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ABSTRACT

About 60 strains of intestinal bacteria were cultured in
lactulose-containing media to quantitate both sugar fermentation and
non-gaseous end-products. Certain species of clostridia (especially

C.perfringens), lactobacilli and bacteroides utilised the disaccharide

extensively, while other organisms were unable to metabolise this
substrate. B -Galactosidase activity did not parallel growth on
lactulose in all cases. The major fermentation products were acetic,
lactic and butyric acids. Hydrogen and carbon dioxide were the only
gases qualitatively detected. Clostridial strains exhibited a butyric
type fermentation, and most lactobacilli were homofermentative.
Fermentation products were estimated for selected species throughout
their growth cycles. The products of lactulose fermentation by mixed
bacterial cultures varied with incubation conditions such as pH, but
correlated well with those produced by pure cultures.

Studies on lactulose transport by C.perfringens indicated

methodological limitations in assaying (14C) lactose uptake and in
the use of NADH-based procedures. o-Nitrophenyl B -D-galactopyrano-
side uptake by lactulose grown whole cells and an absehce of phospho-

P -D-galactosidase suggested an active transport of the disaccharide.
The inducible B -galactosidase was partially purified and characterised;
fructose 1,6-bisphosphate inhibited enzyme activity by 26%, and
lactulose or lactose hydrolysis required K+ ions. Galactokinase was
inducible in galactose, lactulose or lactose grown cells. Fructpse 1-
phosphate kinase (FIPK) and fructose 6-phosphate kinase were detected
in fructose grown cell-free extracts; FIPK was partially purified

five-fold by affinity chromatography.



The glucose effect was observed in C.perfringens grown

on lactulose, and could not be eleviated by external cyclic AMP

or dibutyryl cAMP. Assays for the cyclic nucleotide in lactulose
grown cells and extracellular fluid were in the negative. This
inhibition was not observed during growth on a mixture of lactulose
with fructose, and co~§tilisation of lactulose with galactose and

lactose respectively was apparent.
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CHAPTER 1l: INTRODUCTION




1. PREFACE

Lactulose (4-o-P -D-galactopyranosyl-& -D-fructofuranose;
Fig. 1.1) is a synthetic disaccharide used clinically in treating
the comagenic disorder portal-systemic encephalopathy (PSE) as well
as other minor syndromes (Conn and Lieberthal, 1979; Weber, 1981.)
Remarkably, these applications arise from the microbial degradation
of the disaccharide in the gut, as the human intestinal lactases
(EC 3.2,1.2.3) do not hydrolyse ingested lactulose (Dahlquist and
Gryboski, 1965) and the sugar is poorly absorbed in the small
intestine (Maxton et al., 1986; Noone et al., 1986). Despite its
widespread use, little is known of the biochemical nature of
microbial dissimilation of the disaccharide. Consequently, the
aim of the present study was to examine specific intestinal bacteria
for their ability to utilise the disaccharide, quantitatively assess
fermentation products, and investigate biochemical aspects of
lactulose uptake, metabolism and regulation in a selected species.

1.1 CHEMISTRY OF LACTULOSE .

Lactulose does not occur naturally; although absent
in raw milk, it has been detected in milk products subjected to
heat treatment (Adachi and Naganishi, 1958; Ersserand Mitchell, 1984.
The laboratory synthesis of the sugar was first
described by Montgomery and Hudson (1930), making use of the
Lobry de Bruyn-Alberda van Elkenstein rearrangement of aldoses to
ketoses in alkaline solution at 35°c for 36h using lactose as
precursor. In subsequent work, replacing calcium hydroxide with
other alkaline agents minimised side-products, and modified

procedures to separate the new ketose from the mixture of aldoses



L -Lactose: 4-0-P-D-galactopyranosyl- B -D—glucopyranose

A -Lactulose; 4-0- F-D-galactopyranosyl- B -D-fructofuranose

Fig 1.1 Structural formulae of lactose and its keto-analogue

lactulose (frém Mendez and Olano, 1979)



and decomposition products involved ion-exchange resin columns or

direct acetylation (review, Adachi and Patton, 1961). Alternative

methods for obtaining lactulose were much less efficient.
Montgomery and Hudson (1930) reported the structure

of lactulose as 4-0-B-D—galactopyranosyi~D-fru¢tose, with the

crystalline sugar in an *-form. Optical rotatory studies of the

disaccharide in a buffered solution found crystalline lactulose

to be a furanose (Isbell and Pigman, 1938). More recently, n.m.r.

conformation analyses of freshly dissolved crystals of lactulose

in deuteriumoxide and methyl-sulphoxide-d, indicated the

6
predominant isomer to possess a P -D-fructofuranose moiety (Mendez
and Olano, 1979). However, in the latter report, a different n.m.r.
procedure resolved the B -D-fructopyranose as the major form. 4
Although this discrepancy has not been further resolved cited
literature usually describes lactulose as a furanose in its
fructose constituent (review, Mendez and Olano, 1979).

A number of properties of lactulose have been described.
It is considerably sweeter than its corresponding aldose, a
physiological quality thought to result from several structural
criteria (Lee and Birch, 1976). Lactulose gives the Seliwanoff
test and Dische-Borefreund test for ketoses and reduces Fehling's
solution on heating (Adachi and Patton, 1961). The white trans-
parent crystals have a m.p. ﬁetween 168.5° and 169.0°C, (Oosten,
1967a), and are very soluble in water, with a solubility of
76.4 pa 1.4% (w/v) at 30°C which increases to over 86% (w/v) at
90°c(0osten, 1967b).

Separation of 1actuiose from lactose or other sugars

can be achieved by a number of chromatographic procedu:es, by



using paper chromatography in isopropanol/water as the mobile phase
(Bernhard et al., 1965; Oosten, 1967b), by t.l.c.(see Section
2.2.4), g.l.c. (M;ller et al., 1969), and by anion-exchange
chromatography (Ersser and Mitchel, 1984), Spectrophotometric
methods to quantitate lactulose involve the cysteine-carbazole-
sulphuric acid reaction (5 - 100 ug lactulose; Adachi, 1965a),

or for larger amounts of sugar ( 2 - 8 mg), a methylamine-sodium
hydroxide reagent (Adachi, 1965b). A simple procedure described
by Vachek (1971) is a reliable quantitative assay for 0 - 8 mg
lactulose, based on heating the aqueous solution with dilute
sulphuric acid and measuring the stable coloured product at 400 nm
(Section 2,.2.4).

1.2 CLINICAL USES OF LACTULOSE

1.2.1 The treatment of portal-systemic encephalopathy

Portal-systemic encephalopathy (PSE) is a condition of
cerebral and neuromuscular dysfunction caused by a combination of
cirrhosis, portal hypertension and/or portal-systemic shunting,
where a significant volume of portal blood bypasses the liver
(Sherlock, 1977; Conn and Lieberthal, 1979). PSE aetiology,
clinical symptoms and diagnosis have also been reviewed in the
latter reports.

1.2.1.1 Pathogenesis of PSE

The pathogenesis of PSE isrthought to be due to gut-

_ derived toxins remaining in the systemic circulation due to

inadequate liver function or because of the spontaneous portal-systemic
collateral circulation (Muting et al., 1973; Fischer et al., 1976;
Vince and Burridge, 1980). A complication arises as some of these

toxins are metabolites also released from impaired hepatic or



muscle-cell function (Sherlock, 1977). Putative toxins of gut
origin are numerous: ammonia (Conn, 1978), short-chain fatty
acids (Chen et al., 1970), false neurotransmitters (Fisher and
Baldessarini, 1971), amino acids (Fischer, 1979), and bacterial
metabolites of methionine (Zieve et al., 1974). However,.PSE
therapy is generally aimed at controlling systemic nitrogen levels
(Bircher et al., 1971a; Sherlock, 1977).

Ammonia remains the most extensively investigated
nitrogenous metabolite. Early studies in the 1950's showed that
oral doses of urea, dietary protein, ammonium salts or intestinal
haemmorhage caused mental disturbances in cirrhotic patients
(review, Conn and Lieberthal, 1979). Several sources of ammonia
are available in vivo. Bacterial deamination of amino acids yield
fatty acids and ammonia (Sabbaj et al., 1970), and metabolism of
residual dietary protein produces ammonia and amines (Phear and
Ruebner, 1956). Autolysis of bacterial protoplasm and shed mucosal
cells are another source (Wrong, 1978). Large amounts of ammonia
were generated from these sources in a virtually urea-free in vitro
faecal homogenate system (Vince et al., 1976). Urea is an important
substrate as bacterial ureases release ammonia for absorption along
the entire length of the intestine (Evans et al., 1966; Wrong,
1971). Diffusion of urea from the systemic circulation is mainly
in the small intestine (Fordran et al., 1965; ‘Brown et al., 1975).
Since hepatic biosynthesis‘of urea is the main detoxification
pathway for blood ammonia (Visek, 1972), hepatic dysfunction in
PSE is deleterious. The main amﬁbniagenic-:eaétion, the deamination
of éihtaﬁine, contributes host 'ééliular"ammonia_iConn and

Lieberthal, 1979).



However, although several studies have reported an
acceptable correlation between blood ammonia and grade of PSE
(White et al., 1955; Elkington et al., 1969) this is by no means
always the case (Dastur, 1961; Zeegan et al., 1970; Sherlock,

being
1977), possibly due to venous blood ammonia assays, less reliable
than arterial measurements, or to misdiagnosis of PSE (Conn and
Lieberthal, 1979).

Several mechanisms have been postulated to explain the
potential cerebrotoxicity of ammonia: a) a direct inhibitory effect
on the respiratory chain; b) a decrease in available NADH;

c) accumulation of the inhibitory neurotransmitter ¥-aminobutyric
acid; d) and others (review, Summerskill, 1971). Experimental

evidence though, is inconclusive.

1.2.1.2 Clinical trials

It was suggested that as lactulose increased colonic
lactobacilli (Petuely, 1957), which lack urease and other ammonia-
genic enzymes, it would prove useful in the treatment of PSE
(Ingelfinger, 1964). This postulate was subsequently confirmed by

_Bircher et al., (1966) by the successful treatment of 2 PSE patients
with lactulose syrup. Over the last 20 years, a success rate of 75%
has been reported in the clinical use of lactulose‘in PSE therapy.
(Conn and Lieberthal, 1979; also see Rossi-Fanelli et gl.,b1982;
Desai, 1983) Appropriate medication for the underlying liver
disease or other causes and any concomitant disorders is also
necessary. Clinical side-effects, abdominal distension, cramp or
flatulence caﬁ be controlled by adjusting the lactulose dose (Carlin,

1973)., Other side-effects have been reported, hyper-natraemia



(Nanji &Lauener,]984), and severe lactic acidosis in one patient
(Mann et al., 1985),

To assess drug efficacy, measurements of faecal fre-
quency, weight and bacteriology, as well as estimations of arterial
and venous blood ammonia, and a number of psychometric teéts are
employed (Zeegan et al., 1970; Conn, 1977; McClain et al., 1984).
Three types of clinical trials have been conducted. Firstly, an
empirical approach administering lactulose orally or by enema in
controlled doses (Lande and Clot, 1968; Cassi et al., 1972).
Secondly, a comparative experimental design where PSE patients
receive lactulose or neomycin respectively or in conjunction during
alternative periods. For example, Fessel and Conn (1973) studied
24 patients, and 20 out of 24 responded to lactulose and 23 out of
24 to neomycin, although lactulose treatment improved mental state
faster (2.2 -vs- 3.7 days; p< 0.01). 1In chronic PSE however, a
continuous administration of a broad spectrum antibiotic such as
neomycin may result in Staphlococcal enterocolitis, or malabsorption
of sugars and fats (Elkington, 1970). Other comparative studies
have contrasted lactulose with sorbitol, which also has a laxative
effect but is ineffective in PSE (e.g. Bircher et al., 1966).

The third type of clinical trial is the most important,
i.,e. the double-blind controlled study (Elkington et al., 1969;
Atterbury et al., 1976; Conn et al., 1977). 1In the investigation
by Conn et al., (1977) for example, neomycin plus sorbitol and
lactulose plus placebo tablets were administered to patients in a
cross-over manner, prece+ded and followed by control periods.

Both neomycin/sorbitol and lactulose/placebo were effective in the



majority of patients (83% and 90% respectively), and each tested
parameter of PSE improved significantly.

1.2.1.3 Mode of lactulose action

Generally, the metabolism of lactulose by intestinal
bacteria is thought to explain its efficacy in PSE therapy; more
recently, a lactulose effect independent of microbial degradation
has been suggested, but as yet not explained (Soeters et al., 1984;
van Leeuwen et al., 1984a, b). Several hypotheses on the mode of
lactulose actions following bacterial fermentation have been
examined: promoting urease-negative bacteria and therefore
altering composition of gut flora to a less toxicogenic form (see
e.g. Bircher et al., 1966; Bircher et al., 197la); a purgative
effect which rapidly removes the offending toxin (Elkington, 1970);
acidification of the gut to low pH which ionises ammonia thereby
preventing its absorption (Agostini et al., 1972); and finally,
the substrate effect of lactulose, where growth on a good carbon
source reduces luminal NH3 levels as NH3 is used for bacterial
nitrogen (Vince et al., 1978). However, anomalies exist in the
experimental verification of these proposals.

The original hypothesis (Ingelfinger, 1964; Bircher
et al., 1966) that bacterial growth or lactulose would produce a
more non-ammoniagenic balance in the flora has received little
experimental support. For instance, while Bircher et al., (1970)
noted a significant lactulose-dependent increase in anaerobic
lactobacilli, and an acceptable decrease in bacteroides numbers,
no corresponding reduction in urease activity was shown. Further-

more, Conn (1978) has pointed out that bacterial quantitation in
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the latter study may be an artifact as specimens were processed

up to 48h after sampling. A similar pattern of change in lacto-
bacilli and bacteroides occurred 4 - 20 days after clinical
improvement of PSE (Bircher et al., 1969; 197la). An increase

in faecal lactobacilli, but with bacteroides or other groups

remaining constant correlated in one study with clinical improvement
(Vince et al., 1974) but not in another (Zeegan et al., 1970).
Converseley, Elkington et al., (1969) noted negligible change in
stool bacterial composition following successful lactulose therapy

in PSE. The absence of consistent results would suggest that gross
changes in specific bacterial populations are either not important or
occur in a magnitude which is physiologically effective but method-
oclically not feasible to quantitate (Hill, 198l). Assaying bacterial
enzyme activities may therefore be more pertinent following lactulose
administration,

The purgative effect of lactulose, proposed to decrease
the retention time of nitrogenous toxins, is mainly due to its
fermentation products of organic acids, which impart an osmotic pull
of water into the colon (Conn and Lieberthal, 1969). Intake of
lactulose as a hypertonic syrup reinforces this effect. A calculation
that 20 g of lactulose increases the colon volume by about 600 ml
after 1 to 3h, implies a significant effect if a’normal colon volume
of 200 - 600 ml is accepted (Bircher, 1972). However, in dose-
response experiments with normal subjects, 73 - 146 mmol lactulose
caused faecal output of water to exceed 400 ml only after 48h
(Saunders and Higgins, 1981). This cathartic effect alone may not
be important, as control substances such as sorbitol (Bircher et al.,

1966; Elkington et al., 1969) and magnesium sulphate (Zeegan et al.,
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1970) which have a purely laxative action produced no clinical
improvement.

