0.05 for

i

deviations from common linear regressionld, A4t & concentration of 0,07 M
Bicarbonate, resulis were intermediate bhetween 0,05 ¥ and 0,10 ¥ Zicarbonete.
Tven at the lowsst level of bicarbonate tested (0.05 M), p¥# did nct fall
below £.0 but a further experiment showed that reduction of Bicarborate to
0.033 H had no deleterious effect on growth but permitted pH to fall to

5.6, thereby preventing cell lysis.

VIABILITY OF S. BOVIS

A study of the wiability of 5., bovis during resting phase was carried

out on cellas left suspended in the medium after the fermentation of

0.055 ¥ Gilucose, The buffer systen comprised 0,10 [ Phosphate 4+ 0,10 M
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Figure 7. Viability of S, bovis cells suspended in spent growth

medium,

A. Optical Density (0,D.) of cultures remaining constant during
resting phase.

B. Mean numbers of viable cells, showing loss of viability with
time,



EIERARCEICAL ANALYSES OF VARTANCE FOR VIABLE COUNTS OF 5. BOVIS AND OPTICAL DEHSITY OF CULTURL

TABLE 8

DURING RESTING FHASE,

PILOT EXPERIMENT

MAIN EXPERIMENT

YIABLE COUNTS (1) VIABLE CGUNTS (1) VIABLE COUNTS (1) (2) OPTICAL DENSITY ({3)
SCOURCE O VARIANCE bh.® E,S, P D.F. M.5. F D.F. M.S. P D.F. M.S. F
Total 23 - - 110 - - 106 - - 25 - -
Times 2 1 4337.2 [17.40 * & | 10482,8 68,97 ** 5 | 12847.0 111L4,0  =*= & 0.0267 < 1 NS
Flasks within Times - ? 152,00 1.1% HS 7 112,65 2,03 N3 7 0,0L21 I,36 *
Samples within Flasks 3 2hg, 24 | 2,62 NS} & 131,94 3.13 **{t 14 55.39 1,46 NS 13 0.0108 ~
Plates within Samples 6 95,09 | 8.27 **|} 28 42,170 | 35,41 #%|| 28 37,96 | 30,8 **# -
Counts within Flates 12 11.50 - it 55 1,807 - H 51 1.23 - -
{(1) Data analysed = ~/ Count
(2} Values for sample plated with semi-solidified agar replaced by missing plot analysis (Snedecor 1356 p. 3107
(3 Ko transformation of data N
NS  Not Significant (0.05< P) % Mighly Significent (P< 0,01)
* Significant (0.01 « P =< 0,05)
TABLE 9
SIGHIFICANCE OF DIFFERENCES (4) IN VILBLE COUNTS WITH TIME.
} ) h
MEAN OF TRANSFCRIMED COUNTS
HOURS TROM HOURS FROM END OF
INOCULATION LOGARTTHHMIC GROWTH PILOT BXPERIMENT HATIW EXPERIMENT (2)
9 4 - 28,17 |
12 7 55:55 | | 77.89
[
15 10 - 79.9% |
18 13 L.8110 ) 71,24Fr
21 16 - 67,63 !
2k 19 11.91 50,64
zh 29 - 76350
L.5.D. 5 % = 18»57 L&SODQ 5 % = 6902
L.3.De 1 % = 35,82 L.S.Da 1 % = 8,74
{4) 1}Means not linked by a single line zre significantly different (P < 0.05)
i i o double M " highly sienificantly different (P« 0,01)
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Acetate + 0,033 ¥ Bicarbonate and had a pY throughout resting phase of 5.5,
2 5 & -

Couants at 12, 18 and 24 hours after inoculation were made in a pilot

experiment using only one flask of cells. Hlean counts have been pletted
cgainst time din Figure 7 and the arnalysis of variasnce 1ls »nresented in
Table 8. A slgnificant fall in nustber of vianle cells was observed in the

2L wovr sample (fable 9).

To furnish a more detailed =2stimate of the loss in ¥iability, and {c
assess the lmporitance of separate sources of variance, a further experiment
was also carried out with duplicate flasks of cells and an increased
freguency of sampling. In this,; the maln experiment, the culiux

grown overnight and ovtical densities recorded throughout resting phase

are srown in Figure 7. Data for the logarithmic phase were recorded from
senarate flasks grown under identical conditlous. Viable counts made at
9, 12, 15, 18, 21, 2% aand 3& hours afiesr incculation are depicted in
Tigure 7 and the anulryses of varianca aroe included in Table 8 Tne fir

sampling time to show a significant fall in viable sell numbers cccurrad
18 hours affer inoculation (Table 9}, or after approximately 13 hours of
of

resting vhase. 3ix hours later only half of the cells remained viable,

Ho change in opticzl density ocecurred throujhout the eniire vesting wphose.,

There was a large difference between The counts obtained in the twe
axperiments, This may bave been Jue to a fzilure of the ager medium, used
in the pilot experiment, to fulfil optimum pgrowth conditions. 2. bovis

colonies, vhich on this medium had zreviously rsached a countables size

iithin 76 hours, did not on this occasion reach a countable size unitil

72 hours. If this indicntes that uafavourable conditions for growsh
prevailed, the lower humber of colonies gould reszull frou a ¥
rate in the establishment of growth onrn the apgar.

From the results obtained under the conditions of these experiments,
1t is obvious that any experisents to study the meteboliow of living cells



£

(e )

-
e
—

bovis can only be conducted within 1% hours from the end of

logarithnic growth,

Information obtsined from the analyses of variance (Table 8),
pertinent te the vrocedures emnloyed in wndertaizing a study of wiability

was 25 follows:

-

{1) The value of duplicaie flasks and &n increased fraguency of
saupling is illustrated by the higher level of significmunce for

MMmes™ in the main experiment.

(2} In the first analysis. of the data from the main experiment,

"Zamples within Flasks! was found to be a significant source of
variance. however, in the course of one sampliang, plates were
poured wlth semi-~sclidified spgar and zave & uuch lower number

of colonies than cther samvles feken at the szme time. idenlace-

ol

ment of the data from the defective samnle, by missing plot ansnlyse

the sigsnificance ¢f this level o

(3nedecor 1956 pa. 310) eliminated 2a
the hierarchy when variances were recsszlculated, and illustrates the

need for vniformity in preparing mnlates for each sampling.

8

(3) In the measurement of C.D., a difference of 0,2 0.D. units
vetween duplicate flasks attaoined significance only becausz of its
consistency througheout resting phase and the small variance of
duplicate saumples.

(4) The efficiency of the experimental design can be judged by
caleulating the components of wvariance for each level of the
hisrarchy, then melking chénges in the layouti and noting the eifect

~

onn the "iithin Times" variarce, Dstimates ¢f the gomponents

o
| 5]

+ -~ q . .- Y
variance were calculated from the formulae given by Cochran (19556



Mean Sguare

Source % S
Masks (o 2) 7o 27
Flasks ¢ . 7e 15 25
5 { 2 ! S T
Samples \6'5) he36 14
2
Dilutions (4@ i)
; o -
2 1(_’056 59
o *
Plates (¢ 7
s}
= { e a =7 i
Counts \ 5 C) s d e
Repeated counts made a negligible contribution fo the totsl Miithin Tlmes™
variance, showing that this procedure could be omibied, The highest
incividual component was plates, however this component could theoretically
be subdivided into two parts; that due to the dilution tudbe Irom whigh

waes prapared, and that due to sampling from the dilution tube,
a3 gnly one plate per tube was pouvred in this experiment, it was not
possible to separate the two comuonents.
The variance of & sean counit at any »oint in time is given by the
formula:
2 2 2 2 2 2
o] = oI - j{g + Sa 4+ 9y + ¢
@ £ i5 fad fsdp fEdpe
(Coghran
2
where Ho® variance of mean count,
f = wmusber of flasks szampled,
s = number of sauples per flasek,
d = number of dilutions per semrle giving countable plates,
p = nunber of nlates ner dilution iube,
¢ = nusber of times each plate counted.
Hence the variance of 2 mean count in the main ecxperiment was;
7215 +  h,36 & 18,36 o+ 1,253 -
2 i -5 B
The effect of chenges in the layout is predicied by substituting
the eppropriaste values for £, 5, &, » and ¢ 1n these ecuatlons, and it
can be shown that by sampling four flaSkSJb'L takxing only one sampls pe
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flask would decresse the variance of The mean count, aiternotively if
three Tlasks were sampled only once, ithere would be fewer dilutions to

galke without any great change from the variznce calculated above.

taticon is necded to siow the most profitzable mathod

&
g
i_l.
=
4]
s

Turther axp
of reducing variance frox the combined source of dilutions plus plates.