Bacterial breakdown of lactulose to fermentation acids
should also lower intestinal pH. Chronic ingestion of lactulose
has been shown to increase caecal lactic and acetic acids and
total volatile fatty acids (Florent et al., 1984). Clinical trials
confirmed that lactulose therapy significantly reduced faecal pH
from a mean control of 7.0 to 5.4 (Elkington et al., 1969; Zeegan
et al., 1970; Bircher et al., 1971a). Depending on the intestinal
site however, a variable pH effect was produced by lactulose (Bown
et al., 1974). These authors used a novel pH-sensitive radiotelemetric
device to measure luminal pH. Lactulose produced the largest median
pH decrease to 4.8 (if control, 6.0) in the proximal colon, lower
pH values throughout the intestinal tract, but values approaching
neutrality in the distal colon and rectum. Sodium sulphate also
produced a consistent faecal acidification (Agostini et al., 1972;
Bown et al., 1974), but has no beneficial effect in PSE. This may
mean that a pH effect is most important in the ileo-caecal region.
Gastrointestinal pH measurements are influenced by absorption of
organic acids by colonic mucosa (Dawson et al., 1964) and the
buffering of colonic contents by mucosal secretion of bicarbonate
(Bown et al., 1974). Overall, the evidence suggests that lactulose
significantly decreases intestinal pH. As to how acidification of
the gut reverses pathogenesis of PSE, three explanations have been
reported, Firstly, Bennett and Eley (1976) suggested a laxative
effect due to fermentation acids, since perfusion of isolated
guinea-pig intestine with lactic acid (pﬁ 4,5 - 5,0) or HC1 (pH

4.3 - 4.8) caused peristaltic stimulation of gut circular muscle.
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However, as discussed previously, a purely laxative action of
lactulose appears unacceptable (p.l0). The second proposal concerns
the phenomenon of 'ammonia-trapping' by acid gut environment. The

dissociation constant (pKa) for NH * is 8.9 at 37°C, and only the

4
NH3 form is able to permeate cell membranes by passive diffusion,

. + . .
whilst NH4 translocation is energy dependent (Conn and Lieberthal,

1979). Below a faecal pH of 6.2, the movement of NH, from colonic

3
lumen into blood has been shown to be reversed in colon perfusion
studies in dogs (Bircher et al., 1971b). Experimental isolation of

the colon in chronic PSE patients showed that by varying the pH of

the perfusate, diffusion of NH3 into the blood depended on intraluminal
pH (Castell and Moore, 1968). Consequently, Agostini et al., (1972)
argued that ammonia concentration of acid stools should rise
significantly as ammonia was 'trapped' and also continually

produced by bacteria. However, in their report, in vivo faecal
dialysis measurements indicated that lactulose did not increase

faecal ammonia levels, In contrast, faecal ammonia concentration

was notably elevated in patients treated with lactulose (Hedger and
Ing, 1977). Such an increase though, is a small fraction of the

large colonic ammonia pool (Conn and Lieberthal, 1979). Therefore,
retention of ammonia by acidic gut contents is probably a minor
component of the overall lactulose effects. A third postulate

linked intestinal acidification with inhibition of bacteria

producing ammonia from urea or other nitrogenous substrates.

Evidence from in vitro studies indicated that ﬁram-negative anaerobes,
clostridia, enterobacteria, and Bacillus -spp. formed less ammonia

at pH 5,0 than at pH 7.0 (Vince and Burridge, 1980). This proposal
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may, in part, explain lactulose efficacy. Lactulose has also been
shown to cause a 25% reduction in urea production rate (Weber et
al., 1982).

Finally, the substrate effect of lactulose may well be
the key mechanism in explaining its mode of action. In the presence
of fermentable carbohydrate, ammonia is thought to be incorporated
into bacterial cells, whereas growth solely on nitrogenous substrates
releases ammonia (Mason, 1974; Vince et al., 1978; Vince and
Burridge, 1980). 1In rats fed egg albumin, certain carbohydrates
(raw potato, yam, cellulose) resulted in a significant increase in
total faecal nitrogen; lactulose too produced a notable increase,
but less so than the other carbohydrate preparations (Mason, 1974).
In an in vitro faecal homogenate incubated with lactulose, or other
fermentable substrates (glucose, mannitol, sorbitol), ammonia
concentration was significantly reduced during fermentation (Vince
et al., 1978). By contrast, acidification to pH€ 5.0 with HC1 or
a lactic-acetic acid mixture reduced ammonia generation appreciably,
but without lowering existing ammonia content. This observation may
also explain the previous inability (Agostini et al., 1972) to detect
sufficiently elevated faecal ammonia levels. With four isolates of

Bacteroides, one of C.perfringens, and two isolates of S.faecium,

less ammonia production was estim&ted from alanine, methionine or
histidine after growth in the presence of either lactose or lactulose
(Vince and Burridge, 1980).

Finally, although experimental evidence from a group of
co-authors indicates that lactulose reduces in vitro mucosal cell
metabolism of glutamine independeﬁtlf of Eacterial action, producing
ammonia and amino acids, the effect has not been rationalised

(Soeters et al., 1984; van Leeuwen et al., 1984a, b). Enterocyte
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preparations, from conventional and germ-free rats, generated equal
amounts of ammonia: lactulose (10%; 29 mM) reduced ammonia levels
by about 20%, whereas neomycin had a variable effect (Soeters et

al., 1984). Sections of gut tissue incubated with glutamine
generated more ammonia, alanine and glutamate in the smali intestine
than large intestine medium; lactulose (25%; 73 mM) decreased
ammonia production in the small bowel preparation to less than 40%
of control, but had no effect on the large intestine sections (van
Leeuwen et al., 1984b). Although whole tissue preparations were
washed in ice cold saline and Krebs Ringer buffer, no estimate of
epithelial microbes was made. In laboratory rodents, the attach-
ment of microbes to epithelia is a secure one, and the microbes are
difficult to wash from the surface (Savage, 1978). Biopsy tissue
from the human large intestine, after six saline washes, is thought
to be associated with bacteria (Hartley et al., 1979). Portal-
arterial differences in rats given lactulose and neomycin respectively
by stomach tube for seven days showed a significant amount of ammonia
to be generated in the small intestine, although ammonia levels were
25% higher in the colon, but the blood flow rate of small:large

bowel of 3:1 indicates that the small bowel is a larger producer;
lactulose and neomycin markedly reduced net production of alanine and
ammonia in the small bowel, but the presence of diarrhoea seems to

be important for the action of lactulose in the colon, since in the
lactulose without diarrhoea group, a'significant increase in ammonia
production was noted (van Leeuwen et al., 1984a). A selective
colonisation of germ-free rats with anaerobes increased portal
ammonia levels, whereas introduction of a population of aerobes

did not alter ammonia levels (Soeters et al., 1984). However, in
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the absence of bacterial metabolism, it is difficult to envisage

a direct effect of lactulose or neomycin, especially as lactulose
is poorly absorbed by the gut epithelia (Menzies et al., 1974;
Maxton et al., 1986), and is not metabolised systemically (Evered
and Sadoogh-Abasian, 1979). The lactulose effect in the studies
of Soeters et al., (1984) and van Leeuwen et al., (1984a, b) was
not investigated with control substances, and metabolism of the
disaccharide not quantitated. Furthermore, the in vivo experiments
did not permit a precise estimation of NH3 production by bacteria
or by intermediary metabolism.

Therefore, evidence reviewed in this section largely
suggests that degradation of lactulose by bacteria is implicated
in reducing gut ammonia production. The role of a non-bacterial
mediated lactulose effect awaits further clarification.

1.2.2 Other uses of lactulose

Two diagnostic applications of lactulose have been
reported: (1) as a marker to assess intestinal permeability,
which increases in disease due to a structurally damaged mucosa
(Menzies, 1974; Maxton et al., 1986; Noone et al., 1986) and,

(2) in assaying small bowel transit time, where expired hydrogen is

quantitated (Bond and Levitt, 1974; Flatz & Lie 1982). This

o

has been found proportional to amount of non-absorbed sugar
fermented.

In other clinical applications, lactulose is effective
in treating mild to chronic constipation {Wesselius-de Casparis
et al., 1968; Brocklehurst et al., 1983), and has been used in

controlling antibiotic-resistant shigellosis (Levine and Hornick,
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1975; Hansson et al., 1981). An effective role for lactulose in
reducing endotoxinaemia in hepatitis patients has also been
reported (Magliulo et al., 1979; van Vugt et al., 1983).

1.3 GASTROINTESTINAL BACTERIA

Although intestinal bacteria are regarded as the
major component of the gut microbiota, it should be recognised
that protozoa and yeasts are frequently isolated (Clark and
Bauchop, 1977). A brief look at the non-bacterial microbes shows
the following types (from Roseman, 1962). The eumyces, or true

fungi, are mainly the yeasts, such as Candida albicans (for a

review, see Shepherd et al., 1985) or Can. tropicalis, and to a

lesser extent include species of Saccharomyces and Torulopsis

(e.g. T.glabrata), more doubtfully indigenous. Protozoa belong
to two classes, mastigophora or flagellates, and amoebas are

mostly enteric (such as Entamoeba coli and Endolimax nana) except

Entamoeba gingivalis. Quantitative data on relative proportions

of each type appears lacking. This discussion however, looks

at the numerically predominating bacteria, in particular at the

types of intestinal bacterial, their relative importance, and

ecological factors affecting bacterial growth and metabolism.
Bacterial colonisation of the gut begins at birth,

following contamination from air and the diet. Ecological succession

produces a relatively constant, indigenous population termed the

autochthonous flora (Savage, 1977), to which additions of transient

microbes, the allochthonous forms, occurs regularly. Excepting

pathogenic infection from an external source, the gut flora is



-17 -

regarded as a stable, self-regulating system (Drasar and Hill,

1974).

1.3.1 Factors controlling bacterial colonisation

Physico-chemical factors regulating bacterial survival
include temperature, pH, and viscosity (see Clarke, 1977). The
role of pH in bacterial cell homeostasis has been reviewed by

Booth (1986). Gases in the intestine, apart from N_. and O., are

2 2

of microbial origin, specifically CO_, and H, (Levitt, 1969), CH

2 2 4

(Calloway, 1969), and H_S, also thought to be an unresolved factor

2
in repression of E.coli populations (Savage, 1977). Diffusion of

02 from the blood and tissues ef the gut may account for a greater
number of aerobic organisms adjacent to the bowel mucosa (Wrong et

al., 1981). During succession, O, utilisation by aerobic bacteria

2
creates a sufficiently low oxidation-reduction potention (Eh) to
permit growth of obligate anaerobes (Savage, 1978; Hoogkamp-
Korstanje et al., 1979). The Eh within the large intestine is
strongly reducing, normally about -200mV (Wrong et al., 1981).
Mechanisms of oxygen toxicity to obligate anaerobes have been
reviewed by McCord et al., (1971) and Morris (1975). Intestinal
motility is a crucial factor. It has a clearing action and
determines flow-rate, as the rate of peristalsis decreases with
luminal contents descending along the intestine (Drasar and Hill,
1974). Surgical strangulation of the small intestine in dogs

produced a marked increment in bacterial numbers (Cohn and

Bornside, 1965).
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Manipulating bacterial substrate requirements by dietary
alterations has produced equivocal changes in microflora composition.
Comparisons of geographically and culturally distinct populations
indicate significant differences in several genera (Aries et al.,
1969; Finegold et al., 1977). Contrasting experimentally controlled
high protein, carbohydrate or fat diets with normal intake in
specific populations of subjects produced only minor changes in
individual bacterial genera or species (e.g. Speck et al., 1970;
Drasar et al., 1976; Hentges et al., 1977), possibly due to the
short study span of several weeks (Hill and Drasar, 1975). Only
with a soluble and rigorously defined diet of various sugars and
oligosaccharides has a significant decrease in all or specific
genera been found (Hill, 1981). Assaying changes in bacterial
enzyme levels may be more useful: total faecal B —glucuronidase levels
reflected the effect of diet on the flora within 4 weeks (Wynder
and Reddy, 1974). 1In vivo bacterial multiplication must proceed
at a rate sufficient to avoid being diluted out, varying between
0.5 and 6 divisions a day in different mammals (Drasar and Hill,
1974).

A number of intestinal secretions may be bacteriocidal
but the extent of their effect in situ is unknown. Aseptic saliva
was shown to inhibit the growth of several cocci strains (Zeldow,
1961), and significant colonisation by bacteria in patients with
gastric achlorhydria indicated the germicidal effect of gastric
acid (Drasar et al., 1969). Bile acids show variable effects:
conjugated and unconjugated forms have an 'inhibitory effect on

some bacteria but stimulate growth in others (Binder et al., 1975).
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Lysozyme in the intestinal mucosa is also important (Clarke, 1977).
Several effects have been suggested for immunoglobulins,
specifically IgA: inhibition of bacterial motility and adherence
to mucosal surfaces, and others (Drasar and Hill, 1974). Phago-
cytosis in scavenging contaminating microbes at epitheliai surfaces
has also been implicated (Savage, 1977).

Bacterial interactions provide another category of
factors controlling microbial adaptation. Bacterial metabolites
can be strongly antimicrobial: a) organic fermentation acids were

inhibitory to coliforms and shigella under low E, conditions (Lee

h
and Gemmell, 1971; Levine and Hornick, 1975); b) several entero-
bacteria produce antibiotic bacteriocins or colicine (Tagg et al.,
1976), although their role in emergence of dominant strains is

unclear (Cooke et al., 1972).

1.3.2 Types of intestinal bacteria

Diller et al., (1970) suggested the following definitions
to distinguish between anaerobes and aerobes: anaerobes do not
possess cytochrome oxidase and oxygenases (the physiology of obligate
anaerobiosis has been reviewed by Morris, 1975), with facultative
anaerobes having an oxygenase-independent metabolism, obtaining
their energy both by oxygen-dependent (cytochrome oxidase) and by
oxygen-independent (pyridine nucleotide-regenerating dehydrogenases
or reductases) redox processes., As for obligate aerobes, these
organisms always depend upon cytochrome oxidases for their energy
metabolism and uéually upon oxygenases for their anabolism.

The relative tolerance of many anaerobes to experimental
exposure to air has led to an extensive listing of intestinal

species (Holdeman and Moore, 1972; Drasar and Hill, 1974; Drasar
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and Barrow, 1985; Finegold et al., 1986). Anaerobic methodology
has also been reviewed by Holdeman and Moore (1972), and Drasar
and Hill (1974); it may be noted here that the anaerobic jar
procedure is both commonly used and effective. Of the actual
bacteria present in the gut, it is quite likely that all the
major genera have been characterised to date; these are listed
together with main species, in Table 1.3.1. General references
for sections 1.3.2.1 and 1.3.2.2, below, are Buchanan and Gibbons
(1974) and Cowan (1975).

1.3.2.1 Gram-negative bacteria

Of the anaerobic rods, the family Bacteroidaceae
comprises the genera Bacteroides, Fusobacterium and Leptotrichia,
Many species are pleiomorphic, and all members are non-sporing
obligate anaerobes. Bacteroides include between 20 - 30 different

species, notably B.fragilis, B.vulgatus and B.uniformis (Moore et

al., 198l; Salyers, 1984) many of which grow well in a defined
medium containing only glucose, ammonia, sulphide, hemin, vitamin
Blz' CO2 and minerals in sufficient concentrations (Bryant, 1974).

The family Veillonellaceae are anaerobic cocci, with
three genera of varying size (diameter 0.3 - 2.5 um): Veillonella,
Acidoaminococcus and Megasphaera. Carbohydrates, including glucose,
are not fermented by Veillonella strains; 1lactic acid is metabolised
to acetic and propionic acids, CO2 and Hz.

Of the 12 constituent genera of the family Enterobacteriaceae,
which are facultative anaerobic rods, Escherichia, Enterobacter,
Klebsiella and Proteus occur frequently in the intestine, some

species being pathogenic (Drasar and Hill, 1974); Klebsiella aerogenes

fixes nitrogen in the intestine (Bergerson and Hipsley, 1970). Most
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Table 1.3.1 Bacterial groups and selected species isolated in

the intestinal tract (from Buchanan and Gibbons,

1974; Drasar and Hill, 1974).