Hoviever it would scem that the intrcduction of fivefold dilutions aver th

plates from each ftube would eneble the contribution of each source to ths

total variance to be estimated.

no



Studies on the lipids of $. bovis were commenced with the extraction

of 1ipids from freesze-dried cells prown in medlaz containing 0.15 M Phoswhate

and O. 10 I Fhosphate + 0.0 ¥ Hiczrbenate as buffers. Gravimetric
estimation of the Folch-washed lipid pave lipid contents of G.8 % (of ceil
dry weight) for cells growa in 0,15 % Phosphate and 1.7 % for cells from

the medium buffered with 0,10 ¥ Phosghate + 0,10 M Bicarbonate (Table 11),
Toth estimates were conslderably lower than the Tigure of 7.2 % reportad
by Mieedie (1965} and may have been due to any of the following fachors.
Te The absence of acetate from the mediun may have
decreased the lipid content of 5. bhovis,

2 The zitrogen source emvlceyed may have affected

the Tormavion of lipid.

Za Extraction and washing procedures may hove reduced the
material welghed as lipid.

iAcetate Bffect. a5 Stephensoa and ‘hetham (1%922), Dagley and Johnson
{(1963) and Srown and KacLeod (196L4) had all shown that acetate in the media
increased the lipid content of the bacteriz studied, it was thoujht that
the high level of acetate (0,36 1i) employed by Tweedie (1265) might have
been responsible for the bhigher lipld centent of his cells. Adopting an
acetate concentration of 0,10 M, which was more likely to be encountered in

rugen fluid than the level used by Tweedlie (19565), the effect of acetate

. . . . . . -~ . E
on the growth of S. bovis was studied (see page 69 ) and found tc cause

¥

only & slight reductior in %total yield of cells, Therefore comparable
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TABLE 10
ADALISES CF VARIANCH FOR CIZLL YIBLD AUD LIZID COHTENT OF 5, BOVIS
GROVHE IH DIFFZRENT MEDIA.
CELL YIELD g/litre LIPID CONTINT ng/g
- - MEAN RESULT OF ~ am MEAN BRESULT OF
SCURCE D.F, PG RESULT OF 4 oy p f ZSULT OF
SQUARE E TEST SQUARE I TRaT
Total 2 - - 8 - -
Mraatnents L 0,35 1P <0,001 b 27 P< 0,10
Rezidual 5 0,01 - L & -
FPor footnotes see Tabla 3 - page 58,
TABLE 111
CELL YIELD »ND LIPID CONTENT OF &, BOVIS GROWN IN DIFFERIIT MSDIA
LT VIR PID PRI
MEDTIA AHD BLTFET C'._...LJ'_.. N ;[.II.L.._..'H CONL‘L'JL‘IL
7 /1itre % GOF DRY VT,
{1} &)
Flucose~trypiose~yeast exiracs +
:fi. o
0,15 K HPOh” 0,8 a 0.8 ab
GFlucosemtryptose-yeast extract +
0,10 UM HPOh” + G,10 M HCOB’ 123 b Ta? b
Glucoses-tryntose-yeast extract +
012 1 HFO, " + 0.033 M ECO,? 182 b Qo7 a
o 3
Glucose-tryplose~yeast extract +
0.0 ¥ H904" + 0,023 14 HCO_! +
0.10 M icelatel - 15 ol 0.9 ab
Sucrose-casaning acids-yeast extract -
thiopgiycollate ete + 04306 M Acetate’
(Medium of Tweedie 1965) 0.5 a 1,3 2b
Studentised Differences 5 % 0.37 D91
(1) Means having ccmmon letiers are not significantly different from one

h_opher (Pq 0o05) using Studentised Differences (Snedecor

1956),




batches of cells were grown in medis convaining 0.0 i Fhosphate +

Q
L]
O

33 M 2icarbonzle as buffer with and witheot 0,10 M iceta

increase in lipid content was found in the cells grown on acetate

(Tadble 11). This result indicated that under the conditions of growth,

4

ot utilise cxopgencus acetate Lo markedly lncrease its 1lipid

[

5. bovis ¢id
reserves and that acefate was unlikely %o accouat for the discrepancy of

the resulis.

- .

n the edia, ith smcetate uwnable to account for the

i..r.

Nitrogen Sourge

Ead

difference in lipid content, the sffect wes atirivuted Lo some other

"J

-

conztituent of the media. In place of the trypltose used in thiz study,

Tweedie (1965) had employed casamino acids, thioglrcollaie, cysieine,

and tryptovhane which counld have resulted in the denlstion of different
amine acids at the eand of growth. Farthermore Toennies, Shockman and

=

Xolt (1963} found that valine depleted cells of 5, faecalis, harvested at
the completion of growth, coatained 10,906 % 1lipid whercas cells harvested

O

during logarithinic phase had only 4.G3 % lipid, Po test whether this

effect was causing the veriation in linid content of 5. bovis, cells weres

grown in the medinm used by Tweedie {1865, drowvth on this medium was
slow and yielded only C.h5 g of celis/litre compared with the 2,86 - 1.5 g/
litre obtained from the tryvptose media (see Table 11, Lipid content

renzined low at 1,2 % (Table 11), indicating that differences ia the growth

medls were aot reswponsible Jor the different resulis.

wshing Procedure. Tweedie {1965) in his experiments 4id not wash the

.
+

+
<k
1-4"
[44]
Lin}
2
<
iy
in
o
o
1%

lipids eutracted from 3. bovis nrior toc weighing.

extractions in the present study, it was found thal up o 60 % of

Mipid® extracted with chloroform - methanol (2:1) was removed by washing,



Howewver thrds factor zlone could not azccount for the difTerences observed,

not @21lowed the

h

It was then discovered that Tweedie (pers, comm.) ha
chlovofoern - methanol exirazct to cool prior to Filterdingy consequently
the "livids! of Pweedle (1965) would have contained a considerable amount
of materisl iznsoluble in cold chloroform - meithanol. Thiz probabkly
accounts for the discrepancy of the results obtairned ir the two studies.

[}

Stetletical analysis of the data obtsined from lipid extrazctions

e celle psrown on 9,12 i Yhosphate

+ 0,10 L Bdcarbonate had a
ells grown on 0,10 W Fhosphate + 0,033 14 Bicarbonate (0.7 %), However

the calls grown in the former medium lysed extensively {(vage 65), and in

view of the reguirements for cell stability during resting phuce; reasouns

Zor the wvaridation Jun 1irxid content were not exapined further.

Fracgticonation of Lipids and Zvidence for the
Fressnce of Slwcolipids and a Sterol

-

Before the metabolism and importance of vwarious lipid components

S. Dovis could be studied, 1t was necessary o srate lipids into t

E.IJ

L. 4

categories of neuvtral and polar lipids and obtain some indicaltion of bhe

nature of ihe compounds zresent in sach, In visew of the elezant separaztion
of 3. faeczlis glycolinids from phospholiplids obtained by Veorbeck and

Marinetti (1965 a, b} it was decided.
{a) to determine wkether glycolipids were present
in 5. bovis and if so
{b) to enploy column chromatogravhy for their

separation from neutral and

Presence of $lveolieid, The aquecus extract from an zeid hydrolysate of
ftotal lipid (See Fethods page 48) was exawmined for reducing sugars by papsr
chrcmatographye. Using silver nitrate spray (Trevelyan, Froctor and



darrison 1G50) only one spot, which co-~chrometographed with glucose 3n the
ethyl acetate - pyridine - water solvent system, was vizible, Ho swmots
corresponding to galactose, mannoss or 1lnositol were detected, and as no
spot eguivalient to glucose was obtained from the unhydrolysed 1inid, the
experimental results indicated that glucese was bound to lipids through an

scid=labilie bhond.