Families and genera Prominent Other species isolated
represented Species from the intestine

Pseudomonadaceae Ps. aeruginosa

Pseudomonas Ps. faecalis
Enterobacteriaceae

Esherichia E.coli

Enter9bacter Ent. (Aerobacter) aerogenes

Klebsiella : K. aerogenes

Proteus P. mirabilis
Bacteroidaceae

Bacteroides B.fragilis B. oralis

B.vulgatus B. thetaiotaomicron
B.uniformis B. coagulans
Fusobacterium F. nucleatum
F. fusiforme

Leptotrichia Lep. buccalis
Veillonellaceae

Veillonella V. parvula

V. alcalescens

Acidoaminococcus Ac. fermentans
Neisseriaceae

Neisgseria N. catarrhalis

Propionibacteriaceae

Eubacterium Eu, aerofaciens Eu. rectale
Eu. lentum
Propionobacterium Prop. acnes
Lactobacilliaceae -
Lactobacillus L. acidophilus L. brevis, L. fermentum
L. casei, L. leichmanis
Streptococcus s. faecalis S. salivarius

S. viridans

S. intermedius
Bifidobacterium Bifid. bifidum Bifid. breve, Bifid. longum,

Bifid. infantis

Peptococcaceae
Peptococcus Pt. asaccharolyticus
Ruminococcus R. bromii o .
Peptostreptococcus Pst. intermedius
Pst. productus
Bacillaceae i .
Clostridium C.perfringens C.butyricum, C.difficile,

C.paraputrificum C.cadaveris,
Bacillus » Bc.subtilis
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enterobacteria are urease-positive, and attack sugars fermentatively,
with gas as an end-product.

Neisseria strains, family Neisseriaceae, are facultatively
anaerobic cocci, usually occurring in pairs; although frequent in
the mouth, they are a minor component of the gut flora.

1.3.2.2 Gram-positive bacteria

Important genera of the non-sporing rods are Eubacterium,
Bifidobacterium, Lactobacillus and Propionibacterium. The eubacteria
and bifidobacteria are obligate anaerobes, whereas the Lactobacillus
genus comprises some strains which are obligately anaerobic and
others which are facultatively so.

The genus Eubacterium (family Propionibacteriaceae) is
numerically one of the most important in the colonic flora (Drasar

and Hill, 1974), with Eu. aerofaciens being the fourth most frequent

organism isolated in faecal samples (Moore and Holdeman, 1974).
Bu. rectale strains ferment cellubiose, mellibiose and raffinose to

produce large quantities of H Eu. aerofaciens also produces formic

27

acid and H2 from sugar and peptone degradation.
Bifidobacteria (family Lactobacillaceae) dissimilate
glucose to mainly lactic and acetic acids; gas, propiohic and

butyric acids are not produced, Of about 16 species, Bifid.bifidum

is important. Strictly anaerobic lactobacilli require care in

distinguishing them from bifidobacteria. ©Lactobacillus species are
_strongly saccharoclastic, yielding predominantly lactic acid as a
fermentation end-product. Some heterofermentative strains produce
‘gas from glucose, and ammonia from arginine under suitable conditions.

Table 1.3.1 lists frequently isolated lactobacilli.
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Streptococci are Gram-positive spheres which usually
occur in pairs/chains, typically non-motile and attack carbohydrates
fermentatively (see Kandler, 1983); lactic acid is the predominant
end-product of fermentation. Classification of the strains is based
on haemolytic activity; e.g. B -haemolysis is a clear-colourless
zone produced by S.faecalis.

Four genera of anaerobic cocci comprise the family
Peptococcaceae: Peptococcus, Peptostreptococcus, Ruminococcus and
Sarcina, Ruminococcus is considered the most important genus and
in fact the species R.bromii was not detected in the faecal micro-
flora until its description by Moore et al., (1972). Peptostrepto~-
coccus isolates are non-proteolytic but ferment esculin, raffinose

and other sugars (Willis, 1977). Pst.productus is numerically

important in the gut (Moore and Holdeman, 1974).

Of the two genera of the family Bacillaceae, Clostridium
and Bacillus, the former is important in the gut. Clostridia are
anaerobic but several species are relatively aerotolerant. Some
species are spore-formers, and appear distended during sporulation.
Characteristiéally, strong proteolytic (e.g. C.botulinum) or

saccarolytic (e.g. C.perfringens, C,butyricum) or both (e.g. C.tetani)

are present. Since enumeration of clostridia, especially vegetative
forms, is difficult due to the lack of a suitably selective or
diagnostic medium, the clostridia may be far more numerous in the

colonic flora 'than is realised generally (Hill and Drasar, 1975).
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1.3.3 Bacterial distribution in the digestive tract

The gastrointestinal tract is a single, continuous organ,
but with distinct functional regions: the buccal cavity, oesophagus,
stomach, small intestine and the large intestine comprising the
caecum, colon and rectum (Wrong et al., 1981)., The term 'colon' is
often used to refer to the large intestine as a whole. A number of
habitats are available to bacteria: the gut lumen, surface mucus
of epithelial cells, and immobilisation between gut cells, such as
in the crypts of Lieherkahn (O'Grady and Vince, 1971). In enumerating
bacterial distribution along the gut, an obvious problem is technical
inaccessibility, giving rise to inconsistencies in comparing different
habitats and regions. The mucosal flora may be more important than
the luminal flora in, for example, urea metabolism (Hill and Drasar,
1975), and in possessing a higher proportion of aerobic organisms
{Hill, 1981), The comparative enumeration in this section is
generally based on data of lumen flora. An attempt to overcome the
accessibility problem by studies-of ileostomy and colostomy effluents
(Finegold et al., 1970) and by various intubation procedures (Drasar
et al,, 1969) led to an uncertainty as to how closely this sampling
method resembles the normal microbiota (Wrong et al., 1981). The
microbial flora of the distal ileum in these patients (Finegold et
al., 1970; Vince et al., 1973) is x100> than the normal distal ileal
flora (GorSach et al., 1967).

The overall numerical distribution of‘bacteria in the
gastrointestinal tract is shown in Table 1.3.2. It is apparent that
there are degrees of qualitative and quan;itatiVe differences between

different intestinal regions, such as the preponderance of streptococci
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Table 1.3.2

Enumeration of selected bacterial groups in the intestinal tract (from Drasar and Hill, 1974)

Number

Homwo bacteria aHIH

intestinal content. Mean (Range)

Entero-

Gram +, non-

Region of Subjects bacteriaceae Bacteriodes Streptococci Lactobacillus Clostridia sporing anaerobes
Jejenum 20 D D 2.4 (N-3.9) 2.4 (N-3.9)  No data® D
Ileum 6 D (N-6) N N D (N-3.7) No data D
Terminal ileum 7 3.3 (n-6) 5.7 (3.4-8) 3.4 (3.1-4.1) D (N-8) N 5.7 (4.1-8)
Caecum 3 6.2 (5.6-7.4) 7.9 (6.4-9.1) 2.6 (N-3,6) D (N-2.8) No data 5.2 (2,3-7.6)
Faeces wmc 6 (4-9) 10.5 (10-11.5) 5 Awtmv 4 (2-7) 3 (N=-6) 10.5 (9-11)

wwv 6.6 (N-10.1) 9.8 (8-11.4) 4.9 (N-9.4) 3.5 (N-10) 3,3 (N-9.6) 5.6 (N-10.8)

% No data in references quoted by Drasar and Hill (1974)

b

Values are HomHo bacteria/g faeces.

Mean (Range); N

= Not detected; D = Less than 100 bacteria
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and lactobacilli in the jejenum. Furthermore, biotypes of bacteroides
differ in saliva and faecal samples (Vince, 1971). There is a
marked increase in numbers of most bacterial groups, especially
enterobacteria and bacteroides when comparing numbers in the
jejenum with those in faecal samples (Table 1.3.2). Details of
regional distribution of bacteriaci? discussed below from selected
reports.

Samples of saliva from 132 fasting subjects (Drasar
et al., 1969) were found to contain streptococci (106/9 saliva),

neisseria (los/g), veillonella (104/g) and fusobacteria (104/g).

S.salivarius and viridans streptococci were prominent, and bacteroides

(103/9) and bifidobacteria (102/9) present in all samples.
Lactobacilli (102/9) isolates appeared in over 90% of samples,
yeasts in 26%, enterobacteria in 26%, and staphlococci in 11%.
Comparable bacterial counts have also been reported by Handelman

and Mills (1965). The mixture of bacteria in the saliva passes into
the stomach, mainly with dietary'intake (Drasar and Hill, 1974).

In fasting subjects, a pH of 3 or less ensures the
absence of viable organisms; food and saliva neutralise gastric
acid, enabling bacteria to survive, with counts of up tb 105
organisms/ml made after a meal (Drasar et al., 1969). These
i;cluded streptococci, enterobacteria, bacteroides and bifidobacteria.
These bacteria are considered transients, although lactobacilli and
yeasts may be autochthonous, colonising the epithelial surface of
the gastric mucbsa (savage, 1977). Gastric contents enter the
small intestine continuously, the pyloric sphincter releasing about

6 - 9ml min® at pH 5 - 7 (Luckey, 1974).
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The fasting and post-prandial pattern of bacterial
species in the duodenum and upper jejenum is generally the same
as found in the stomach, but from a slightly higher percentage of
subjects (Vince, 1971).

The lower small intestine, especially the terminal
ileum, contains a larger and more permanent flora than the proximal
regions. The stasis at the ileocaecal valve is an important factor
in allowing the concentration and multiplication of bacteria in
the distal and terminal ileum (Draser et al., 1969). In ileoproct-
ostomy aspirates, a total of 107 organisms/ml have been reported
(Dickman et al., 1975), comparing well with a range of 105 - 107/m1
enumerated by Gorbach et al., (1967). Although lactobacilli
(105/m1) and streptococci (105/m1) numbers appear prominent
(Dickman et al., 1975), bacteroides and enterobacteria, especially
E.coli (106/ml), have been isolated more consistently (Drasar and
Hill, 1974). Clostridial presence (0 - 107/ml) varies, detected in
7 - 75% of subjects (Vince, 1971).

The bacterial composition of the caecum has been thought
to be similar to that in faecal material (Tabagchili, 1974), but
Hill (1981) suggested that there is no evidence to show this,
However, Table 1.3.2 shows a qualitative similarity; this may only
be on the genus level, with important variation in types of species
present. The caecum and right colon are probably the most important
regions of the large intestine for bacterial metabolism, as
intestinal contents are relatively fluid and permit a more ready
interaction between bacterial enzymes and their substrates (Hill,
1981)., The increased stagnation of luminal contents in the caecum

and the remainder of the large bowel results in a rate of passage
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which does not exceed the doubling times of bacteria (Savage, 1977).
Non-sporing anaerobic bacteria overwhelmingly pre-

dominate in human faecal flora, accounting for more than 99% of

the total organisms (Drasar et al., 1969), Moore et al., (1981)

found the major species to be the bacteroides representatives:

B. uniformis, B. vulgatus, B. fragilis; and three Eubacterium

strains (Eu. rectale, Eu. aerofaciens, Eu. lentum), and Bifid.

adoloscentis. The remainder were mainly E.coli, S.viridans,

S.salivarius and lactobacilli. Clostridial enumeration varies,

from being a minor component to a significant one in the faecal
flora (Hill and Drasar, 1975).

1.3.4 Bacterial metabolism: a selective look at carbohydrate

dissimilation

Microbial activities in the gut are notably diverse,
ranging from nitrogen fixation to the metabolism of bile acids (Wrong
et al., 1981). Carbohydrate metabolism is discussed here to identify
the substrate available in gigg;- the biochemistry of fermentation
under these conditions is an intriguing area of work. In addition,
an evaluation of these nutrients is of use in testing 'lactulose-
analogues' for their substrate effect in altering bacterial metalbo-
lism (discussed in Section 1,2.1.3).

A range of dietary and endogenous carbohydrates are
putative substrates for bacterial metabolism (Prins, 1977; Cummings,
1982). VCOmplex polysaccharides from the diet are mainly plant cell-
wall associated (cellulose, hemicellulose, xylans, pectic poly-
uronides), although plant storage polysaccharides, such as starch
and inulin, may also be present. Polysaccharides of endogenous

origin are the laevans and dextrans synthesised by oral bacteria,
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and mainly salivary mucins and epithelial mucopolysaccharides from
the host. Key structural linkages of these polysaccharides are
listed in Table 1.3.3. These substrates do not usually occur as
isolated compounds, but rather as components of a complex matrix.
Plant cell walls, for example, consist of an intricate network of
polysaccharides, protein, and lignin, held together by covalent

as Qell as non covalent bonds (Salyers, 1979).

Oligosaccharides may occur freely in dietary vegetables
and mature leguminous seeds (e.g. stachyose, verbascose fermented
in the lower gut; Cristofaro et al., 1973), or are formed extra-
cellularly as intermediates or reaction products in the breakdown
of polysaccharides by bacteria, but do not accumulate due to rapid
fermentation (Prins, 1977). Disaccharides and monosaccharides may
be similarly produced; they also occur as plant glycosides (Drasar
and Hill, 1974),

Fibre as a convenient description of a group of poly-
saccharides has received considerable clinical interest, being
implicated in the prevention of diseases of major importance, such
as diverticular disease, lowering serum cholesterol, and possibly
in reducing the risk of colon cancer (Cummings, 1977; Cummings and
Branch, 1982), Sources of fibre used in clincal studies include
wheat bran, vegetable/fruit fibre, plant gums such as guar, and
mucilaginous substances from psyllium seeds and isphaghula (Mitchell
and Eastwood, 1977). Defining fibre has presented a number of
difficulties, largely due to differences in fractionnation method-
ology. The major fraction of fibre was described by Cummings (1981)
as non-starch polysaccharide (NSP). Further, NSP was divided into

cellulose and non-cellulose polysaccharide (NCP). Lignin is not a
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carbohydrate, and should be considered separately in any definition.
A typical fibre, bran, consists of: cellulose 21%; pentosan

20 - 26%; starch 7.5 - 9%; sugar 5%; protein 11 - 15%; fat

5 - 10%; ash 5 - 9%; and water 14% (Cummings, 1981).

Evidence for polysaccharide breakdown by intestinal
bacteria comes from two types of study, from quantitating faecal
recovery of ingested fibre, and from in vitro work with purified
substrates. Effluent from ileostomy patients fed bran NCP indicated
80 - 100% recovery, indicating little metabolism in the small
bowel (Sandberg et al., 1981). In contrast, only 3 - 5 g/day of
fibre remains in the stool (Stephen and Cummings, 1980), considering
an average intake between 16 - 28 g/day (Cummings, 1973). The
physico—chemical properties of fibre, such as branching, methoxylation
and gelling affect degradation (Salyers, 1979) as well as the lignin
and silica content (Eastwood et al., 1977). Fibre from faecal
samples has been shown by scanning electron microscopy to have
bacteria associated with it, surfounded by areas of cell-wall
breakdown (Williams et al., 1978). This extracellular hydrolysis, as
prementioned, releases oligo-, di-, and monosaccharides for subsequent
fermentation (Clarke, 1977; Eastwood et -al., 1980). Polysaccharide
kreakdown probably involves the sequential action of several bacteria
(Robertson and Stanley, 1982).

Surveys of 25 major species of colonic bacteria have
shown that many strains are capable of fermenting NCP of plant cell
wall and mucin polysaccharides in vitro (Salyers et al., 1977a, b, c;
Vercellotti et al., 1977; Salyers et al., 1978). Details of these
studies are shown in Table 1.3.3. Bacteroides is notable as the

dominant saccharolytic genus, and 3 species, B.ovatus, B.thetaiotaomicron
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and B.uniformis ferment a range of polysaccharides of varying
chemical composition. Starch, pig colon mucin and various cell-wall
polymer fermentation by B.fragilis has also been reported by Clarke
(1977); oligosaccharide side chains of hog gastric mucin are
degraded by cell-bound and extracellular glycosidases in anaerobic
faecal cultures (Hoskins and Boulding, 1981),

Inclusion of the mucopolysaccharide chondroitim sulphate
in the growth medium of B,ovatus increased chondroitin lyase activity
within 30 min; glucose repressed activity of this periplasmic

enzyme but not completely so (Salyers, 1979). B.thetaiotaomicron

digests chondroitin sulphate when covalently bound to proteoglycan
(Kuritza and Salyers, 1983) or when supplied in a free state (Linn
et al., 1983). Laminarin,p -(1+ 3) -glucan, degrading enzymes of at
least two bacteroides species may also be periplasmic, yielding
glucose, laminarabiose, and laminatriose (Salyers, 1979). It is

also hydrolysed by E.coli and S,faecalis, but not by C.perfringens

(Fomunyam et al., 1984). _Xylan,:a branched partially insoluble
polysaccharide also appears to be degraded by cell-associated
enzymes to yield xylose (Salyers, 1979). A significant find was
the detection of a cellulolytic bacteroides species (108/9) in one
of five human faecal samples (Betian et al., 1977; Bryant, 1978).