Column Chromatozranhy. Using the procedure described in the tethods
{pase 47 ) column chromatography of Se bovis total lipid on silicic acid was

expected to yield fractions correswvonding te, neutral lipids in the chloro-
form eluate, glycelinids in the chloroform - aceitone sluates and phosvholipids
in the methanol eluate,

ractions obizined from the colnmn were monitored by ILC (see Methods
page 47 ) using chlorcform - methenol (185:13) and chloroform - nethanol -
water (65:25:4) as solvent systems, 0On developing spots with 20 % sulphuric
acid charring, it was found that neubral lipids which ran near the solwvent
front in chloroform-methancl (185:15), were not completely eluted from the
column with 60 ml of chloroform, but tailed intc subsequent fracitions.
Tailing of vhe glycolinids was alsc observod;as paper-chromatogravhy of the
acid hydrolysed lipid from each fraction showed a strong glucose spot I1n the
methauol eluate.

Vorbeck and iarinetiti (1965 a, b) claimed that neutral iipids wers
zluted as a single fraction with 50 ml chloroform, but their use of
carbohydrate and phosphate analyses to monitor the Tracitions would not have
detacted tailing of neuvtral lipids, In view of the results obtained in
this study it appeared thatl betier separations of Total lipid could he

achieved by the more graphiec method of preparative TLC.
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Figure 8. Thin-layer chromatoplate of total lipid
from $. hovis in solvent system, chloroform -
methanol (185:15), Spots detected by charring after
spraying plate with 20% sulphuric acid.

A = Monopalmitin. B = Total lipid.
1, 2, 3 and & = Fractions obtained by preparative TLC.
C = 0leic acid.
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Preparative YLC, Following the procedurses outlined in the ltiethods

(vage 48 ), four fractions corresponding to those noted in Figure 8 were

scraped from the plate. Przections were rechromatographed 1n the same
solvent system and ¥ipure 8 shows the separations achieved. Cnly

fractions 2 and 3 contained a common component which must have bheen due 1o
the sirealking of the wmain component in frsction 2 in the neuiral solwveni
systen,

iy

ractions were stored in a solution of chloroform and methanol and

it

with time increasing amounts of a component running near the sclvent fron
were observed, The comvonent was prebably the methyl esters of fatty acids

formed by transesterification in the methsnolic solution,

Lipdid Composiftion of S. bovis. Byvidence for the linid composition of

+

S. bovis was obtained from the ch graphic behavicur of differe ni

o
0
=
9]
o
o]

a.

ra2action to TLC spray reagents,and from the products

components, from th

of acid hydrolysic of the fractions prepared by TLC.
Fraction 1 contained only non-polar lipids which travelled near the
solvent front, while fraoction 2 chromatopruphed with free fatty acids

(oleic and palmitic acid) in chloroform - methanol (185:15) and

hexane - diethy) ether - agetic acid (30:70:1) The spot corresponding

to monoglyceride was only present in minor quarntitie 5 judged by charving

9}
0

with 20 % sulphuric acid.

-

The contamination of Traction 3 witl

—
b
i

>
o

fotity acids, due Lo their

)

-

strealking in the neutral solvent {Mangold 1961), illustrates the need for

a srmall quanvity of acetlic =moid 1f complete separztion of these components
is reguired. Alternstively the separation could have besen improved by

extracting frec fatty acids from the ligpids prior

graovhy.



Figure 9. Thin-layer chromatoplate of total lipid from

S. bovis, Bacto- Tryptose, and Bacto- Yeast Extract, with
ergosterol and cholesterol standards. Solvent system;
chloroform - methanol (185:15). Cholesterol and S. bovis
sterol detected by charring plate for 5 - 10 min. at 110°C '
after spraying with 20% sulphuric acid,. (Film; Agfa CN 17
Exposed; +# sec. f.11. Lighting; 2 x 150W. Tungsten lamps.)

Figure 10. Thin-layer chromatoplate~similar to Figure 9, but
charring allowed to continue for 1 hour.



Acid hydrolysis (see Hethods pazge 48) of the lipid fractions and

i

o

raper chromatography of the agueous esxtracts showsd that both freections

% and 4 contained 1lipid bound glucose, but none was detected in fraciions
1 and 2. Hence it seemed nrobable that the secord component in fraction 3

was a glyeelipid, and as its mobility on TLO using chloerofori = methanol

{185:15) as solivent system was similar %o that cbserved by Gray (1965} for

L.

monogalactosyl diglycerides from plant lipids, it is suggested that the
structure may be wohoglucesyl diglyceride,

On spraying thin-layer chromatoplates developed in chloroform - methanol
{1£5215) with the phosphate spray of Dittmer and Lester (196%4), only compounds
remaining at the origin {(i.e. Fraction 4) werc positive for vhosvhate.

Rechromatography of Fraction &4 in the more polar sclvent aysiem chlorofornm -

rethanol - water (65:25:4) indicated that the major component cf Fracticn &
uvas not phosphate positive, However, as 2cid hydrolysis of this fraction

vielded gluccse, the majer component may correspond te the diglycosyl

diglyceride reportsd in 3. faecalis by Vorbeck and Marinetti (1965 a, Gl
Presence of Sterol. During thin-layer chromatography of S. bewis 1ipid
in the solvent system chloroform - thanol (185:15), a component was

. -

observed to run just behind other neutrel lipids of Fracticn 1 (Figure &)

and to produce a deep red-purple colour during charring with 20 % sulphuric

T

z ¢elour which is considers

Y
jar
or
=]
ju]
i~
1._!:
fal]
@
=’

=

acid, Pigure 9 shows the charrin
the reaction of sulphuric acid with A =5 or A-7 sterols {M.G. Rumsby pers.
£ODMe J o A purple colour was alsc produced by glycolipids during charring
but cenfusion with the stercl was avoided by a slower rat

nment and the greater polarity of the giycolipids.

3

However it has been claimed by Fiertel and Klein (1559) and
Asselinesu and Lederer (1960) that bacteria, with a few notable exceptions,

cgre unzble to synthesise sterols, Therefore analyses wers undertaken to
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TABLE 12

AMALYSIS CF 5. BOVIS LIPID, BACTO- TRYFPTOSE
AND BACTO « YBAST BITRACT.

......

- STEROL CONTER
LIPID mg/g TEROL CONTENT
URCE OF LIPT LL DRY ViT. . ng IN OEG
SOURCE OF LIPID (1) CELL DRY U ag/1itre OF ns IN G LLS
(2) SROVTH MEDIUM | | HARVESTED FRON
i 1 LITRE OF CULTURE
5. bovis cells grown ing
J0.10 H HP04“ + 0.0335 H HCOB' 720 0,19
Go10 HPOk” + 0,10 M HCOB' 170 0.31
Tryptose (M4 p/litre of media) 134,0 1.6
Yeast Zxtract (5 g/litre of
nedia) 8.0 0.06
(1) Tryptose in medium = 14 g/litre
Yeast EIxtracet in medium = 5 g/litre
(2) Lipid content of Trypntose and Yeast Extract

expressed on a mean cell yield of 1.25 g/litre

{(Table 11).
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deternine whelher sufficient sterol was present in the orpgonic consbliusnts
of thes medium to zocount for the amouni of sterol found in iipids of

S, Lovis, The results of the analyses are nresented in Table 12, and

show thait only 12 - 19 % of the sterol added Lo the wedium with Trypt NS
was prezent in the cells harvested at the end of loparithmic growth.

TLC of lipids from Yeast Bxtract and Teyptose in chleroform - methancl
(188:15) are shown in figures 9 and 10. slthoush stercl was not detected
in Teyptose on these nlates,a vositive sulphuric acid charring reaction

was observed when the loading of tryptose lipid was increased,

It was therefore suggesled that 5. bovis lncorporated sterol from the media

inte the cellular lipids.

W

Lipids Synthesised by S. hovis

In the ceurse of esvimating the sterol content of fryptose and yeast
extract it was found that these two constituents of the media would provide
zz much as 180 mg of 1lipid per litre of medium (see Table 12),_ 4 thin-layer
chrematonlate of The liplds extractad from Yeast Exbtract and Tryphtose is
ghown in Fijvre 10 and illustrates the variely of lipids present,

However, S. bovis cells harvested frem 1 litre of media yielded only
10-2C ng of lipid and therefore il seemed possible that S. hovis might
fulfil 4its 1ipid requirements by the uptalte of fatiy aclds from the amedium
{(Camien and Dunn 1957), as appears to be the case with sterols.
To determine which lipids were synthesised by S. Dbovis,a culture wWas
(B .
grown 1n one litre of medium containing 3 mC of 1-C sodium acetate

Prhosphate + 0,033 @ Bicarbonatle.

L

(cerrier free) and buffered with C.10
Cells were harvested at the end of logarithmic zrowth, while lipids were
o 2 ' i
. . . ! e
extracied in ithe vsual manner (lMethods pags 46 ) and chromnntographed on

thin layer plates with chloroform - methanol (185:15).



Figure 11. Thin~layer chromatoplate and
radioautoqﬁaph of S, bovis total lipid
after 1-C acetate added to growth mediume.
Solvent system, chloroform - methanol
(185:15). Spots detected by charring
after spraying plate with 20 % sulphuric

acid.
A = Tripalmitin B = Cholesterol
¢ = S. bovis total lipid (radiocactive)

D

Radiocautograph of C.



D
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L¥ter radioantogs vlate wes charred with 20 %5 sulrhuric

acid and the rosulis
was observed in the sterol spot, indicating that S. bhovis 4id not utilise
agetate for the synthesis of sterols. Previous experiments on the

analysis of 1ipids using TLC {(page 47 sugrested that the spots containing

scending order);

iJ.
o

activity corresponded to (ian des

(a

a

neutral lipid fraction (which could coensist of triglycerides,

(S

diglycerides or methyl esters of Tatty aclds).

{b) free fathty acids

~
[¢]
st

moncglycolipid

i

a second

—
=
e’

polar lipids {comprising phospholipids an

e

glycolipid compound).

5

Thus, in spite of the relatively large amounts of 1inid present in

the media, 1t appeared that 5, bovis was capable of synt

from accetate,

Incornoration of a Long Chalin Fatty Acid

o

Despite the demonstration of lipid synthesis from acelaie by 5. bevis,

the incoyporzlbion of preformed fatty zcids fyrom the media remained an
alternstive source of fatity acids for celluler Iipids. In additieon 1% was
poszible that bacteria ip the rumen lncorporated long chain Tatty aclds, as

Garton, Lough and Viogue (1961) had found the mzjority of lipid in the
rumen to be free fatty acid while Hawke and Robertson (1964) had found levels

of free fatty acids varying from 20 = 300 mg/litre in the rumen of a pssiuve

fed cow. If was also peszible that the incorgorzation of labelled favty
acid could be enployed to specifically label certain Iiuvid pocls as an

introduction to the study of their turnover and the metabolism of the fatiy

anide
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Figure 12. Thin-layqﬁ chromatoplates and radicautography of S. bovis
total 1lipid after U-~C = palmitate added to growth medium, Plate on
right sprayed with phosphate spray (P = phosphate + ve)} and all plates
charred after spraying with sulphuric acid.

@ EQ
ionon

Monopalmitin, B = QOleic acid.

Fraction 3 (Figure 8). D = Fraction 4 (Figure 8),
Phosphatidylethanolamine + digalactolipid (Gray 1965} .

S. bovis total 1lipid {radiocactive).

Radicautograph of F,




Therefeore it was decided to chbiain direct evidence of incorperation,
by the addifion of a radicactlve long chain fatty acid to the medium and
determining its uptske into the cellular lipids. = In this experiment
5Se hovls was grown in one litre of medium containing 0,10 i FPhosphate +
0.033 M Bicarborate and 0,170 H dcetate as buifers, and 5 _uC of U-C
palmitate {(carrier free). To pernit maxiwum metabolisw of the palmitate,

da

cells were harvested alfter 12 hours of resting phase or just prior to the

loss of viability {see page 7% ). In an attempt To remove Tatty acids
adhering to the cell surface, the harvested cells were washed twice in an
alkaline solution of phosvhates buffer (0,10 H, pE 7.5). The cells were
freeze dried aznd the Llipids sxiracted and sepsrated by TLC in three
different solvent sy 3 hexane - diethyl ether - acelic =zecid (30:70:1),

chloroform =~ methanol (185:15) and chloroform - methanol - water (65:25:4),

ifter radicantography the plates were sprayed with 20 % sulphuric acid
for plates from the first two solvents and the phosphate spray {Ditiner

and Lester 1964) followed by 20 % sulphuric acid for the plate from the
third solvent.

The results are illustraled in Pipure 12, and show that the majority

of the asctivity occurred in the free fatty acid spot, as judged by the
intensity of the radioautegraph, while some was incorporated into other
lipid constituents, These constiltuents appesr to be the momoglyecolipid
and a comvound that would appear to be a diglycolipid (see pa 5\‘89 ) since

this component 3

1
m
=
juh

pray (Ditime

0]

(a} vremained negative to the phosphate

i
>

(b) remained near the origin in chlorofora - methanol

(185:15) and

{c) ran only slightly shead of an zuthentic sample of plant
dignlactolioid in chloreform - methanol - water (65:25:4),



This sample of dipgalactolipid was prepsred in

96,

his laboratory by

Mr I.EK. Gray and was Known to contain minor amounts of phosphatidylethangl-~

amine,

]

& study o

was carried out by Félch~Van Slyke combustion of the

I

1
the C

remaining in the cells after

extractlion of lipiad

cells {(Hethods mage

and determining the radicactivity of the carbon dioxide collected. The

rezsults indicated that only 53 % of the %otal activity present in the

harvested cells was extracted as lipid.

vresent as bound lipid

un to 3.7 % of the

iy
[»]
po

The remainder may have bean

as Ikawa {1963) had Found bound lipids to account

hacterial dry weight after extraction with

chloroform - methanol {2:1) {Table 1}.
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DISCULSICH

Growbh experiments with bovis (Chapter &) wers carried out tc
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davise o suitably buffered medium which would provide high cell yields
with a2 sinimum change in 1¥ over tho entire growth curva. To meet
these conditions various conceuntrations and combiunations of shosphate,

blecarbonate and acetate were examined in twrn, for their eflfect cn the

growth of S. bovis and their ablility to neutraliise lactic zcid. The
conclusions from these sxperiments were kased cn the resulis of analysses
ocf variance. In undertaking these analyses, cbservations fron duplicate
flasks at the same point in tiwe were summed and thz resulis presented

s the mean value in the graphs (Figures 3, %, 5 and &), is comparable
garpling times were needed for each flask, it was nocessary to refer sl1

2

o a common time sczle and dn view

cf the irregular sampling schedule, the only one suliable was "houwrs after
incculation™, However, a consideration of the physicleogy of btacterial

growth (Ciifion 1958) shows that this time scale has one sericus

size of the inoculum or the length
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variztion between

duplicate flasks throungh laterzl dicsplacement of the whole growih curve.

In the case of Figure 5 this effect was most noticeabls and resulied in the
prezentation of an atypicszl growih curve for one treaiment (0,10 X Phosphzte
+ 010 11 Bicarbhonaie o, ‘a)$ where for some obscurs reason 2 prolonged

i2g phase ocourred in one of the two flasks.



To correct laterzl displacements of the growth curve and still
maintain a velid bpasis for the statistical analysis of data would require
the readjustment of the time scale for all growth curves to an arbitrary

point during logarithmic growth (say 0.D. 1.0}, As S. bovis grows

rapidly (cell mass doubles in approximately 30 minutes), an almost
continuous record of the growth curve would be needed with samples taken
at no more than 15 minute intervals. Grosth data in this form would
also be useful for the description of growth as some exponential function
with time, instezd of the separate linear regressions used in this study
(¢egs Tadle 5). However, means for obtaining data of this calibre were
not available during the present investigation and it is therefore
concluded that the statistical analyses of existing data provided a fair

assessment of the significance level of the results.