An endo-PB -galactosidase hydrolysing internal P -galactosidic
linkages of oligosaccharides from B.fragilis (Scudder et al., 1983)
and a cytoplasmic exo-enzyme attacking (1 -+ 6) linkedK -D-glucans
from B.oralis (Takahishi et al., 1985) are notable polysaccharide
degraaing enzymes. Glucans, extracellular bacterial polysaccharides,
are considered important matrix substances in dental plague. The

exo- B-D-galactosidase and acetyl-o-D -galactosaminidase from
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culture fluids of C.perfringens hydrolysed a number of oligosaccharide-

linked chromogenic substrates (DiCioccio et al., 1980).

Oligosaccharides mainly undergo extracellular hydrolysis
to permit bacterial uptake of di- or monosaccharide reaction products.
Organisms able to use only those substrates, such as soluble sugars,
that disappear rapidly from the gut either by fermentation or
absorption, are at a disadvantage unless they are preferentially
retained in the gut by sequestration or are able to store reserve
polysaccharide (Clarke, 1977). Biochemical versatility in such
cases confers a survival advantage, e.g. the ability of B.fragilis
to use starch and various polymers in addition to soluble sugars.

Several glycosidases, K - and P -glucosidases, &k~ and
P -galactosidases, and P glucuronidase have been detected in induced
strains of most of the major genera (Hawksworth et al., 197{; Holdin,
1986). B.fragilis possesses several glycoside hydrolases which can
cleave low-molecular weight polysaccharides and glycosyl moieties of
glycoproteins or glycolipids into monosaccharides; six glycoside
hydrolases, &k —glucosidase, -galactosidase, p -galactosidase, f -N-
acetylglucosaminidase and & -L-fucosidase have been purified (Berg
et al., 1980).

The final phase of carbohydrate fermentation to end-
products (pathways are discussed in Section 1.4.3) is important in
vivo for a number of reasons (Clarke, 1977.; Cummings, 1981; Wolin,
1981), For example, isobutyric and 2-methylbutyric acids are

required for growth of Ruminococcus:albgg;and growth on lactate of

Veillonella alcalescens and Vibrio succinogenes (Clarke, 1977 ). The
chemistry of rumen carbohydrate fermentation has been quantitated,

and a similar equation proposed for fermentation in the human colon
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based on known volatile fatty acid (VFA) concentrations and a number
of assumptions (Cummings, 1981; Wolin, 1981):

34.5C_H, 0. — 48 CH,COOH + 11 CH.CH_COOH +

6 105 3 3772
Acetic acid Propionic acid
5 CH3(CH2)2COOH + 23.75 CH4 +

Butyric acid

34.25 CO2 + 10.5 Hzo
Three important products of fermentation suggested are VFA (acetic,
propionic, and butyric acids), gas (coz, Hz, CH4) and energy.

Alcohols appear absent or unimportant. Methanolrevibacter smithii,

which uses H2 to reduce CO2 to CH4, is responsible for almost all
the CH4 produced in the intestine (Miller et al., 1984).

1.4 BACTERIAL SUGAR METABOLISM

The purpose of this discussion is to present an overview
of major developments in: a) the transport of sugars by bacteria,
b) hexose fermentation pathways in anaerobic bacteria, which may be
implicated in lactulose utilisation fér cellular carbon and energy,
.and ¢) regulatory mechanisms that facilitate priority selection of
available substrates. \

1.4.1 Sugar Transport by Bacteria

Translocation of externally available solutes across
the cytoplasmic membrane is a pre-requisite of bacterial giowth.
This uptake may be energy-dependent, via the active transport and
group translocation modes, or energy-independent, mediated as
passive or facilitated diffusion. Sugar uptake in bacteria is in
the main energy-dependent and involves specific inducible proteins.
In active transport uptake occurs across an electrochemical gradient
and solutes appear in the cell in chemicaily unchanged forms whereas

group translocation covalently modifies the solute during transport.
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The group translocation system found most commonly in bacteria is
the phosphoenolpyruvate-phosphotransferase system (PEP:PTS) which
phosphorylates sugars and concentrates sugar phosphates intra-
cellularly.

l.4.1.1 Active Transport

The analyses of molecular mechanisms involved in active
transport seek to describe substrate binding, translocation and
release, Two important questions are: (1), the nature of the solute-
specific carrier (the number and location of proteins involved), and
(2) , the mode of energy coupling. Most studies have centred upon
two specific active transport systems, the lactose (lac) permease of

E.coli and the histidine (his) permease of Salmonella typhimurium.

The overall features of active transport are probably best described
with reference to the former system. However, the his permease of

Sal.typhimurium, comprising four proteins, is referred to as a

binding-protein-dependent system (see Section 1.4.1.1.2) and differs
from the E.coli lac carrier, thch is largely thought to be a one
component system.
1.4.1.1.1 The lactose permease of E.coli

Fox and Kennedy (1965) isolated an inducible membrane
bound protein (M protein) in E.coli cells in a partially pure form;
this protein possessed similar binding kinetics to that of the
B —galactoside permease. Tlf}e M protein was then characterised as a
single polypeptide chain with a molecular weight of 30,000,
considerably hydrophobic and containing one -SH group which is
involved in the inhibition of transport hy ~SH reagents (Fox and
Kennedy, 1965; * Jones and Kennedy, 1969). The lac operon has been

extensively studied; it consists of a control region (lac I) and
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three structural genes (lac Z, lac Y and lac A), coding forpg -
galactosidase, B —galactoside permease and thiogalactoside trans-
acetylase respectively (see e.g. Miller and Reznikoff, 1978; Glass,
1982). Following the cloning of the lac Y gene (Teather et al.,
1978), the DNA sequence of the Y-gene was determined and used to
predict the lactose permease monomer to consist of 417 amino acid
residues, with a molecular weight of 46504 KBgchel et al., 1980).
SDS-Polyacrylamide gel electrophoresis under appropriate sieving
conditions indeed determined this value as approximately 46000
(Beyreuther et al., 1980). Using carrier-overproducing strains, the
active lactose carrier has been purified to near homogeneity, and

the molecular weight confirmed as 46500 (Overath and Wright, 1982).
Reconstitution of the solubilised lac permease in proteoliposomes

to a functional state has been repprted in wild and mutant strains

of E.coli (Seto-Young et al., 1984). It is apparent from kinetic
experiments on proteoliposome reconsituted with lac carrier protein
that the product of the lac Y.gene is solely responsible for B -
galactoside transport (Kaback, 1983)., Extraction of the lac permease
in the nonionic detergent dodecyl-O- P -maltoside found the protein

to exist in a monomeric state (Wright et al., 1983). Héwever, kinetic
studies and radiation inactivation analysis are consistent with the
idea that upon energisation, a major structural alteration is induced,
e.g. dimerization (Kaback, 1983). More recently, purification of

the lac permease in another nonionic detergent, dodecyl octaethylene
glycol monoether, in which the protein is more stable, and analytical
ultracentrifugation and gel filtration experiments showed that in
this detergent the lactose permease existed mainly as a dimer (Houssin

et al., 1985), Similarlyconflicting reports on the oligomeric state
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of the protein within the membrane have recently appeared (Kaback,
1986) . Characterisation of the protein by circular dichroism
measurements has disclosed a high degree of « -helicity, suggesting
this form of secondary structure (Foster et al., 1983) spanning the
inner membrane (Seckler r 1986). Monoclonal antibodies against
purified lac carrier protein have been prepared and characterised;
one of these antibodies markedly inhibits transport without altering
the ability of the carrier to bind substrate (Carrasco et al., 1982).
More specific antibodies directed against a particular number of
amino acid residues indicated that the COOH terminus is localised
on the cytoplasmic face of the membrane, and hydrophilic regions are
buried in the interior of the protein (Seckler 1986). The
in vitro biosynthesis of the lac Y gene product has been found to
be identical to the lactose permease isolated from cytoplasmic
membranes as determined by apparent molecular weight and N-terminal
amino acid sequence, and does not undergo post-tranlational modifi-
cation (Ehring et al., 1980).' Alteration of the Cys 148 residue,
essential for its sulphydryl group at or near the active site, to a
glycine residue by oligonucleotide-directed, site-specific mutagenesis
resulted in cells bearing the mutated lac Y exhibiting initial rates
of lactose transport that were about one fourth of wild-type cells
(see Kaback, 1986). Mutagenesis of other residues and resultant
effects on lac permease function were also reviewed by Kaback (1986).
Since the early studies of sugar uptake, a fundamental
question has been the source and mechanism of energy coupling for
active transport. This is now well known, following the experimental
verification of Mitchell's chemiosmatic hypothesis (Mitchell 1969,

1970). This proposal starts by recognising that an important means
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of energy storage in bacterial cells is ionic gradients across the
cytoplasmic membrane., These act as the medium for both conservation
of energy and its transmission from energy-producing to energy-
consuming membrane reactions. Ion gradients normally observed are
those of H+, Na+ and K+, although anion transport systems are also
known (Rosen, 1986). The membrane components which couple the
translocation of these ions to a chemical reaction (e.g. terminal
oxidation or ATP hydrolysis, such as the Na+-stimu1ated ATPase or
K+wATPases from S.faecalis; Rosen, 1986) or to photochemical events
(e.g. in hacteriépodopsin) are termed primary energy transducers,
or pumps (review, Lanyi, 1979), Others, which couple the trans-
location of inorganic ions or electroneutral metabolites to one
another (e.g. the proton-driven lactose carrier) are termed secondary
energy transducers. In thelatter class, three types can be defined
uniport, symport and antiport, to denote processes catalysed by
appropriate porters which result in either single translocation
across the membrane, coupled translocation in the same direction,
or coupled translocation in the opposite direction, respectively
(Lanyi, 1979). For example, Maloney et al., (1984) have described
an anion/anion antiporter system in S.lactis strain 7962‘for phosphate/
hexose 6-phosphate antiport. Subsequent work (seé Rosen, 1986)
indicated that the exchanger was energy-independent.

The energy stored as ionic gradient across the cytoplasmic
membrane amounts to the electrochemical potential difference (A;i),
which has osmotic and charge components. For protons ( Aj13+), the
term proton-motive force (A;n is substituted (e.g. review, Booth,
1980) . Indeed the "common currency of en;rgy exchange, particularly

in the bacterial cell, is not ATP, but Ap_ " (Raback, 1983).
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As the plasma membrane is impermeable to H+, a Ap (in mV) is set

up by the combined electrical potential difference ( AY ) and the

pPH gradient (ApH):

Ap = AY¥ - 2.3 RT

w bopH

where the value of 2.3 RT/F at 25°¢C is approximately 60 mV (Booth,
1980).

That the lac permease is a A p-dependent system and
more specifically a H+: solute symporter has been substantiated
experimentally. Using E.coli constitutive for lac permease, and
with an anaerobic energy depleted cell suspension, addition of
lactose caused alkalization of the medium (West, 1970). West and
Mitchell (1973) then showed that stoichiometry of the lactose
transport system is one proton per lactose. More recent observations
{(Ahmed and Booth, 1981, a, b) suggest that galactoside: H+ stoichio-
metry is variable, arising from inability of experimental data to
demonstrate thermodynamic -equilibrium between lactose accumulation
and the proton-motive force. The non-equilibrium has been ascribed,
in part, to lactose efflux without protons, also termed leakage
(Therisol et al., 1982)., However, Wright et al., (1986) have
attributed this deviation of stoichiometry to the difficulty in
performing these measurements; stoichiometries near unity have been
reported for other sugar: H+ cotransporters, including the galac-
tosidase: H' cotransport in S.lactis.

Using either whole cell or everted vesicle preparations,
artificial gradients of charge (AY¥ ), pH ( A pH) and A p can be

achieved by use of ionophores and pH shifts (the methodology has
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recently been reviewed by Kashket, 1985). These have enabled a

study of fluxes of H+ and galactosides (Flagg and Wilson 1978;

Ahmed and Booth, 1981, a, b). Reagents which abolish A p leave the
lac permease to operate in facilitated diffusion mode (overath

and Wright, 1982); reagents which reduce A p also reduce transport
(Lancaster et al., 1975). Foster et al,, (1982) used a proteoliposome
reconstitution system, with trapped lac permease, to demonstrate
lactose induced H+ flux. This represents the final confirmation of
Mitchell's chemiosmotic theory.

The binding of galactosides to the lac carrier is a
spontaneous reaction, with a stoichiometry of 1.2 - 1.3 galactoside
per carrier (Overath and Wright, 1982). It is not clear whether H+
and galactoside binding is independent of one another. One model
sees the lac permease as converting between forms with high and low
Km values (Robillard and Konings, 1982). 1In this model, changes in
the affinity of the substrate-binding site occurs by a dithiol-
disulphide interchange. Such a transition is in response to a change
in the redox state of the carrier, which can be brought about by

AY or by A pH. The A;l H+—induced changes in affinity are thought
to be sufficient to drive active transport (symport or antiport).
In evidence, it has been reported that in the absence of A p, the Km
for lactose influx increases 100-fold from 0.2 mM to 20 mM (Kaczorowski
et al., 1979; Robertson et al., 1980), Studies on the effect of

An g4+ On the dissociation constant Ky and the half-saturation
constant for active transport, KT have been reviewed by Wright et al.,
(1986) ., Lipophilic oxidising agents inhibit lactose uptake driven
by artificially generated membrane potential (Robillard and Konings,

1982). The inhibition is reversed by reducing agents. Oxidising
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agents also protect the carrier from inactivation by N-ethylmaleimide,
which is specific for -SH groups. The Km of the oxidised and

reduced carrier are the same as the Km of the non-energised and
energised carrier respectively (Robillard and Konings, 1982). These
authors suggest that these data prove dithiol-disulphide inter-
conversions play a role in determining the Km of the carrier. It

has also been noted that the cysteine residue 148 of the lactose
carrier is a critical SH group which is in some way involved in
substrate binding (Overath and Wright, 1982).

1.4.1.1.2 Binding-protein-dependent systems

These are osmotic shock-sensitive and are absent from
membrane vesicles because they require a periplasmic binding protein
which is lost during vesicle preparation (Boos, 1974; Wilson, 1978;
Ahmed, 1983; Ames, 1986), Transport involves the interaction of
membrane-bound proteins with a periplasmic binding protein. The
energy source for active transport is unknown although phosphate
compounds have been proposed (Hunt and Hong, 1982). Of these,
measurements of ATP or acetylphosphate during transport have generally
not been made, and available data suggests little correlation; a
tentative conclusion made by Ames (1986) is that the proton-motive
force plus another factor are involved (probably not ATP).

The histidine permease of Sal.typhimurium is a well

studied example of this system, Of the four proteins of the histidine

permease of S.typhimurium, one is periplasmic (protein J), and three
are membrane-bound, Q, M, and P (Higgins et al., 1982). The his
binding protein J has been purified and extensively characterised

(Kush and Ames, 1974), The two operons responsible for the his



- 42 -

permease have been isolated, cloned and sequenced (see Ahmed, 1983).

Maltose transport in E.coli is another example of binding-
protein-dependent transport (Wright et al,, 1986).

1.4.1.1.3 Anaerobiosis in active transport

Under anaerobic conditions, three different energy
yielding processes may be involved in generating the electrochemical
potential gradient. These are: a), electron transfer in so-called
anaerobic transfer systems with fumarate or nitrate as terminal
electron acceptor (e.g. Boonstra and Konings, 1977); b), hydrolysis
of intracellular ATP by the membrane-bound ATPase leads to proton
efflux, establishing both the membrane potential and A pH gradient
required (Maloney, 1982); and c), by a more recent proposal that
excretion of charged metabolic end products, in symport with protons,
generates an electrochemical gradient (Michels et al., 1979; Otto
et al., 1982). Under aerobiosis, the role of c¢) is possibly nil.
Direct evidence for the generation of a A p coupled to anaerobic
electron transfer has been obtained by studies with membrane
vesicles from E.coli, induced for nitrate respiration or the fumarate
reductase system (Michels et al., 1979).