The Effects of Buffer Constituents on

Growth of S. bovis

Te Phosphate

The first buffer to be examined for its effect on the growth of
S. bovis and on buffering capacity of the medium was monohydrogen/dihydrogen
phosphate. This buffer was chosen because it is one of the buffers in
rumen fluid and was effective within the desired pH range of 6 - 7
(Turner and Hodgetts 19551},

In these experiments (page 56) satisfactory growth of S. bovis was
observed in a medium of 0,15 ¥ Phosphate (Figure 3) while the pH of the
medium fell from 6.9 to 5.3 - 5.0 (Figure 3 and Table %) on fermentation
of C.055 ¥ Glucose, Variations in final pH may have been due to the

destruction of glucose during autoclaving by non-enzymic browning as in



later experiments (Figures 4 and 5) where browning was avoided
(Methods page 43), the final pH was always 5.6 from the fermentation
of 0.055 11 Gluceose in the presence of 0.15 ¥ Phosphate,

At higher concentrations of phosvyhate, growth of S. bovis was poor
in ceomparison with that in 0,15 M Fhosphate, In 0,20 ¥ Phosphate
logarithmic growth {when it occurred) was preceeded by a prolonged lag
phase (page 59) and at 0.30 M Phosphate no logarithmic growth occurred

(Figure 3J. These resulis are in agreement with the observation of

Bailey and Oxford (1958 b):; +that 3. bovis (S8train I) was unable to
grow in C.25 M Phosphate.

However, the phosphate telerance of other Streploccoccus spp. appears

to be higher than that of §. bovis. Shockmen (1965) reported a doubling
time of 31 « 33 minutes for cells of 3. faecalis in a medium containing
0.30 ¥ Phosphate,; while S, lactis has been grown in a2 medium containing
0.20 M Phosphate (T.D, Thomas pers, comm.).

The phosphate concentrations employed throughout this study were
higher than the levels of 0,02 = 0.07 M reported to cccur in the rumen
(Garton 1951, Parathasary, Garton and rhillinson 1952 , Turner and
Hodgetts 1955}, Although these higher concentration:s may have had subtle
effects on the metabolism of S« bovis, the control over pl was considered
to be of primary importance to the studies of resting phase metabolism which

were to follow. (see iims pase 39.)

2 Bicarbonate

The effects of bicarbonate on the growth of 3. bovis and buffer
capacity of the medium were examined (page 59) because Turner and
Hodgetts (1955) had shown that bicarbonate was an effective buffer in
the rumen fluid and because Bailey and Oxford (1958 a) and Wright (1960 b)

had reported increased cell yields in the presence of carbon dioxide.
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The experiments showed that, with the fermentation of 0.055 i Glucose,
in a medium containing C.710 M Phosphate + 0.10 M Bicarbonate, the final
pH was 6.4 « 6.6 (Figures 4 and 5) and cell yield was 40 % greater than
that obtained in a medium buffered with 0.15 M Phosphate (Figure 4),
Use of bicarbonate, to give a medium of high buffer capacity, achieved
greater contreol cver pH change and an improved cell yield, twe of the
objectives of the growth experiments. However, it also introduced the
problem of cell lysis (page 103),

The increase in cell yield could have been due, either to the
reduction in phosphate concentration, or to the presence of a source of
carbon dioxide but using the present system of inoculation no separation
of these two effects was possible. In 2 medium containing only 0.1G
Phosphate, the fermentation of 0.055 ¥ Glucose resulted in a2 final pH of
4,4 which could have limited cell growth, while the addition of 0.10 H
Bicarbonate to 0.15 M Fhosphate gave depressed growth of S. bovis
{(Figure &), presumably due to the excessive concentration of cations or
to the interaction of the two anions. Therefore to assess the effect of
carbon dioxide on cell growlh under comparable conditicons it weould be
necessary to use a closed incubation system with and without a gaseous
phase containing carbon dioxide, as employed by Wright (1960 D).

However both Wright (1960 b) and Bailey and Oxford (1558 a) grew
S. bovis in media containing excess sucrose to favour dextran formation,
and no estimate of cell yield in relation to the amount of carbohydrate
fermenied was peossible. Under the conditions of their experiments,
gsrowth was probably limited by the low pH of the medium or the depletion
of essential amino acidse. On the other hand, in the present study

glucose was employed to keep dextran formation to a minimum (Bailey 1959 b)
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and growth was certainly not limited by the acidity of the medium,
Since Hobson {1965) found that glucose utilisation by S. bovis, was
complete up to a concentration of 0.055 M, in a medium similar to that
used in the present study, it is assumed that growth was halted by

the depletion of glucose.

As Bauchop and Elsden (1960) postulated that the growth of bacteria
under anaerobic conditions was proportional to the carbohydrate utilised
for fermentation, it appears that either the reduction in phosphate
concentration or the presence of carbon dioxide,in the media used in the
present study has spared the energy derived from fermentation of glucose,
In view of the studies by MacDonald (1958) and Jright (1960 b) indicating
that the carboxylation of a C-3 acid to form aspartate was the main site
of fixation of carbon dioxide, and the demonstration of an energy
requirement for the uptake of aspartate from the medinm (Wright 1960 b),
it is possible that the increased cell yield in the presence of carbon
dicxide resulted from the energy saved by the intracellular synthesis of
aspartate. However further study under conditions that would permit
unequivocal assessment of the effect of carbon dicxide on the energy
economy of the cell,is required to determine whether synthesis of
aspartate by carboxylation of a C-3 acid requires less energy than the

incoryporation of extracellular aspartate.

D Acetate

As cells of S. bovis grown in the media used in the present study
had a low lipid content (Table 11} compared with the resulis of
Tweedie (1965}, it was decided to examine the effect of acetate in the
medium on the lipid content of S, bovis (page 65). However it was
first necessary to determine whether acetate would have any effect on

the growth of S. bovis, The experimental data presented in Figure 5
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and Table 6 indicated that, in media already containing a high buffer
concentration (i.e. 0,15 ¥ Phosphate or 0.10 ¥ Phosphate + 0.10 K
Bicarbonate), 0,10 M Acetate caused a depression in cell yield, The
effect was not as great as the depression caused by the addition of
0,10 4 Bicarbonate to 0.15 M Phosphate (Figure 4) and as the cation
levels in the media were identical; it is possible, that in the
presence of high phosphate concentrations,; the acetate ion is less
inhibitory to growth than the bicarbonate ion,

is acetate is only effective as a2 buffer salt between pH 3.6 and
5.8 (Dawson, Elliot, Elliot and Jones 1959), the addition of acetate %o
the culture medium only contributed to the buffer capacity at the end of
logarithmic growth when the buffering capacity of phosphate had been
exhausted (i.e. at approximately pH 5.8, Dawson et. al. 1959),
However in the studies of 5. bovis metabolism during resting phase in a
spent growth medium of pH 5.2 - 5.7, the acetate salt served as a useful

buffer against further decreases in pH resulting from small variations in

lactic acid preduction.

Growth Medium Developed for Studies on S. bovis Lipids

The medium finally chosen for the growth of 5. bovis employed
0,055 ¥ Glucose as energy source. 25 the increased yield of cells cbtained
from higher cozncentrations of pglucose was less than proportional to the
increase in glucose concentration (Figure 6). Furthermore Hobson (1965)
indicated that,in a similar growth medium, siucese utilisation was
virtually complete at 0.055 I,

Buffer constituents comprised 0,10 4 Phosphate + 0,033 M Bicarbonate
as at this concentration the fall in pH to 5.6 favoured cell stability

{papge 70). scetate at & concentration of 0.10 M was also included to
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slmulate the rumen environmsni and ta act azs a buffer against further

jas
o

decreases in pl Yith 0,10 i Phosphate, and Picarbonate zt the
concentratinn of 0,033 M instead of 0,10 M, 0.0 I Acetate had no

depressing effect on vthe cell yield

growth {Table 11),

Cell Lysis
Puring the ssarch for optimum growth conditions for 5. bovis, it was

X

found that if the pH of the medium was maintained above 6.0 over the

1,

entire growth pericd, then & distinct fall in the optical density of the
bacterial suspension during resting rhass was okserved, Zuffers capszble

of maintaining the pid above 6,0 during the entire growlh phase were

C.10 & Fhosphate 4+ £,10 i Bicarbonate, 0.15 M Phosyphate + 0,05 i Bicarbonate

and 0,15 i Phosphate + 0,10 M Bicarbonate (Figure 5) and 0.10 M Phosphate =

0,10 &

&

Sicarbonate + 0,10 ¥ icetate (Figure 5). The fall in aptical
density was critically dependent upon pH znd could be nrevented by lowering

the 3 helow 5.9 {page 70). This fall in cptical density could have heen

K
o

due te plaamolysis, 2 baclteriophags or cell autolysis.

liitecnell and Hoyle (1956) found that plasmeolysis of Staphyviccogcus aureus

cells in scluiions of 0,10 ¥ sodium chloride resulted dn a2 6 « O % decrease
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dy the op density of 5. bovig

511l to a2 much greater extent that this, without there being any resson
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e

suspect that the osmolarity of the mediwn had chanpged, Therafors

o
o

seens unlikely that S. bovis cells were plasmolysed.

Cell lysis could heve been due toe the presence oif a bacteriophage in

the culture but the =21l irn coptical density is generally precipitous
{(ellenberger 1959, Anderscn 1960) znd is unlikely to be so critically
derpendent upon pH.
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dutolyiic enzymes were suggested by Shockman (1955) Lo account for

the cell lysis of 3. faecalis. Shockman, Toennies and co-workers

have mzde an extensive investigation of the growth chemistry of 3, faescalis

folleowing the depletion of essential amino acids from the medium

{see Toennies and Shockman 1959 and Shochman 1965 for reviews). On
depletion of an amino acid such as thresonine or valine, which were only

essential for the formavion of cytoplasmic protein, c2ll wall synthesis
was ohserved fo ¢ontinue, giving riss to the phenemenon of "post -exporentia
cell wall synthesis', Growth of cell wall was shown tTo require only a
iucose, a mixture of inorpganic solis,

relatively simple mediws of buffer,

E‘_’-_;

acetate, and five amino acids {Shockman, Jcnover, Eolb, Riley and
Toenniles 19561 bl. “hen exporential growth of 3. faecsllis was haltaed by
the depletion of either glucose, or one of the amine aclds reguired for cell

wall synthessis, aznd tae medium pH was zreater than 5.9, cell lysis resulted

{(Shocknan et. al. 1961 al, In the experiments of this study where

—

logarithmic growth of 5. bovis was probably limited by the depletion of

ck

glucose, the f2ll in optical density was shown to he similerly dependent
upan pH (Figure 6,

In view of the autclytic enzyme svsiems observed in a number of Sram-
N

positlve and Grom-negative bacteria, Shockman (1965) supports the

t_‘a
L&)

hypothesis of Mitchell and Moyle (1957); that the oly ENZTAESS,
responsible for the cell lysis described above, have a role in the growth of

cell walls by breaking polymers fo allow ths insertion of new material.

However, this hypothesis in 1tself Fails to explain the pE effect entirely,

as both cell well growth and cell division continued in 2 medium of pH lowsr
than 5,9,

The slower rate of lysis observed when potassium replaced part of the

sodiun icn concentrztion in the medium is 4ifficult to account for.
Eowever, Tocnnies and Shockman (1559) ohserved the formation of osmotically

= ki

fragile protonlasts during the lysis of 5. faecalis and Mitchell and loyle
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(1956} have shown that Lthe stability of these forms is dependent upon

the composition of the medium used for their suspensicn,

idbrams (1959, 1960) observed that the osmotic stability of S. faecalis
protoplasts was enhanced by the metabolically dependent entry of
oligosaccharides requiring the presence of potassium ions. On the other
hand Shockman et. al. (1961 a} noted no difference in the rate of lysis of
S. fasgcalis in either scdium or potassium phosphate buffers, and it is
possible that other cations are involved; MeGuillen (1960) suggested that
megnesium ions could have a stabilising effect on protoplastis,

In view of the results obtained with S, bovis,it is possible that
lysis also occurs in the rumen as the pH of rumen liquor is commeonly on
the alkaline side of 5.9 (Annison and Lewis 1959, Bryant 1964), However,
i1t is difficult to know whether the other factors regquired for lysis also
exist and further stuvdies on the stabllity of §. bovis cells suspended in
rumen fluid are required to ascsertain the practical importance of this
observation.

4s cell lysis of S, bovis depended cn the pH of the medium, 2 buffer
concentration of 0,10 M Phosphate + 0,033 i Bicarbonate + 0,10 M Acetate,
which stabilised cptical density during resting phase, was chosen fcr the

study of S. beovis viability.

CELL VIABILITY

To form an e¢stimate of the period of survival for 5. bovis cells
during resting phase, numbers of viable cells left suspended in the spent
growth medium were determined by the plate count method. FPurther studies
on the lipid metabolism of S. bovis durlng resting phase could then be
integrated with the period of cell survival, Constant aumbers of viable

cells were found to last for no more than approximately 13 hours of resting
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phase before a substantial drop in viability cccurred (Table 9),

As Dawes and Ribbons {1964) have postulated that the presence of a
utilisable endogenous reserve is reqguired for the survival of cells inm
suspension, the present results would tend to indicate that S. bovis does
not contain appreciable endogenous reserves. This may be due to the
adaptation of 8. bovis to the conditions of continuous culture prevailing
in the rumen.

However the result obtained is only preliminary to further studies on
the factors affecting cell viability in S. bovis. Dawes and Ribbons {(1964)
have listed as factors affecting cell survival; the toxicity of the
suspending medium, illumination, temperature, pH, potassium and magnesium
ion concentrations and degree of anaerobicsis. Although it is believed that
the pH of the spent growth medium was favourable to the survival of S. bovis
(Erogh 1959), further experiments are required tc determine whether the
death of S. bovis was caused by expiry of endogenous reserves, or the

conditions under which the cells were suspended,

STUDIES ON THE LIFPIDS OF 5., BOVIS

Lipid Content of 35, hovis

A comparison of the lipid content of other lactic acid bacteria (Table 1)
with the figure of 7.2 % reported by Tweedie (1965) for S. bovis, indicated
that 5. bovis contained substantially larger 1ipid reserves than other

members of the lLactobacteriaceae. The guestion therefore arose as to the

origin of this lipid and its metabeolism during the endogenous phase,
However, the studies on the lipid content of cells pgrown in the present
experiments (Table 11) showed that the lipid extractable from 3. bovis with
chloroforn - methanol (2:1) {(iethods page 46) constituted no more than

1 -2 % of the cell dry weight, Changes in the compositicon of the growth
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medium, including the presence of acelate at a2 concentration of 0,10 M
were unable to fully account for the differences observed between
Tweedie's (1965) result and the data of the present study. The high level
of lipid in S. hovis reported by Tweedie (1965} was possibly due to the

-

large amount of water soluble material which c¢an be extracted if cells,
refiuxed with hot chloroform ~ methanol, are filtered while the solvent is
still hot,

4s the presence of 0;10 I Acetate in the medium had no detectable
effect on the lipid content of S. bovis it would appear that this species
is different from S. lactis (Brown and MacLeod 1964}, E. coli (Dagley and
Johnson 1953) and M, phlei (Stephenson and ¥hetham 1922) where exogenous
acetate was found to increase the lipid content. idpart from the increase
in lipid content of S. faecalis cells on depletion of certain amino acids
{Toennies, Shockman and Kolb 1963), other factors governing the lipid
content of bacteria do not appear to have been investigated., OfLeary (1962)
and Kates (1964) in their reviews of bacterial lipids emphasise the effect
of growth conditions on lipid composition but make no reference to the lipid
content of cells,

The results of 1ipid extractions (Table 11) also showed that cells
harvested from a medium buffered at pd 6.7 with 0.10 M Phosphate + 0,10 H
Bicarbonate had a hipgher 1lipid comntent (1.7 %) than cells from a media
buffered at pH 5.2 with 0,10 1 Phosphate + 0,033 M Bicarbonate (0.7 %),

It appears that either the level of bicarbonate or the final pH of the

medium has resulted in a subtle change in the cell lipids. Houtsmuller

and van Deenaan {(196%4) working with Staphylococcus aureus found that the

ratic of phosphatidyl glycerol to phosphatidyl zliyceryl lysine depended
upon the pH of the medivnm, Further work involving the complete extraction

of all 1lipids from the cells is needed to show whether the changes noted
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by Houtsmuller and van Deenan (1964) also resulted in a change in the
lipid content of cells, or whether the present results were due to the

release of bound lipids at the higher pH.