In fermenting bacteria the A p is maintained by the H+—
ATPase from glycolytically generated ATP (Kashket, 1985). Measure-~

ments of A pH and A ¥ in batch grown C.thermoaceticum indicated that

the A pH is short-circuited by the acetic acid produced by the cell,
rather than by an external pH of 5.0 (Baronofsky et al., 1984). The

A pH of C.pasteurianum is sensitive to ionophores and ATPase

inhibitors (Booth and Morris, 1975; Riebeling et al., 1975; Kell

et al., 1981). The proton-translocating ATPase (BFoFl) of S.lactis
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has a stoichiometry of 3 H+/ATP during glycolysis, determined in

part from data of AY and A pH (Maloney, 1983). Measurements of
A p parameters have also been made in other streptococci and

clostridia; strict anaerobic assay conditions are required to

assay A p in Methanobacterium barkeri (Kashket, 1985).

1.4.,1.2 The Bacterial Phosphoenolpyruvate-Sugar Phospho-

transferase system

Kundig et al., (1964) first described a novel phospho-
transferase reaction in E.coli cell-free extracts that involved
transfer of the phosphoryl moiety of phosphoenolpyruvate (PEP) to
hexose, catalysed by two enzymes, enzyme I and enzyme II, and a
histidine-containing heat-stable protein (HPr). Subsequently,
this group recognised the sugar uptake step, with concomitant
phosphorylation, as being a phosphotransferase reaction (Kundig
et al., 1966). It is now well known that the PEP: phosphotrans-
ferase system (PEP:PTS) is widespread among prokaryotes, though

most extensively studied in E.coli, Sal.typhimurium and

K.pneumoniae (Roseman et al., 1982; Saier et al., 1985; Postma,

1986) .

Generally, only three or four enzymes are required
for the transport and phosphorylation of PTS substrates. The
overall functional interrelationship of these PTS proteins is shown
in Fig. 1.4.1.1. Two general non-specific proteins of the PTS,
enzyme I and HPr, initiate the sequence of phosphoryl transfer
reactions. The earlier designation of enzyme I and HPr as cyto-
plasmic éroteins has been questioned; Saier et al., (1982) suggest
that these enzymes may exist, in part, as‘peripheral membrane
constituents associated with the integral membrane enzyme II

complexes, However, enzyme I and HPr are not directly involved in
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the translocation of substrates through the membrane (Postma and
Lengeler, 1985). 1In the evolutionary divergent bacterium, Ancalo-

microbium adetum, both enzyme I and HPr of the PTS proteins are

membrane bound (Saier and Staley, 1977). The fructose specific PTS

in Rhodospirillum rubrum is similarly found to be membrane associated

(Saier et al., 1971). Enzyme III may be cytosolic or in the membrane
fraction, depending upon source organism; IIIGlc is of particular
importance in regulating transport of non-PTS carbohydrates (Section
1.4.2). Enzyme II is an inducible and generally sugar-specific protein
or complex of proteins (Kundig and Roseman, 1971) which reacts with

one or two phosphoryl group donors, phospho-HPr or phospho-enzyme III.
Differing affinities of enzyme II to a range of sugars mean that, for

example, glucose uptake is possible via several PTS mechanisms (e.g.

Robillard, 1982). In contrast, strains of K.pneumoniae have a plasmid-

encoded IILac

in addition to the lactose proton symport system encoded
on the chromosome (Hall et al., 1982).

1.4.1.2.1 Distribution of the PTS

In general, the PEP:PTS is limited to bacteria which
metabolise sugars via the Embden-Meyerhof-Parnas pathway (EMP)
(saier, 1977; Table 1.4.1.2.1). The rationale for this is the
yield of two molecules of PEP from hexose dissimilation by the EMP,
thereby supplying one molecule of PEP for sugar transport and
another for energy and anabolic metabolism (Saier, 1977). This
stoichiometry is not met by other catabolic pathways, the pentose
and hexose phosphoketolase pathways, or the Entner-Doudoroff
pathway, as the yield is only one moleculg of PEP per hexose
metabolised. One genus illustrates this hypothesis: homofermen-
tative species of lactobacilli possess the PTS whereas the hetero-

fermentative lactobacilli (which channel hexose via the pentose
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Table 1.4.1,2.1 Distribut@on of the PTS among prokaryotes

General PTS present PTS absent
Beneckea Rhodomicrobium
Escherichia Caulobacter
Klebsiella Hyphomicrobium
Photobacter ium Prosthecomicrobium
Salmonella Azotobacter
Serratia Thiobacillus
Bacteroides Micrococcus
Staphylococcus Mycobacterium
Streptococcus Nocardia

Bacillus Zymomonas
Clostridium Lactobacillus
Lactobacillus

Arthrobacter

Mycoplasma

Ancalomicrobium

Fructose-specific PTS present

Rhodopseudomonas

Rhodospirillum

Thiocapsa
Thiocystis
Pseudomonas

Alcaligenes

Mannitol-specific PTS present

Spirochaeta

From Saier (1977) and Romanovgg al., (1979
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phosphoketolase pathway) do not (Romano et al., 1979). However,

in the case of Bacteroides thetaitaomicron which ferments glucose

by the EMP scheme, an exception seems to exist, as this sugar is
not transported by the PTS. Whether this is an exception or a
more general phenomenon awaits clarification.

From the point of view of the human gut environment,
the genera Bacteroides, Clostridium, Streptococcus, Lactobacillus
and members of the Enterobacteriaceae are noteworthy in possessing
the PTS (specific examples are cited in Chapter 5); it offers
important advantages to organisms carrying out anaerobic glycolysis
(Roseman, 1969), First, the system provides a tight linkage between
the transport of the sugar and subsequent metabolism; second,
under conditions where energy supply is limited, the system allows
for conservation of ATP, since the product of the transport event
is a phosphorylated sugar which can enter catabolic and anabolic
pathways di;ectly.

The presence of.the PTS in strict aerobes appears ..
limited to specific sugars that are metabolised exclusively or
largely via the EMP scheme, such as the PEP:fructose PTS in

Arthrobacter pyridinolis or a number of Pseudomonas species

(Romano et al., 1979).

Recently, an inducible PEP:dihydroxyacetone PTS system
has been described in E.coli (Jin and Lin, 1984). This is the
first example of a triose, a central metabolite in glycolysis,
being translocated by the PEP:PTS.

1.4.1.2.2 Enzymology of PTS components -

The first sﬁep in the phosphotransfer reaction
sequence catalysed by the PTS is the phosphorylation of the general

protein enzyme I. Purified enzymes I from E.coli and S.typhimurium,
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molecular weights (MWs) in the range 57000 - 70000, have similar
biochemical properties, but differ significantly from S.faecalis
enzyme I (Postma and Lengeler, 1985)., The pts I gene of E.coli
K-12 has been cloned; the pts H-ptsI-crr genes are apparently
transcribed as a polycistronic operon (De Reuse et al., 1985).
Discrepancies are apparent in the reports bf the oligomeric nature
of enzyme I. Recently, Grenier et al., (1985) isolated covalently
linked enzyme I dimers and trimers using SDS-PAGE and high-
pressure liquid chromatography; each oligomer showed catalytic
activity. Inhibition by N-ethylmaleimide but not,p-chloromercuri—
phenylsulphonate suggested two distinct classes of sulphydryl
groups in enzyme I. The influence of PEP or pyruvate on the
relative amounts of the thfee species was minimal. In contrast,
Missett et al., (1980) suggested a requirement for both PEP and
Mg2+ for enzyme I dimerisation. Hoving et al., (1982) reported
that dimerisation occurred in the absence of M92+ and PEP, The
phosphoenzyme intermediate of this protein, akin to similar inter-
mediates for HPr and enzyme III, carries the phosphoryl group as
a phosphohistidine (Hengstenberg, 1977} Anderson et al., 1971;
Kalbitzer et al,, 1981). Conflicting data has been reported on the
stoichiometry of phosphoryl group to active enzyme I; Hoving et al.,
(1981) found only one subunit per dimer to be phosphorylated,
vhereas Weigel et al., (1982) reported two phosphoryl groups per
mole of enzyme I dimer.

HPr is a low molecular weight protein, 9600 for E.coli,
which is active in its monomeric form (Anderson et al., 1971). The
nucleotide sequence of pts H in E.coli has recently been reported,

the pts H promoter contains a nucleotide sequence similar to the
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consensus site for cAMP receptor protein (De Reuse et al., 1985);
HPr amino-acid sequence analyses show virtually identical patterns

for E.coli and Sal.typhimurium proteins (Powers and Roseman, 1984).

In addition to the PTS catalysed phosphorylation, an ATP-dependent
protein kinase that phosphorylates HPr to give phospho-seryl-HPr

has been described in S.faecalis, S,lactis, and S.pyogenes and in

Staph.aureus and Bacillus subtilis, but not in E.coli or Sal.

typhimurium; in S.salivarius, the product is 3-phosphohistidinyl

HPr (Waygood et al., 1986). Streptococci HPr have almost the same

MW as that from Staph.aureus (MW, 7685). The ATP-dependent phospho-

rylation of HPr may play a regulatory role in the preferential
uptake of one PTS substrate over another (Postma and Lengeler, 1985).
Preparation of (32P]-labelled HPr, starting with (BZP)—
PEP and enzyme I, resulted in incorporation of(322Jat the N~-1
position of a histidine residue (Anderson et al., 1971). A similar

assignment has been made to Staph.aureus phospho-HPr by means of

1H-n.m.r. studies measuring the pK of the phosphohistidine (Gassner
et al., 1977; Kalbitzer et al., 1981). The tertiary structure and
active site of phospho HPr in E.coli has been characterised by
using various deamiﬁated forms of HPr (Bruce et al., 1985). The
phosphate-carrier protein FPr catalyses transfer of PEP during
fructose uptake in E.coli by enzyme IIFru, but H¥pr is involved
when fructose is translocated via IIMan (Kornberg, 1986).

The phosphoryl moiety of the phospho-HPr protein is
gene;ally transferred to the membrane~bound enzyme II of the PTS
(Pig,1.4.1.1) although in certain cases transfer occurs to a third
soluble protein, enzyme III. In the Gram-positive bacteria, a

sugar

number of soluble III phosphocarrier proteins have been
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described for various sugar-specific PTSs: lactose, Staph.aureus

(Hays et al., 1973), S.mutans (Vadeboucoeur and Proulx, 1984) and
L.casei (Chassy et al., 1983); gluconate, S.faecalis (Bernsmann et
al., 1982); fructose, S.mutans (Gauthier et al., 1984); and
sylitol, L.casei (London et al., 1983). Enzyme ITI"2C from Staph.
aureus is trimeric, each subunit binding one phosphoryl group
(Deutcher et al., 1982). The molecular weight of the trimer is
35000 (Simoni et al., 1968, 1973). Two proteins are inducible by

growth of Staph.aureus on lactose: the soluble IIILac and a membrane-—

bound IIV2C,

lc | .
EnZyme IIIG is required for the transport of glucose
and its. nonmetabolisable analogues (e.g. methyl® —glucoside) in

E.coli and Sal.typhimurium (Saier and Roseman, 1972). IIIGlc from

Sal.typhimurium has been purified to homogeneity (Scholte et al.,
1981); it accepts one molecule of phosphate from PEP at His-91
(Meadow and Roseman, 1982). Peptides containing the phosphohistidine

1c
active site of phospho-IIIG from Sal.typhimurium have been isolated

by reverse-phase high performance liquid chromatography and sequenced
. £ s 1c
(Alpert et al., 1985). Different mobilities of IIIG and phospho-
1
IIIG c on SDS-PAGE were used to estimate the proportions of these

two forms in intact cells; wild-type cells contain predominantly

1 . . .
phospho-IIIG'c in the absence of PTS sugars in Sal.typhimurium

lc
(Nelson et ‘al,, 1986). 1115°° is also phosphorylated by an ATP
Gle
cataysed reaction. III is coded by the crr gene, which has been

sequenced in E.coli and Sal.typhimurium (Nelson et al., 1984). Two

forms of enzyme IIIGlc have been discerned, differing in their

Glc

electrophoretic mobility; a fluorescein derivative of IIISlow'

purified to homogeneity, appeared only 20% active in catalysing
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. ) . 1c
methyl- oA -glucoside phosphorylation via the membrane-bound II-—BG

as the native molecule (Jablonski et al., 1983). The existence of

G. . . . .
lc—related proteins in enteric bacteria has been

different III
assayed using antibody probes and by means of gels in which it is
possible to detect PEP-dependent protein phosphorylation (Postma

and Lengeler, 1985).

The cytoplasmic proteins enzyme I, HPr and enzyme III
have been isolated from the soluble fréction of broken cell extracts
with relative ease as compared to the membrane-bound enzyme II,
which requires detergent-based membrane solubilisation procedures
(Robillard, 1982). Enzyme IIGlC, which forms a complex with IIIGlc,

has been purified to homogeneity from Sal.typhimurium (Erni et al.,

1982); purification of IIMtl, part of the mannitol-PTS in E.coli,
to homogeneity, its properties and intramembrane topography have
also been reported (Jacobson et al., 1983a; 1983b). Its structural
gene is sequenced (Lee and Saier, 1983) and the native enzyme in
inverted cytoplasmic membrané vesicles is composed of two identical
subunits linked by a disulphide bridge (Roossien and Robillard,
1984). The two distinct components of the mannose-PTS, II-A and

L .
II-B in E.coli (Kundig and Roseman, 1971), the II 3¢ in Staph.aureus

(Sch;fer et al., 1981) and the,IIGlc from S.faecalis (Huedig and
Hengstenberg, 1980) have also been solubilised and characterised
to varying extents.

The phosphorylation of each PTS protein is the key
element in the function of that enzyme function. Two aspects have
been studies, (1) the site of phosphorylation (discussed above),
and (2) mechanism of phosphoryltransfer. A general mechanism for

the transfer of the phosphoryl group to and from the active site
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histidine residue in relevant PTS proteins is suggested, based on
high resolution lH—NMR data (Robillard, 1982). At physiological
pH the active site histidine is deprotonated, -

-and. can abstract the phosphoryl group from the donor while
protonation destabilises the phosphohistidine facilitating passage
of the phosphoryl group to the following enzyme intermediate. The
change in protonation state accompanies a phosphorylation induced
conformation change in the carrief.