The Lipids of 5. bovis

Despite the relatively low yield of lipid from S, bovis the study of
lipids was continued to gain knowledge on their structure,as a prerequisite
to further studies on lipid metabolism. Bvidence obtained from TLC of
the lipids and paper chrematography of the acid hydrolysates {pages 84-91)
indicated that the lipids consisted ofy

(a) a non=-polar fraction

(t) nminor amounts of monoglyceride

{c) free fatty acids

(d) phospvholipids

(e) two glvcolipid components

(f) a stercl component

In view of the hot chloroform - wmethanol extraction procedure
{page 46G) which has been found tc transesterify fatty acyl groups to methyl
esters {(J.G. Robertson pers, comm,), it is impossible %o propose structures
for the non-polar fraction. Methyl esters of fatty acids, triglycerides
and diglycerides all chrcmatographed together in the chloroform - methanol
{185:15) solvent system.,  Trace amounts of =2 compound chromatographing
with monoglycerids were observed in this solvent system, but further
evidence is required for its positive identification.

In previous studies on the lipids of lactic acid bacteria (Table 1)

ittie attention has bezn paid to the structure of the neutral lipids,

1=

Only lacLeod and Brown {1963) claim to have identified a triglyceride

fraction in the lipids of S, lactis var maltigenes and 5. cremoris but the
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infrared spectrum, upon which they based their identification, was nat
published, Since these authors also used hot chloroform - methancl to
extract the lipids, more adequate evidence for the identity of triglycerides
is required. Ibbott and aAbrams (196%) also suggested a glyceride structure
for one of the lipid fractions from the membrane of S, faecalis, hut only
on tlhe basis of its elution from a silicic acid celumn with hexane - diethyl
ether (1:1).

In the lipids of §. bovis, large amounts of free fatiy acids appeared to

be present and in the solvent system used for preparative TLC

(chloroform - methanol, 185:15) this fraction tailed and was not separated
cleanly from the glycoclipid component. This could be remedied either Ly the
use of 1 % acetic acid in the solvent system or by the prior extraoction of

free fatiy acids from the total lipid.

amounts of free fatty acids nave been found in several species of bacteria
but this may have resulted from the action of Ilipases during extraction,

By comparison with the lack of knowledge on the structure and occurrence
of neutral lipids, the phospholipids from lacitic acid bacteria have heen
extensively investigated (Tadble 1). In the present study ewvidence for their
nresence was obtained using the phosphate spray of Dittmer and Lester (1564)

(page 89).

Qacurrence of Glveolipids

From the results of acid hydrolysis of lipid fractions (page 89) it is
apparent that twe glycolipid fractions are present in the lipids of 5. bovis,

This enables 5. bovis to be included in the growing lists of Gram-positive

bacteria found to contain glycelipids (Zrundish, Shaw and Baddiley 1965 a).
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Brundish, Shew and Baddiley (1965 a, b} and Vorbeck and Marinetti (1965 b)
have also investigated the structures of the glycolipids by saponification
and chromatography of the water soluble products. The release of glycosides
containing disaccharides oi galactose and glucose linked to the 1 - position
of glycercl and the release of glucosylglycerol indicated that the original
structures were di- and mono-hexosyl dipglycerides respectively. Glucose,
gelactose and mannose were the hexoses released by acld hydrolysis under
cenditions similar to those employed in the vpresent study {(page 48).

Further experiments on the glycolipids obiained from S. bovis are
required to fully determine their structure, and effect means for their
complete separation from other lipid constitunents. From the studies
conhducted in this investigation it apwnears that the technique of preparative
TLC can be adapted to this end by the prior extraction of [ree fatty acids
from the 1ipid vo be chromatographed.

48 yet 1little information has been obtained on the role or metabolism
of glycolipids in bacteria. However, Distler and Roseman (1964) have

observed the transfer of labelled hexose from uridinediphosphate -glucose

and -~gzlactogse to glyecolipids by an engyme system from Diplococcus pneumoniae

while Kaufman, HKundig, Distler and Reoseman (1965) have shown that the

gpalactosylglucosyl diglyceride was synthesised from the glucosyl diglycerides.

Fresence of 3tercl

The observation of a positive sterol reaction on charring thin-~layer
chromatovlates with sulphuric acid (page 89) appeared to be contrary to the
assertion of isselinesu and Lederer (1960} that bacteria, with few
exceptions, do not contain sterols. The notable exceptions inclvded

B, coli (Dauchy, Kayser and Villontreix 1956}, Azctobacter chroccoccum

(Sirferd and inderson 1936), and Micronosvora sp. (Fiertel and ¥lein 1959).




In each case the bacteria were grown in media free of siercl and strong
chemical evidence was cbtained
investigations by Lemoinge, IFilhaud and Croson (19%9 Cited by Fiertel

and Mlein 1959} 4in cillus megatherium and by Villiams, Bloor and

-

4]

Sandnolzer (1937) in E. cpli, suggesting that bacteria do not coatain

sterols can only be regarded as inconclusive; any sterol present was

-

below the sensitivity of the method used for their deteciion.

.|

On the other hand Guirard, Snell and Jilliams (1946) cohtained svidence
Tor the incorporation of sterolg by finding that cholesterel, ergosterol
or calciferol could replace the acetate reguireament of several
Lactobacillus sppe Thorne 2nd Kodicek (1962 a) also found that mevaleonic

-

acid (an intermedi

was able to replace the acetate requirement of L, acidophilus and

e Dlantaris. Other siudies by Thorne and Kodicek (1962 b, c, 1263)
indicated that labelled mevalonic zeid was incorporated mainly into a
1i9id component with an isoprenoid struciure, However 25 none of the

radicactivity was precipitated with digitonin it wzs concluded that the

compound was nobt a sterol. Thus the synthetic vathway For sterols in

bacteria is not slearly definsd, as oven when A. chroococcum was growid in

= A

the praszence of labelled aceiate or mevalonate, radicactivity was nox

found in ths ztercl (Bloch and amdur unpublished data. Cited by
Aszelineau and Lederer 13603},

In the gpresent investigations, ne indicstion of iuncorworation of

acetate into Tthe sterol fraciion was observed (Figure 11), while the

enalvses for sterol {Table 12} shows that Bacto~Tryptose contain

eufficient sterol to ascount feor iits presence in the exira

of 5, bevis. Proof of the ability of L. acidophilus to incorporate

stercls was demonstrated by Thorze and Hodicek (1962 ¢) when lsbelilad

ate in the synthesis of sterols by animals; Goodwin 166

Cl\
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cholesterol was added to the medium and radicactivity recovered in the

harvested cells,

Origin of Lipids of 5. hovis

In view of the low lipid content of $S. bovis (Table 11) and the
comparatively large amount of lipid in the organic constituents of the
media (Table 12), atiention was directed toward the origin of the lipids
in 8. bovis, and the ability of 5. bovis to synthesize fatty acids from
acetate was compared with the incorporation of palmitic acid feamthe
medivm, That both processes cccurred can be seen from the distribution
of radicactivity in the radiocautographs of total lipids of S. bovis
(Figures 11 and 12).