The integral membrane enzyme II serves as the sugar
recognition component of the system, i.e. in chemotaxis (e.g. Dills
et al., 1980; Black et al., 1983). It also mediates sugar uptake:
the question has been whether enzyme II catalyses both transport
and phosphorylation, or whéther the phosphoryl group transfer
proceeds directly between phospho-HPr or phospho-enzyme III and
substrate, with enzyme II responsible for transport. Kinetic studies

on the PTS uptake of glucose or its analogues in Bacillus subtilis,

S.faecalis and E.coli have suggested a phospho-enzyme II inter-

mediate (see Begley et al., 1982; Peri et al., 1984). Direct

Glc

evidence has also been obtained for II and IIMtl phosphorylation

in E.coli and Sal.typhimurium (Waygood et al., 1984). Using

PEP chiral at phosphorous, the stereochemical transfer of the

phosphoryl group occurred five times from PEP to the product

& -methylglucose, implicating a covalent phospho-enzyme IIGlc

(Begley et al., 1982). The occurrence of a phospho-IIBGlc/IIIGlc
has been physically demonstrated in vitro during & -methylglucose

transport in Sal,typhimurium, the reaction proceeding according to

a ping-pong mechanism (Millett et al., 1983). However, a bi-bi

mechanism for phosphoryl group transfer during the uptake stage has
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been suggested in some reports, but is less favoured (see Postma

and Lengeler, 1985). Mutants lacking enzyme II, such as the IIMtl

in Enterobacter (Aerobacter) aerogenes (Tanaka and Lin, 1967), or

the general proteins of the PTS, enzyme I and HPr (Tanaka et al.,
1967) do not utilise the appropriate PTS substrate. This implies
that a PTS substrate can only be transferred by enzyme II if it

can be phosphorylated. By loading liposomes with reconstituted

E.coli IIMtl internally with sugar phosphate, it has been shown

that enzyme I1I catalyses both phosphorylation and translocation;
however, transphorylation was assayed, where (140) carbohydrateout
exchanges with carbohydrate phosphate; to produce (t4e) car bohydrate
phosphatein (Jacobson et al., 1979; Robillard, 1982). Mutated

enzymes II can catalyse limited facilitated diffusion, such as the

lc , . . . .
altered enzyme II—BG'c in pts HI deletion strain of Sal.typhimurium,

which transported glucose in the absence of PEP:sugar~PTS mediated
phosphorylation (Postma, 1981)., Facilitated diffusion in some
nonmutated enzymes II has also been noted (e.g. Postma, 1976;
Kornberg and Reardon, 1976). Another facet of enzyme II function
is the phenomenon of PTS-mediated phosphorylation of carbohydrates

. . . M
within the cell, In membrane vesicles from Sal.typhimurium, II.an

phosphorylated its substrates from both sides of the membrane, but
:[IG.lc was asymmetric (Beneski et al., 1982). A similar effect is
apparent in intact cells (Postma and Lengeler, 1985). A mutant of
S.lactis 133, deficient in both glucokinase and PEP-dependent
mannose-PTS, accumulated high intracellular glucose levels (100 mM)
during growth on lactose, suggesting that.phosphorylation of glucose
is by, (i) ATP dependent glucokinase and (ii) by (internal) PEP-

dependent mannose-PTS (Thompson and Chassy, 1985). Although phospho-

rylation required an intact IIMan, exit of the dephosphorylated
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analogue did not. In Gram-positive bacteria, expulsion of accumu-
lated phosphorylated intermediates in the cell is linked to phospho~-
rylation of the displacing substrate; the hexose 6-phosphate:
phosphohydrolase from S.lactis may be involved in this process
(Thompson and Chassy, 1985).
A model has been proposed to explain sugar binding, and

subsequent release, which explains key membrane protein function
as a redox reaction involving affinity changes mediated by dithiol-
disulphide interconversion (Robillard, 1982; Robillard and Konings,
1982). Imposition of a A;1H+ in inverted membrane vesicles where
enzyme II was rate limiting raised the Km of the enzyme by a factor
of 200 - 1000 (Robillard and Konings, 1981). Changing the redox
potential of the membrane with oxidising or reducing agents caused
a similar effect. However, Grenier et al., (1985) recently
reported that oxidising agents, to the contrary, inhibited methyl

& —glucoside phosphorylation by the PEP-sugar PTS; instead, 2
phosphotransferase systems were thought to be involved, IIGlc»with
low Km and IIMan with high Km’ both catalysing methyl &X —glucoside
translocation but with different sensitivites to SH group

oxidation.

1.4.2 Fermentation of Sugars

Although a wide range of polysaccharides and oligosaccharides
are utilised by sacdmrolytic gut bacteria (Section 1.3.4), intra-
cellular fermentation of these substrates is channeled through
monosaccharide units. 1Intracellular, or possible extracellular
hydrolysis of lactulose similarly yields hexoses or hexose phosphate

for fermentation, depending on the mode of disaccharide uptake.
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Whilst an oxidative metabolism of lactulose by bacteria may occur
in certain intestinal niches, fermentation of the disaccharide is
more likely. This discussion looks at sugar dissimilation in

selective Bacteroides and Clostridium strains and lactic acid

bacteria,

l.4.2.1 Central pathways

The fermentation of intracellular monosaccharides in
gut anaerobes is mediated by a number of pathways: the Embden-
Meyerhof~-Parnas (EMP) system, three pathways involving 6-phosphono-
gluconate (hexose monophosphate shunt, the pentose phosphoketolase
pathway or heterolactic fermentation, and the Entner -Doudoroff
pathway) and a specific pathway for glucose breakdown_in Bifid.
bifidum (Cooper, 1977; Goltschalk, 1979; Cooper, 1986). In the
6-phosphonogluconate pathway (Fig. 1.4.2.1), the ATP yield is only
one ATP per mol of glucose fermented (Prins, 1977) whereas it is
2.5 mol of ATP per mol glucose in the bifidum pathway (Goltschalk,
1979). 1In the EMP sequence, i.e. glycolysis, hexose is converted
to 2 mol each of pyruvate, ATP and reduced pyridine nucleotide
(Stanier et al., 1972). Most anaerobic bacteria, excepting hetero-
lactic acid species which use the pentose phosphoketolase route
employ the EMP pathway for hexose metabolism, (Zeikus, 1980). The
role of these central pathways.in sugar catabolism by Enterobacteriaceae
is not discussed as it is described elsewhere (Cooper, 1977; 1986).
In E.coli and Sal.typhimurium, which is not part of the normal gut
flora, 75 - 80% of the glucose metabolised passes through the EMP
pathway (Prins, 1977).

Of the clostridial species endogenous to the gut, details

of glucose fermentation by C.perfringens have been reported. The
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Fig., 1.4.2.1

Schematic representation of the three 6-phosphogluconate pathways.
I: entry to the pentose phosphate cycle; II: pentose phosphate
phosphoketolase; III: Entner-Doudoroff scheme; gpi: glucose
phosphate isomerase (from Prins, 1.977).
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shift from a predominantly acetic/butyric acid (also ethanol, H2

and CO2 produced) to a homolactic fermentation of glucose by

C.perfringens in iron-deficient medium (Pappenheimer and Shaskan,

1944) . is mediated via a metallo-aldolase (Bard and Gunsalus, 1950).
Triose phosphate isomerase (EC 5.3.1.1) and glyceraldehyde-3-
phosphate dehydrogenase (EC 2.7.2.3) activities were also detected

in the latter report. Further evidence of glycolysis was obtained
from labelling studies (Palge et al., 1956; Cynkin and Gibbs, 1958),
and assays for EMP enzymes in cell-free extracts, including lactic
acid dehydrogenase (EC 1.1.1.27) and the pyruvate clastic systems;
but not glucose 6-phosphate dehydrogenase (EC 1.1.1.49) or 6-phospho-
gluconate dehydrogenase (EC 1.1.1.43) could not be demonstrated,
suggesting the absence of the conventional hexose monophosphate shunt
(Groves and Gronlund, 1969b).

The studies on sugar fermentation by Bacteroides strains
are relatively recent. The presence of hexokinase (EC 2.7.1l.1),
glucose 6-phosphate isomerase (EC 5.3.1.9), fructose, 1,6-biphosphate
aldolase (FbP.Ald; EC 4.1.2.i3) and other glycolytic enzymes indicated

the presence of the EMP scheme in B.thetalotaomicron (Hylemon et al.,

1977). FbP-Ald activity was observed in all Bacteroides species
examined, notably in B.fragilis, a psedominant organism in the
human intestinal tract (Macy and Probst, 1979). B.fragilis also
possesses a pyrophosphate-dependant 6-phosphofructokinase to form
fructose 1,6-biphosphate without recourse to a molecule of ATP,
tﬁereby increasing ATP yield from glucose degradation. The latter
report also presented evidence from labelling studies to show that

B.fragilis ferments glucose via the EMP pathway (Macy et al., 1978).
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The proposed pathway of glucose degradation in B.fragilis is shown
in Fig. 1.4.2.2. The formation of a polyglucose hexose storage

product by B.thetaitaomicron is noteworthy (Hylemon et al., 1977)

as polysaccharide storage may be an important survival strategy
in the gut where monosaccharides fermentation is rapid (Savage,
1977).

Glucose is fermented predominantly to lactic acid by
all streptococci and a large number of lactobacilli (Wood, 1961).
Homofermentative streptococci and lactobacilli yield 2 85% lactic
acid as the predominant end-product, with no gas production, whereas
heterofermentative strains produce about 50% lactate, and considerable
amounts of C02, acetic aciq and ethanol (Buchanan and Gibbons, 1974).
Evidence reviewed by Wood (1961) from biochemical studies indicates
that the EMP pathway is the quantitatively significant mechanism

functioning in the homolactic fermentation (for L.casei, L.plantarum

and S,faecalis, each a gut isolate). In the final step, homo-
fermentative bacteria regenerate NAD+ in the conversion of pyruvate
to lactate. Heterolactic fermentation follows a hexose mono-
phosphospate pathway (Wood, 1961; Goltschalk, 1979).

1.4.2.2 Initial sequences leading to central pathways

Entrance points, ip general, for monosaccharides and
related compounds into the main metabolic systems have been reviewed
by Wood (1981).

Lactose fermentation has been studied extensively in
1actobaciili and several streptococci (see below), and is of
particular interest as a model for the fate of lactulose in gut

anaerobes.

Strains of S.mutans transport lactose via an inducible
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Pathway of glucose degradation in Bacteroides fragilis (from
Macy and Probst, 1979).
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PEP:lactose-PTS, which results in the phosphorylation of lactose

in the 6 position of the galactose moiety during translocation
(Hamilton and Lo, 1978). The phosphorylated disaccharide is
cleaved by an inducible B -D-phosphogalactoside galactohydrolase
(EC 3.2.1.85; P- B -Glase) to produce glucose and galactose
6-phosphate intracellularly (Calmes and Brown, 1979; Hamilton and
Lo, 1978). However, of the five S.mutans examined by Calmes (1978),
strain HS6 apparently transported lactose by an active transport-
type system. The other four strains exhibited PEP:lactose-PTS
transport, with a strict requirement for PEP and M92+ for transport
of ONPG and methyl- 8 -D-thiogalactopyranoside (TMG) analogues into
decryptified cells. Both intact and decryptified cells accumulated

TMG-phosphate. Another gut isolate, S.salivarius, utilises both the

lactose~PTS and lac operon enzymes, as P- B -Glase and P —galacto-
sidase (EC 3.2.1.23; B -Glase) were co-induced (Hamilton and Lo,
1978), with the latter the predominant metabolic system. Other
studies of streptococci usin§ this approach are discussed in Section
5.3.1.3. The active transport of lactose,after hydrolysis,yields
glucose and galactose, with galactose being channelled into the

EMP scheme via the Leloir pathway (Cooper, 1977): galactose —
galactose l-phosphate — glucose l-phosphate — glucose 6-phosphate
by means of uridine nucleotide intermediates. By contrast, the
metabolism of galactose 6-phosphate from cleavage of the lactose

N

6-phosphate translocated by the PTS of Staph.aureus (Hengstenberg

et al., 1970; Bissett and Anderson, 1973) or of group N streptococci
(Bissett and Anderson, 1974) to triose phosphates of the glycolytic
pathway occurs through the tagatose 6-phosphate pathway: galactose
6-phosphate —* tagatose 6-phosphate — tagatose 1,6-diphosphate —

glyceraldehyde 3-phosphate plus dihydroxyacetonephosphate, and
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involves the enzymes galactose 6-phosphate isomerase, tagatose
6-phosphate kinase, and tagatose 1,6-diphosphate aldolase.
Similarly, lactose-PTS induction in S.mutans was paralleled by
induction of the tagatose 6-phosphate pathways (Hamilton and
Lebtag, 1979), and lactose uptake in S.faecalis is also PTS-
catalyzed (H;ller and Roschenthaller, 1979).

From the foregoing, two models for lactulose (LL)

breakdown by gut bacteria are possible.

a) LL PTS (galactose phosphate + fructose]or[galactose
P- B-Glase + fructose phosphate]
—y

b) LL P —Glase galactose + fructose

Galactose metabolism needs to be assessed for tagatose 6-phosphate
or Leloir pathway involvemént, and fructose may be fed into the
central pathways by a non-specific hexokinase or specific fructo-

kinase. In C.perfringens, a non-specific hexokinase was shown to

have a lower affinity for fructose than glucose (Groves and
Gronlund, 1969b). Fructose uptake in clostridia is mediated by
the PTS, and l-phosphofructokinase (EC 2,7.1.56;PFK) has been detected
in cell-free extracts (Hugo and Goltschalk, 1974). The presence
of PFK may be indicative of the PTS uptake of lactulose.

Studies on the regulation of the PEP-dependant lactose-
PTS and P- B -Glase, mediating'lactose utilisation in L.casei, are
of particular interest here (Chassy and Thompson 1983a). Data
obtained from transport studies with whole cells and ffom in vitro
PTS assays with permeabilised cells revealed that the lactose-PTS
had a high affinity for B -galactosides (e.g. lactose, lactulose,
lactobionic acid and arabinosyl- B -D-galéctoside). Both the
1actose-§TS and P~ B -GLase were inducible on each of these B -
galactosides. This suggests lactulose uptake in L.casei to be via

a PEP:PTS mode (however, lactulose grown cells were not used in
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assaying for a lactulose-PTS). Furthermore, cells of L.casei grown
on galactose or lactulose were induced for high levels of PEP-
dependent galactose PTS activity; lactulose (5 mM) produced < 5%
inhibition of (14C] galactose uptake by this transport system
(Chassy and Thompson, 1983b).

1.4.2.3 Secondary fermentation reactions

Pyruvate is one of the major products from the
fermentation of monosaccharides and can be further metabolised by
a number of different pathways. These are generalised in Fig.
1.4.2.3.

Three closely related butyric fermentations are
recognised for clostridia. The butyric type fermentation
exemplified by C.butzricumv(a gut anaerobe) yields butyric and

acetic acids, carbon-dioxide and hydrogen (Woods, 1961). C.perfringens

in addition produces lactate and ethanol. An examination of the
fermentation balances in the literature by Wood (1961) revealed
considerable flwtuation in the type and quantity of end-products.
For example, the addition of iron to whey fermentation by

C.acetobutylicum (a species not found in the human gut) decreased

the lactate, formate, and ethanol content, and increased the amount
of hydrogen, carbon dioxide, acetone, acetoin, butyrate and acetate.

Towards the middle of glucose fermentation by C.acetobutylicum,

when the pH of the medium drops to 4.5, two new products are
formed: acetone and butanol, with a decrease in the concentration
of butyrate. This shift to neutral compounds apparently occurs

to prevent a further decrease of pH (Gottschalk, 1979). Large

are produced by several clostridia {(McKay

quantities of CO, and H

2 2
et al., 1982), a quantitation of which is necessary to fully assess

carbon recovery (Wood, 1961).
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Derivations of some major end-products of the bacterial fermentations
of sugars from pyruvic acid.
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Pyruvate occupies the branch point for secondary fer-
mentation in several clostridia, but not all, for instance, in

C.pasteurianum (not indigenous to the human gut), it is acetate

(Thauver et al., 1977). Oxidation of pyruvate to yield COZ' H2 and
acetyl CoA occurs in clostridia by the pyruvate-clastic reaction
(Prins, 1977). The pyruvate-clastic split may be a misnomer, as
the first products of the pyruvate-cleavage reactions include
acetyl CoA, and acetyl phosphate is formed subsequently in a
separate reaction but is a term still used to describe the reaction
(Prins, 1977). The pyruvate-clastic reaction of clostridia
resembles that of E.coli only in the formation of acetyl phosphate,
and not in the subsequent formate production and utilisation (Wood,

1961). An overall description of the pyruvate cleaving reaction

in C.pasteurianum has been reported (Gottschalk, 1979).

The pyruvate-clastic system in C.perfringens was assessed

by the formation of acetyl phosphate after ingubating cell-free
lysates with pyruvate and coenzyme A (Groves and Gronlund, 1969b).
Lactate dehydrogenase (LDH: EC 1.1.1.27) reported in the latter
investigation, reduces pyruvate to lactic acid, and uses NAD+/NADH
as coenzyme,

Synthesis of butyrate in anaerobes occurs by a reversal
of B —oxidatién, and formation of butyryl CoA from acetyl CoA
involves the enzymes acetoacetyl CoA thiolase, B -hydroxybutyryl
CoA dehydrogenase, crotonase and butyryl CoA dehydrogehase (Prins,
1977). In clostridia (e.g. C.butyricum) the reduced pyridine
nucleotides produced in the glyceraldehyde-3-phosphate dehydrogenase
(EC 1.2.1.9) reaction is regenerated by.cbnverting acetyl-CoA into

butyrate or other reduced compounds, such as ethanol (Hugo et al.,
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1972; Gottschalk, 1979). NAD32 is consumed by the reduction of
acetoacetyl-CoA to B -hydroxybutyrl-CoA and by butyryl-CoA

formation from crotonyl-CoA, probably with the participation of
flavoproteins (Hugo et al., 1972).