The studies of Goldfine and Bloch (1961) and Thorne and Fodicek {1962 b)
showed that bacterial fatiy acids were synthesised from acetateyand in the
present study it seemed probable that the activity from acetate was
located mainly in the fatty acid moiéties. This contention is sunported
by the occurrence of radigactivity in the free fatty acid spot after the
growth of S. bovis in medium containing labelled acetate (Pigure 11},

Thus although the presence of acetate in the medium at a concentration of

0,10 il failed to increase the lipid content of S. bovis, exogenous acetate

obviously supvlied carbon for lipid synthesis. Twieedie (1965), on the

other hand, found that iso-butyrate in the medium was unabvle to effect the

synthesis of branched chain fatty acids in S. bovis nor was radioactivity
(L P . @ eens - - .

from 1-C iso=-butyrate incorporated into S, hovis lipids,. In view of

these results it would seem doubtful that the branched chain faity acids,

reported by Thorne and Kodicek (1952 d) to be present in the lipids of

Lactobacillus sppe (Table 1), were actually synthesised by the bacteria,

Like the stercl discovered in this study, these acids probably arose from
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the trace awcunts of fatty acids present in the amino acid source
{Demain, Hendlin and Newkirk 1959). As Casamino ac¢ids and Tryptose
are both prepared from casein it is likely that the contaminating fatty
acids and lipids would reflect the lipid composition of butterfat which
has been shown to contain branched chain fatty acids (Shorland and
Hansen 1957 e

wWhere it is desired to know which fatty acids are in fact synthesised
by the organism it appears that the answer can only be obtained either by
growing the cells in a medium completely free of faitty acids, or 4y Sracing
the fatty acid spectrum from the amount of radicactivity present in the
fatty acids extracted from cells grown on labelled acetate or glucose.
Thorne and ¥odicek (1962 b) found that even in the presence of unlabelled
acetate, 50 % of the fatty acid carbon was derived from glucose. Some of
the previous studies on the fatty acids of lactic acid bacteria
(e.g. Hofmann, lLucas and Sax 1952, Table 1) have taken the precaution of
ensuring that the 1ipid content of the medium was negligible compared with
the lipids extracied. However in these siudies by Hofmann and co-workers
the methods of analysis would not have detected the minor amounts of the
less commonly encountered ascids,. With the present-day technigues of
gas~liquid chromatography the fattiy acid spectrun must be re-examined
undsr conditicns which free the spectrum from contamination, if the acids

synthesised by the organism are to be determined.

Metabolism of a Long Chain Fatty Acid

In the experiment in which palmitic acid was added to the mediwm it was

abserved that most of the label remained in the free fatty acid pool, with

[

some incorporation into what appeared to be glycolipid fractions (Figure 12).

By washing the cells twice in an alkaline phosphate solution (page 95),
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it was hoped that fatty acids adhering to the c¢ell wall could be removed,

but in spite of this precaution it was impossible to be certain that the

free fatity acids constituted a true intra-cellular pocl of lipid. From the
intensity of the free fatty acid spot on the charred thin<layer chromatoplate
(Figures 8§ and 10), 1t a2ppeared that regardless of whether the pool was
intra~cellular or adhered teo the cell wall, it constituted z major fraction
of the lipid extracted, Consequently the pool probably had a relatively
slow turnover and this contention is supported by the observation {(Figure 12)
that most of the label from C'“+ ~ palmitste rewmained as free fatty acids,
Since it is unlikely that a radicactive fatty acid can be incorporated inio
cellular lipids without going through this pocl, it would seenm logical to
investigate methods for increasing the turnover rate, if a more effective
incorporation of a long chain fatty acid is desired.

In the present study the large size of this pool may have been due to
the presence of relatively large amounts of lipid in the orgenic counstituents
of the medium. Thus the use of ether-extracted casein hydrolysate and yeast
extract would not only aveid many of the v»robhlems encountered in this study
but might also increase the turnover rate of the free fatty acid pool.

Further studies on the lipid metabolism of S. bovis could then investigat:
the incorporation of fatty acids into lipid fractions during growth and restin,
phase separately, and subsequently {ollow the fturnover of the 1ipid pools.
Toennies,; Shockman and Kolb (1963}, Ibbott and ibrams {1964) and Verbeck
and Marinetti (1965 b) found the majority of the lipid in 3e faecalls was
present in the cell membrane but details of the metabolism of these lipids
and their function in membrane phencmena of the cell remain to be

investigated. While it is perhaps unlikely that S. bovis will degrade

fatty acids to release energy during resting phase it is almost certain that

the intepgrity of the cell membrane is essential to the viability of S. bovis.
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CHAPTER 7

SUMMARY

Growth of 5. bovis occurred in media buffered with 0.15 K Phosphates,
At 0,20 M Phosphate however; the lag phase of growth was prolonged
while at 0,30 M Phosphate no growth occurred,

in enhanced cell yield of 3. bovis occurred on the substitution of
0.10 b Phosphate + 0,10 M Bicartonate for 0.15 M Phosphate,

The ontical density of S, bovis cultures fell during resting phase
in media where the pl was maintained above 6.0 by high buffer
concentration. Adjustment of the buffer concentration, or the
addition of acid to give a pHd of less than 5,9 during resting phase,
prevented the fall in optical density. Substitution of wvnotassium
ions for part of the sodium lon complement also favoured cell
stability.

In media already containing a high concentration of buffer, the
addition of 0.170 ¥ Acetate appzared to cause a slight decrease in
yield of S+ hovise.

Cells of S. bovis, left suspended in the spent growth medium began to
loose viabiliiy after approximately 13 hours cof resting phase,

Lipids of 3. bovis extracted with chloroform - methanol (2:1), varied

between 0.8 % and 1,7 % of cell dry weight in media of different
buffer composition. Although 1lipid synthesis from exogenous
acetate was demonstrated, the addition of 0,10 M Acetate to the
growth medium did not increase the yield of extractable lipid.

Two plycolipid fractions appeared to be present in the lipids af
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The presence of a stercl in the lipids of 5. bovis was attributed

to its uptake from the Bacto-Tryptose used as nitrogen source in
the growth medium.

14 s . . . R 4
G - palmitic acid was incorporated from the media into cellular
lipids of 8. bovis but most remained in the free fatfy acid pool

witich seemed to constitute a large proportion of the total lipid,
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APPENDIX

MICRCBICOLOGICAL, HEDTA

A, Glucose - Tryptose - Yeast Bxtract - Phosphate (GTYP) mediun

used for the daily subeulture of S, bovis (Buffer; 0.15 H

Phosphate).

Concentration
Glucose 10,0 g/litre
Bacto = Tryptose (Difco’ h,0 oo
Bagcto = Yeast Bxtract (Difco) 5.0 o f
Na2HP04 13.0 "™ i
Kszoh 8.0 0 T

pH 6.9
Dispensed in 10 ml aliquets in subeculture tubes and

oz . . . Cn .
sterilised by autoclaving at 1271°C for 15 minutes.

Be Growth Media used for the study of lipids of S. bovis

(Buffer; C.T10 M Phosphate + 0.10 ¥ Acetate + 0,033 if Bicarbonate).

voncentration

Glucose ' 10.0 g/litre
Bacte -~ Tryptoss th,0 n n
Bacto - YTeast Extract 5,0 M It
Hazﬂpoh 3.7 M H
KHaPGL.L 5,3 0 ]
Sodium acetate (anhyd) 8,2 v w
HaHCO 2,7 M H

3



Glucose and bicarbonate were each dissolved separately in
100 ml water and remaining constituents in 800 ml water. All
solutions were sterilised by autoclaving at 121°¢ for 15 minutes.
The glucose and bicarbonate sclutions were combined with the bulk
selution immediately prior to inoculation. pH of entire solution
was approximately 7.1 at inocculation but thereafier rose slowly
to pH 7.5 25 carbon dioxide was evolved before growth of the
culture reached logaritihbmic phase.

fMasks were incubated at 3?00.

Glucose « Tryptose - Yeast wxtract «~ Phosphate - Agar medium
for growth of §. bovis on plates for viable counts (after
MacPherson 1952},

Concentraticn

Bacto~Tryptose (Difco) 10  g/litre
Bacto-Yeast Extract (Difco) S (0T L
1T 1] H
.uaPoq 1

Agar (Davis) 20 nwooon

Glucose was made up as a 5.0 % (w/v) solution and sterilised
by antoclaving at 121°¢ for 15 minutes, Remalning constituents
were mads up in a separate solution, steamed to dissolve the agar,
dispensed into 70 ml aliquots in Erlenmeyer flasks and sterilised
by autoclaving as ahove,.

Before pouring the plaies, 10 ml of the 5.0 % glucose solution
was added each flask of molten agar with aseptic precazutions ané

gently swirled to mix the solutions. Tive plates were poured, one

after ancther, from each flask of apgar.