Ethanol can be produced by reduction of acetyl phosphate
by acetaldehyde dehydrogenase (EC )} and alcohol dehydrogenase
(EC 1.1.1.1 ), requiring four reducing equivalents (Stainer et al.,
1972).

In a hemin-deficient medium, and in the presence of
COZ' B.fragilis ferments glucose to predominantly fumarate and
lactate, with approximately 1 mol of fumarate formed per mol of
glucose used (Macy et al., 1975). A shift of end-products to
propionate, succinate and acetate takes place only in the presence
of hemin (2 pg/ml). It was also found that the presence of hemin
in the growth medium is necessary for the formation of reduced
NADH: fumarate oxidoreductase (EC 1.3.1.6) and a membrane-bound
cytochrome b. It was suggeéted that hemin is needed for the
synthesis of the cytochrome, which is part of a primitive electron
transport system that functions in the generation of energy during
the flow of electrons from NADH to fumarate. Thus, in the absence
of hemin, B.fragilis is forced‘to subsist on ATP generated solely
via substrate-level phosphorylation, whereas in the presence of
hemin additional energy is formed by electron transport phosphory-
lation. The presence of malate dehydrogenase (EC 1.1.1.38), fumarate
reductase, and methylmalonyl-coenzyme A mutase in cell extracts,
supported by data from labelling experiments, indicated that
propionate is formed from succinate via succinyl-methymalonyl-
and propionyl-coenzyme A (Macy et al., 1978). The pathway is unique

in that 002 is fixed into oxaloacetic acid via an ADP-dependent PEP
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carboxykinase with concomitant formation of ATP (Macy et al., 1978).
Butyrate is probably formed in a manner similar to that
found in clostridia (Macy and Probst, 1979). Formation of butyrate

is not found in the presence of vitamin B in B.splanchnicus (non-

12

gut species).

In lactic acid bacteria fermentation (review, Kandler,
1983), pyruvate reduction to lactate can occur via NAD+ dependent
and NAD+ independent lactate dehydrogenases (Garvie, 1980). The
NAD+— linked dehydrogenases (EC 1.1.1.27 and 28)'function in the
formation of lactate from pyruvate, whereas the NAD+— independent
enzymes (containing cytochrones or flavins) would appear to function
primarily in the oxidation of lactate to pyruvate (Prins, 1977).
The isomers of lactate forﬁed are used in the classification of the
lactic acid bacteria; L.casei produces mainly L(+)-lactate, and
small amounts of D(-)-lactate (Garvie, 1980). No lactobacilli
form only L(+)~-lactate. Streptocgcci, in contrast, synthesise
only L(+)-lactate, and have no D(-) -NAD-linked lactate dehydrogenase
(EC 1.1.1.28).

‘The homolactic fermentation of galactose employed by

group N streptococci (S.cremoris, S.lactis, both non-indigenous to

the gut) undergoes a phenotypic change to heterolactic metabolism
under conditions of carbon limﬁtation (Thomas et al., 1980). This
was shown to be due to reduced intracellular levels of-both the LDH
activator (fructose, 1,6-diphosphate) and pyruvate-formate lyase
inhibitors (triose phosphates). Yamada and Carlsson (1975) also
reported a fermentation transition to produce formate, acétate, and
ethanol, but no lactate by cariogenic S.mutans under conditions of

glucose-limitation, as contrasted to homolactic fermentation when
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glucose was supplied in excess. Similar LDHs have been reported

for S.faecalis and Bifid.bifidum (Prins, 1977) and in L.casei (de

Vries et al., 1970).
In the fructose 6-phosphate phosphoketolase pathway

found in Bifid.bifidum (Cooper, 1977), pyruvate was reduced to

lactate to permit the reoxidation of the reduced NAD+, and the
lactate dehydrogenase involved had a specific requirement for
fructose 1,6-diphosphate for activity. Bifidobacteria are also
lactic acid bacteria, producing the L(+)-lactate form as a major
product (Gottschalk, 1979). Energy conservation in the bifidum
pathway is 2.5 mol of ATP/mol of glucose and is somewhat greater
than the EMP yield of ATP. The phosphoclastic cleavage of pyruvate

has also been shown in Bifid.bifidum (de Vries and Stouthamer, 1968).

This type of oxidative decarboxylation of pyruvate via pyruvate-

formate lyase has also been demonstrated in S,.faecalis (Prins, 1977).

1.4.3 Regulation of carbohydrate metaboiism

A bacterial celi can derive the basic elements, S, N,
P, and C, from various sources, but some are better than others.
When confronted with a mixture of these substrates the cell is able
to choose among them, a process requiring priority regulation.
This involves regulatory mechanisms effective at two levels (i)
at the level of enzyme synthesis and/or (ii) at the level of enzyme
activity. Priority in the utilisation of carbon sources provided
one of the earliest examples of regulation in bacteria. Referred
to as the glucose effect, Monod (1947) observed the preferential
utilisation by E.coli of glucose from a mixture with lactose,
resulting in a biphasic pattern of growth termed diauxiae. Whilst

several regulatory pathways may be involved in this process, to
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date three distinct inhibitory effects are known to comprise the
glucose effect: (i) catabolite repression, (ii) transient
repression and, (iii) inducer exclusion (review, Ullman and
Danchin, 1983). These effects have only been studied to any
detail in the family Enterobacteriaceae, in particular E.coli and

Salmonella typhimurium (review, Ullman, 1985). Mediated at the

level of transcription (e.g. Pastan and Adhya, 1976) catabolite
repression denotes the permanent repression, varying in severity,

of catabolic enzymes elicited by glucose (Magasanik, 1970). Other
rapidly metabolisable substrates, such as galactose or mannitol or
even glycerol under conditions of nitrogen limitation, can produce
this effect (Magasanik, 1961), and in general,the preferred compound
serves more efficiently in causing an excess of catabolism over
anabolism, and reduces the synthesis of a catabolic enzymes by
virtue of causing a rapid and large increase in intermediate metabo-
lite levels. Catabolite repression is now recognised as a general
phenomenon, as it is involved in the regulation of some enzymes not
involved in carbon and energy metabolism (Wanner et al., 1978).
Transient repression is identical to catabolite repression, but
differs in kinetic terms (Pastan and Perlman, 1970). In contrast,
inducer exclusion is mediated at the level of enzyme activity, by
inhibition of the activity of fhe transport system by the secondary
substrate or enhancing its exit from the cell (Ullman.and Danchin, 1983)
Absence of inducer also causes inhibition of enzyme synthesis,
requiring careful observation in differentiating the glucose effects.
The importance of the various glucose effects vary, depending upon
the regulon in question. For instance, cﬁnstitutive mutants of

the galactose operon exhibit a sole inducer exclusion aspect which
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is responsible for the glucose effect, whereas similar mutants of
the maltose regulon reduce the glucose effect by a factor of 15,
representing a significant inducer exclusion phenomenon (Ullman and
Danchin, 1983). Gratuitous inducers also permit the dissociation
of the inducer exclusion effect from other regulatory glucose
effects since no specific transport system is necessary for their
uptake and internal concentration.

The precise mechanisms of the glucose effect components
are not yet fully understood. The presence of adenosine 3 ,5 —cyclic
monophosphate (cAMP) in E.coli, coupled with a correlation of low
intracellular cAMP levels with severe reduction in synthesis of
catabolic enzymes brought about by glucose suggested a possible
explanation (Makman and Sutherland, 1965). 1Indeed, exogenous CAMP
largely overcame the glucose effect on lac enzymes (Perlman and
Pastan, 1968), an observation reiterated in subsequent work: cAMP
relieved inducer exclusion and catabolite repress}on effects on the
maltose system (Debarbouille and Schwartz, 1979; Schwartz, 1976),
but not the inducer exclusion effect on the gal operon (Joseph et al.,
1981) . Since the early work, most authors have evaluated a direct
relationship between levels of cAMP and degree of repression, a
model now challenged to the extent that glucose effects are viewed as
independent of cAMP mediation Igiscussed later in this section).

Evidence of a role for cAMP in glucose repression is
implicitly linked mechanistically to the molecular role of cAMP in
transcription of catabolic operons. Genetic and in vitro studies
have clearly established that cAMP acts in complex with catabolite
activator protein (CAP), product of the'gig gene, to stimulate
an early step during transcription initiation (reviews, Glass,

1982; McClure, 1985). Details
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of cAMP-CAP action are very well characterised for the lac operon,
but less certain in the case of ara and gal operons (Botsford, 198la;
de Crombrugghe et al., 1984; Raibaud and Schwartz, 1984). However,
the involvement of the cAMP-CAP complex in the termination of
transcription has cast some doubt on the exclusive role that is
ascribed to this complex at transcription initiation. A prominent
feature of prokaryote gene expression is the phenomenon ofipolarity,
i.e. the reduced expression of promoter distal genes with respect

to the proximal genes, for example in the gal or lac operons (Kennel
and Reizman, 1977; Ullman et al., 1979). One protein at least,

the rho factor, is known to act in transcription termination, but
its action is probably only oﬁe aspect of the whole process (Zwaski
et al., 1978). Experiments performed with an E.coli mutant bearing
a thermosensitive rho factor activity indicate that cAMP relieves
polarity by interfering with transcription termination of the lac
operon (Ullman et al., 1979). .

It is clear that the cAMP-CAP complex is a prerequisite
for efficient transcription of catabolic operons. The relationship
between intracellular levels of cAMP and modulation of the glucose
effect has produced little agreement. Cellular cAMP was 20-fold
higher in E.coli cells grown on L-proline compared to gluéose
(Buettner et ‘'al., 1973) but a several fold variation in bacterial
growth rates had no effect on intracellular cAMP (Wright et al.,
1979). Good correlations between the extent of catabélite
repression and cAMP levels have been found; however, no such
reiationship was found between adenylate cyclase activity and the

degree or inhibition (Ullman and Danchin, 1983). CAP levels do not

vary under different growth conditions nor with the available

car bon source.
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Attention has also focused on how the cellular cAMP
pool size is regulated during catabolite repression. Possible
mechanisms include regulation of adenylate cyclase, cAMP phospho-
diesterase, or by a change in the rate of release of cAMP from
bacteria. A combination of all three is also a possibility.

Phosphodiesterase has been isolated in a number of

organisms, in K.pneumoniae it has a Km in the order of 0.1 to 0.5

mM, about two orders of magnitude greater than the intracellular
concentration of the nucleotide (Botsford, 1981 a, b). The
specific activity of the enzyme in E.coli is not affected by the
growth medium (Botsford, 198la), and in mutants lacking phospho-
diesterase, the cellular content of cAMP varies with the source of
carbon (Buettner et al., 1973). Consequently, cAMP phosphodiesterase
appears not to play a major role in catabolite repression.

Cyclic AMP efflux is an energy-dependant process, one
stimulated by metabolisable sugars (Botsford, 1981a). Epstein et
al., (1975) observed that the rate of cAMP excretion did not vary
with carbon source; contrary to this, Crenon and Ullman (1984)
found that in a "gzg_strain, (see p.72) cAMP efflux from pre-loaded cells
was rapid and caused a decrease in B -galactosidase synthesis.
Cellular excretion of cAMP as a regulatory device in catabolite-
sensitive operons requires further work.

In view of these findings, it seems likely that the
activity, and possibly the concentration, of adenylate cyclase
(AC) is crucial in modulating the glucose effects. Previously, it
was noted that E.coli AC cannot be released from the membrane
without a simultaneous loss of activity (Janecek et al., 1980).
However, Young and Epstein (1983) reported a near homogeneous

preparation of the E.coli enzyme, which was largely soluble. AC
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from S.salivarius is membrane bound (Khandelwal and Hamilton, 1972).

The membrane associated AC presents methodoligical difficulties in
assay, and involves cell permeabilisation treatment (Pastan and
Adhya, 1976).

Isolation of E.coli mutants deficient for AC (coded by
the cya gene) are phenotypically pleiotropic carbohydrate-negative
(Perlman and Pastan, 1969). Earlier experiments indicated that sugars
and non-metabolisable analogues, e.g. & -methylglucoside, inhibited
AC activity in whole and toluene-treated cells (Peterkofsky and
Gazdar, 1974; Harwood and Peterkofsky, 1975; Saier et al., 1976).
By inference, therefore, the transport of the sugar rather than a
metabolite produced inhibition. 1In support of this conclusion, it
was noted that glucose 6—phosphate did not mimic the inhibitory
effect of glucose in intact cells and that inhibition was not
observed in cell-free extracts, indicating a requirement for an
intact membrane (Peterkofsky, 1976). More recently, it has been
observed that in intact or permeabilised E.coli cells, inhibition
of AC activity by methyl oA -glucoside took place only in strains
expressing genes for the proteins of the PEP:PTS (Reddy et al.,
1985). This inhibition was not observed in cell-free extracts.
The range of sugars producing modulation of AC activity include
both PTS and non-PTS substrateé (Peterkofsky, 1976), more specifi-
cally the PTS for glucose and mannitol (Postma and Rosgman, 1976),
proton symport mechanisms such as for lactose (Saier, 1977:
Peterkofsky and Gazdar, 1979) and the facilitated diffusion of
glycerol (Botsford, 198la). A pre-requisite for an effect on AC
activity is that the appropriate transpon.: system is induced. The
regulatory significance of these non-PTS effects awaits further

work, although Postma and Lengeler (1985) suggest that electrochemical
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proton gradient mediated regulation of AC activity occurs in an
indirect way.

Evidence of PTS-directed regulation in catabolite
and transient repression and inducer exclusion comes from extensive
studies with PTS mutants of the Enterobacteriaceae (Ullman and
Danchin, 1983; Ullman, 1986). Tight pts H,I mutants are unable
to induce catabolic operons for non-PTS substrates, a defect
corrected by exogenous cAMP (Pastan and Perlman, 1969). A leaky
enzyme I mutation resulted in virtually a complete loss of AC
activity (Peterkofsky and Gazdar, 1975; Peterkofsky, 1976),
suggesting a direct action of enzyme I on AC activity. However,
measurements of cAMP levels in a mutant thermosensitive for enzyme
I showed no change upon inéreases in temperature (Dahl et al., 1972).
An important development came with the isolation of a suppressor

mutation in Sal.typhimurium (Saier and Feucht, 1975) and E.coli

(Kornberg and Watts, 1978; 1979) termed crr for carbohydrate repression
resistant, enabling growth of tight pts mutants on a series of non-
PTS car bohydrates. The crr gene is known to encode IIIGlc (Postma

and Lengeler, 1985). On the hasis of these and other results (see
Ullman and Danchin, 1983), a model for regulation was advanced in

which IIIG:Lc plays a crucial role (Fig. 1.4.3.1). Two reactions are
particularly important: (i) pﬁospho-IIIGlc activates AC, thereby
requlating transcription of catabolic operons by 1evels of intra-
cellular cAMP and activated CAP; (ii) nonphosphorylated IIIGlc is

an inhibitor of non;PTS permeases, and present in tight pts H,I

- +
mutants. Sholte and Postma (1980) found a pts crr double mutant

of Sal.typhimurium utilised a number of non-PTS substrates, in

agreement with this model. Nelson et al., (1984) isolated an iex

mutant of E.coli, the iex locus being an allele of the crr gene,
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Model for the regulation by the PTS. Components of the PTS
shown are the general protejns of the system, aai two specific

C .
enzymes II, for mannose (Il ) and glucose (II ) respeafévely.
Actéygtion (+) of adenylate cyclase by phosphorylated III (P~
III &lgnd inhibition (-) of two different non-PTS uptake systems
by II1 are illustrated. S, and S, represent lactose, melibiose,
maltose, or glycerol (from PoStma ang Lengeler, 1985).
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1lc . .
which cannot bind the lactose

and coding for an altered IIIG
carrier. Consequently, uptake of non-PTS in an iex strain was

resistant to PTS sugars. The introduction of a plasmid containing
a wild-type ggg% allele into the iex train restored the iex pheno-

.t s .
type to that of the iex parent, Either a pts HI deletion or a

crr::Tnl0 mutation in crp strains of Sal.typhimurium resulted in

low levels of cAMP synthesis, whereas a leaky pts I mutation

exhibited a high level of cAMP synthesis which was inhibited by PTS

Glc

car bohydrates. Thus, phospho-III rather than IIIGlc,is apparently

required for full cAMP synthesis (Den Blaauwen and Postma, 1985).
Recently, it has been shown that wild-type Sal.typhimurium cells

contain predominantly phospho-IIIGlC in the absence of sugars (Nelson

et al., 1986). However, some anomalous data on the above model has
been reported (Ullman and Danchin, 1983; Postma and Lengeler, 1985).

In addition, AC regulation now appears to be multi-
factorial and a number of cAMP-CAP effects have been reported. A
crp strain of E.coli producing more cAMP than its gggf parent
(Botsford and Drexler, 1978; Majerfeld et al., 1981) and inhibition
of cya expression by cAMP or CAP (Makoto et al., 1985) suggests that
CAP regulates cya transcription in a negative way. Different
authors, on the other hand, provide evidence suggested CAP acts on
the level of adenylate cyclase'activity (Wang et al., 198l; Guidi-
Rontani et al., 1981; Joseph et al., 1982). For example, Bankaitis
and Bassford (1982) isolated cya-lac operon and protein fusions in
E.coli, and reported that neither cAMP nor CAP were found to play a
major role in transcription or translational regulation of cya
expression in these fusion strains, suggesting cAMP-CAP regulation
of adenylate cyclase as post-translational,;i.e. at the level of

enzyme activity. Furthermore, ROy and Danchin (1982) have characterised
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the cya locus of E.coli by cloning techniques. When truncated cya
genes (with 60% of their C-terminal end detected) are present on a
multicopy plasmid in a gzgf host, the synthesis of B -Glase is
still regulated by glucose. The crp gene has also been cloned and
its nucleotide sequence determined; the transcription of the crp
gene was found to be inhibited antogenously by its gene product,
CAP and by cAaMP (Alba, 1983).

Clearly, demonstration of the precise mechanism by
which AC activity is controlled will require detailed reconstitution
studies. To this end, the solubilised AC of E.coli, purified
17,000-fold to near homogeneity (Yang and Epstein, 1983) is of
interest. To further characterise AC, E.coli plasmids carrying cya-
lac fusions were constructed (Danchin and Ullman, 1983). This data
suggested that AC probably consists of two functional domains: the
NHz-terminal carrying ATP — CAMP catalytic activity, and the COOH~-
terminal being the target of PEP:PTS mediated regqulation. Struc-
turally, the results also suggest that AC is bound to the cytoplasmic
membrane via the COOH-terminal domain.

Finally, a number of studies suggest that cAMP-CAP is
not the unique regulator of catabolite repression and other glucose
effects. Therefore, these phenomena may be mediated by several
distinct mechanisms. Differipé lines of approach have been used.
Genetic experimentation has relied on double mutations: several
mutations suppressing deletion mutations of adenylate cyclase map
in the'éég region and result ;n making CAP independent of cAMP for
activity (Dessein gg‘gl.,.1978; Takebe'g; al., 1978). 1In some of
these strains,'lég enzyme synthesis is still sensitive to catabolite
repression, Another category of mutants, ‘alt mutants affecting RNA

polymerase, and isolated as Ara* (arabinose operon) revertants from
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a cya strain synthesised reduced cAMP levels (reviewed by Guide-
Rontani et al., 1980). These mutants partially overcame cAMP
deficiency for B -galactosidase synthesis at low temperatures.

The latter authors isolated a specific class of double mutants,

rho crp, exhibiting catabolite repression, therefore possible

in strains lacking a functional CAP provided they are also deficient
in rho protein., Therefore, rho protein may itself be involved in
regulation of catabolite-sensitive operons.

Another line of evidence comes from a search by Ullman
et al., (1976) for mediators other than cAMP. Water-soluble extracts
of E.coli cells exerted an extremely strong repressive effect upon
the expression of cataboli;e sensitive operons. The compound
responsible for this activity was partially purified and proved to
be a heat stable compound of low molecular weight (termed the
catabolite modulator factor; CMF). CMF causes catabolite repression
of the lac operon in strains having a cya deletion or the mutation
in crp that suppresses the cya deletion (Botsford, 198lb).

Wanner et al., (1978) found that E.coli cells with a
wild-type lac promoter showed an 18-fold variation in lac expression
whereas cells with the lac P37 promoter exhibited several hundred-
fold variation. Exogenous cAMP could not abolish catabolite
repression, even though controls demonstrated that cAMP was entering
the cells in significant amounts. The authors concluded that
catabolite repression is a general effect, and may be cAMP-mediated
or independent or cAMP-CAP involvement.

In addition, some Gram-positive bacteria, e.g. Bacillus
megaterium, do not synthesise cAMP but still exhibit catabolite

repression (Ullman and Danchin, 1983). Although cAMP, adenylate
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cyclase and ~yclic phosphodiesterase are present in Pseudomonas
aeruginosa, cAMP does not appear to influence catabolite repression

of histidase in either Psd.aeruginose or Psd.putida (Botsford, 198la).

Cyclic AMP has not been detected in Bacteroides fragilis; addition

of dibutyryl cAMP or sodium cholate to cultures of this strain
growing on lactose did not significantly affect B -galactosidase
specific activity, although nucleotide uptake was not tested
(Hylemon and Phibbs, 1974). Nor was there a diauxic growth pattern
in medium containing glucose and lactose. 1In surveys of cAMP in
bacteria (Peterkofsky, 1974; Botsford; 198la), this nucleotide
appears virtually absent in obligate anaerobes. Spore formation

though, was enhanced by cAMP in Clostridium botulinum (Emeruwa and

Hawirko, 1975). A search for cAMP in Lactobacillus plantarum also

suggested its absence, as well as related enzymes (Peterkofsky,
1974, 1976). Diauxic growth of L.Elantarﬁm on glucose=-lactose
mixtures was observed. Studies of catabolite repression in this
bacterium indicated that glucose, but not d-—metﬂyl glucoside,
inhibited B -galactosidase synthesis. Glucose exerted its effect
through its ability to exclude galactose or lactose entry into the
cell, therefore indicating an inducer exclusion phenomenon not
catabolite repression, Cyclic nucleotides did not relieve the
inhibition.

Little is known about the occurrence of guanosine 3 ,
5 —cyclic monophosphate in prokaryotes (Peterkofsky, 1974). Its

presence in a limited number of bacterial species has been surveyed

by Botsford (198la).
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2.1 MATERIALS
2.1.1. Chemicals

Both "Analar" and "Laboratory Reagent" grade chemicals
were obtained from B.D.H. Ltd., Poole, Dorset. Crystalline lactulose
(4-0-B-D-galactopyranosyl-a-D-fructofuranose) was generously donated
by Philips-Duphar Ltd., Weesp, Holland; other car bohydrates were
obtained from either Sigma Chemical Co., Poole, Dorset, or B.D.H.
Ltd. Sugar phosphates were supplied by Sigma Chemical Co. Chromato-
graphically pure alcohols and carboxylic acids were purchased from
B.D.H. Ltd., and diethyl ether and chloroform from May and Baker Ltd.,
Eccles, Manchester. Diethyl ether was dried over sodium-lead alloy
and then redistilled prior to use. (D-glucose-1-!"C) lactose,

(u-"¢) glucose, (l-y'C)‘galactose, and n-(1-"C) hexadecane were
obtained from the Radiochemical Centre, Amersham, Bucks. 2,5-
Diphenyloxazole (PPO) was obtained from International Enzymes Ltd.,
Windsor, Berkshire.

Ingredients for culture media were purchased from Oxoid
Ltd., London, S.E.l, Difco Laboratories Ltd., East Molesey, Surrey,
and Becton, Dickinson and Co. (U.K), Wembley, Middlesex. Micro-
biological filters for sugar media (0.22um and 0.45um) were supplied
by Oxoid Ltd. Sterile outdate§ human blood was obtained from a
local hospital. Glass beads (2mm. diameter) employed in the storage
technique for anaerobes were supplied by Ellis and Farrier, Hanover
Square, London, and Merck narrow range non-leaching pH strips by
.B.D.H, Ltd. Sachets of palladium coated alumina pellets for anaerobic
incubations were purchased from Becton Diqkinson (U.X) Ltd., Cowley,
Oxford,

The gas mixture used for anaerobic cultivations, comprising

N2/H2/CO» (80:10:10, by vol.), helium (grade A), and all chromato-
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graphic gases (COz-free N2, Hy, and air, respectively) were provided
by The British Oxygen Co. Ltd., Wembley, Middlesex. A gas mixture
used for calibration (CH, 1.05%/C,Hg 0.96%/C3Hg 1.52%/n-CyH;o 0.86%,
in N2) was purchased from Phase Separations Ltd., Queensferry,
Flintshire, CH5 2LR.

The following suppliers were used for column chromato-
graphy material: DEAE-52 cellulose and DE8l-cellulose discs (2.5cm
diameter) from Whatman Ltd., Maidstone, Kent; Bio-Gel A~0.5m (100~
200 mesh) from Bio-Rad Laboratories Ltd., Watford, Hertfordshire;
and, Blue-Sepharose CL-6B from Pharmacia Fine Chemicals {G.B) Ltd.,
Hounslow, Middlesex. Schleicher and Schiill silica-gell G F1500
t.l.c. plates were obtained from Anderman and Co. Ltd., East Molesey,
Surrey. Glass columns and Diatomite C (60-80 mesh; washed with 3%
phosphoric acid to neutralise acid absorbing sites) coated with 10%
polyethylene glycol 20M for g.l.c. analyses were purchased from Phase
Separations Ltd.

All enzymes, NADH and NADPH were from Sigma Chemical Co.,
or The Boehringer Corporation (London) Ltd., Lewes, Sussex. The
CAMP assay kit (code TRK.432) was purchased from The Radiochemical
Centre, Amersham, Bucks,

2.1,2 Organisms

Strains of lactobacilli were purchased from the National
Collection of Industrial Bacteria, Torry Research Station, Aberdeen.
All other organisms were kindly provided by Dr. A. Vince, The Rayne
Institute, University College Hospital Medical School, London; Dr.
M, Hill, Bacterial Metabolism Research Laboratory, Central Public
Health Laboratories, London} and Professor I. Phillips, Department

of Microbiology, St. Thomas's Hospital Medical School, London.

Identification tests to characterise anaerobes were carried out by
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Ms. E. Taylor in the Department of Microbiology, St. Thomas's

Hospital Medical School,

2.2 GENERAL TECHNIQUES

2.2,1 Storage of organisms

Facultative anaerobes were maintained on nutrient agar
(Oxoid CM3) slopes and stored at 4°C. Lactobacilli were grown to
early stationary phase on skimmed milk, and also stored at 4°C.
All obligate anaerobes were maintained on Oxoid "€ooked Meat" base
(CM349) with peptone-yeast basal medium, described below, and kept
at -70°C after the addition of sterile glycerol to a final concen-
tration of 15% (zﬁﬂ . This complex storage medium was also found
useful for perpetuating the viability of lactobacilli stock cultures.
Maintenance procedures for anaerobes were subsequently supplemented
with a "glass-beads" storage technique described by Feltham et al.,
(1978). Howevér, of the two methods, the‘"Cooked Meat" technique
was found to be more reliable. Stocks were subcultured at 6-monthly
intervals, and the purity of strains verified by visual examination
and Gram-staining of cultures grown on appropriate nutrient or blood
agar (Oxoid CM271) plates. |

2.2.2 Media and growth conditions

The basal liquid medium used for aerobes was 1% (ﬁ?v)
peptone water (Difco Proteose Peptone No. 3) and peptone-yeast (PY)
for anaerobic investigations (Holdeman and Moore, 1972). Basal PY

medium contained, per litre:

Difco Proteose Peptone No, 3 10g
Yeast Extract (Difco, L21) . l0g
Salts solution (see below) ' 40ml
Resazurin solution (lmg/ml) Iml
Sodium thioglycollate 0.5g9

Sodium formaldehydesulphoxylate 0.3g
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The ingredients were suspended in distilled water (990ml1) and heated
with mixing until the resazurin changed hue from orange to colourless.
An aliquot (10ml) of a stock hemin-vitamin K solution (H-VK),
described below, was added, as well as L-cysteine hydrochloride
(0.5g) . The pH of the basal medium was adjusted to 7.2, dispensed
into bottles or other vessels and autoclaved (15 min at 120°% and
~103.5 k Pa) Anaerobic incubation of the sterile medium, > 24h, was
necessary to insure optimal anaerobiosis of the liquid medium,

The salts solution stock contained:

CaCl2,2H20 0.25g
MgsoOs 0.20g
K2HPO, 1.00g
NaHCO3; . 10,00g

Initially, CaClz and MgSO, were dissolved in distilled water (800ml)
and the remaining salts added gradually to insure a minimal preci-
pitate, which inevitabiy formed, The volﬁme was made up to a litre,
and the solution stored at 4°C.

For the H-VK stock, two solutions were prepared:

(1) Menadione (100mg) in 95% ethanol (20ml),
sterilized by aseptic filtration.

(2) Hemin stock solution: hemin (50mg) dissolved

in 1 N NaOH (1ml) and made up to 100 ml with

distilled water, and autoclaved.

The H-VK stock was obtained by‘mixing the sterile menadione
solution (lml) with hemin stock solution (100ml),

When necessary, lactulose or other sugars were added
to the sterile basal medium through a bacteriological filter
(0.22ﬁm pore size),

To achieve an adequately oxygén~free environment,
standard anaerobic procedures were employed. Two types of gas

replacement.anaerobic jars were used: a) domestic pressure cookers

(Megfeesa and Tefal brands, obtained locally) with a 4 - 6 litre
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capacity. Firm tubing was attached to the safety valve outlet,

and the second outlet sealed airtight; b) commercial anaerobic

jar (Gallenkemp, ANF-250-V model) with a volume of 5 litres. Each
jar was fitted with 3 sachets of palladium coated alumina pellets
which had been reactivated before use by heating to 160°c for 2h

in a hot air oven. The 1id was then secured, and the outlet vent
of the jar connected to a vacuum pump (Edwards High Vacuum, Crawley,
Surrey) with a commercial vacuum gauge (Gallenkamp; scale ~ 103.3
k Pa) and evacuated to about =93 k Pa. A rubber bladder (6 litre
anaesthesia bag) was filled with the gas mixture N,/H,/CO, (80:10:10,
by vol.) and allowed to slowly enter the evacuated jar. The bladder
with residual gas was left attached to the jar for 20 min in order
to replace trace quantitieé of oxygen which were converted to

water by the palladium catalyzed reaction with hydrogen. To test
anaerobiosis in the jar, a biological indicator, Pseudomonas
aeruginosa inoculated on Simmonds citrate agar (Oxoid, CM 155)
plates, was used as suggested by Gargan (1976). The agar contains
methylene blue, which is colourless when reduced and blue when the
citrate is oxidised. A plate for aerobic incubation was inoculated
as a control. Several studies have shown that the anaerobic
procedure described above is as effective as other, more elaborate,
techniques (Rosenblatt et gl.,'1974; Willis, 1977).

2,2,.3 Monitoring bacterial growth

The standard inoculation procedure was as follows.
Stock cultures were initially revived on either nutrient or blood
agar plates using loop inocula from nutrient agar slopes or thawed
anaerobic stock culture preparations. After a 24h incubation
(£ 02) colonies were loop tranéferred aseptically to sterile basal

medium and incubated for a further 16 - 24h. Cell cultures thereby
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adapted to the liquid medium were used as inocula (5%; %ﬁﬂ for
basal medium * sugar (s) and grown for the required test period.
The incubation temperature in all studies was 37%.

Two types of procedures were required: a) to assess
growth of a number of species after a fixed incubation period, and
b) a time-course evaluation of the growth characteristics of a
selected species,

For procedure a), inocula from overnight basal medium
cultures of different species were transferred individually to
basal medium * sugar (15ml), and incubated for 48h, The basal
medium inoculations served as controls. Inverted gas sample tubes
were included in the sugar medium to determine gas production.,

For the time—céurse experiments, a set of basal medium
+ sugar (15ml) bottles were inoculated with a selected species
grown overnight on basal medium, and the set incubated in a
anaerobic jar. At allotted time periods, a sample bottle was
removed for variou