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ABSTRACT

A multi-stage (5-vessel) chemostat was used to enrich and
iIsolate from landfill a microbial association capable of
dissimilating hexanoic acid (5 mM) under anoxic conditions. Two
possible cat:,abolic mechanisms existed : (i) that hexanoate was
mineralised completely to carbon dioxide, although this has only
been reported in sulphate-reducing bacteria (Widdel, Kohring &
Mayer, 1983); and (ii) that a syntrophic association was involved in
which the hydrogen produced, during hexanoate catabolism to acetate,
was removed by a hydrogen-oxidising species such as a methanogen or
sulphate-reducing bacterium,

The multi-stage chemostat was primarily used to facilitate
spatial separation of the component species of the microbial
association. Examination of the formation and subsequent
utilisation of metabolites, however, indicated that no such

separations were attained. Sulphate concentration increases from

led to 5 mM and from 5 mM to 10 mM did, eventually, result in a
partial shift in the metabolic activity of the methanogens from the
first vessel to the second at the finai concentration.

The results indicated that at least four groups of bacteria
were present 1in the association : a hydrogen-producing acetogen, a
hydrogen-utilising sulphate reducer, a hydrogen-oxidising homo-
acetogen and an aceticlastic methanogen. It was thus apparent that

a syntrophic association was present in which in the presence of

sulphate a sulphate-reducing bacterium was the dominant hydrogen



utiliser whereas in the absence of this electron acceptor an
association between a homo-acetogen and a methanogen dominated.
Acetate was metabolised exclusively by the methanogen both in the
presence and absence of sulphatee.

To assess the effect of a non constant dilution rate regime on
the microbial association a 3-stage chemostat was constructed in
which the volume was increased from an initial 310 ml in the first
vessel to 700 ml in the second and finally to 1600 ml in the third.
The imposed dilution rate of 0.05 h=! in the first vessel, together
with an influent sulphate concentration of 1.4 mM, resulted in the
displacement of the methanogenic population. Although maximum
sulphate reduction remained in the first vessel complete

dissimilation of hexanoic acid was only effected in the presence of

the whole association.,

To investigate the metabolic processes of the microbial
association closed culture studies were made in which it was found
that maximum rates of hexanoate degradation, by ﬁ-oxidation,
required the intervention of sulphate reduction. Since the overall
pattern of metabolism remained unchanged it was apparent that the
sulphate~reducing bacteria outcompeted both the methanogens and
acetogens for hydrogen.

The methanogenic component of the association was found to
catabolise acetate to methane via an aceticlastic reaction although

this mechanism was inhibited in the presence of hydrogen

supplementation. Thus it was apparent that hydrogen removal to



facilitate not only catabolism of hexanoate but also the subsequent
dissimilation of the metabolic intermediate, acetate, was an

essential requirement,
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1.1 Introduction

The problems caused by the increases in the total volumes of
wastes generated globally are compounded by the presence of an
expanding array of pollutants. As a consequence all waste streams
are being viewed as potentlial threats to the environment thus
necessitating the -development of innovative Haste disposal
strategiess Although novel recycling processes are developed the
disposal of solid waste to landfill is still the most common method
and is like_ly to remain so 1n many countries for the forseeable
future since 1t 1is relatively cheap, the technology and
environmental control measures are reasonably well understood, and
the re-establishment of contours and low-lying land are permitted.

Latterly, however, with increasing concern over conventional
energy supplies and their constant price increases, novel biological
sources including landfill gas have come under consideration and
site practices have changed accordingly. It is particular
unfortunate therefore that fundamental studies of the microbiology

and biochemistry of landfill catabolisms have been noticeably

lacking and as a consequence have limited progress.

1.2 The Landfill Ecosystem

The landfill ecosystem differs from many natural environments
in one major aspect, namely, that fixed carbon is presented to the
species as domestic refuse and microorganisms are confronted by

single, dual or most likely by multiple heterogeneous electron

donors and electron _accepf,oys which are often initially present in
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non-limiting concentrations. The resulting microbial interactions

depend primarily on the outcome of competition for substrates in a
mixotrophic situation which 1s usually determined by the ratio
between organic aAd 1norganié substrates (Kuenen & Robertson, 1984),
This, however, is unlikely to occur in recently emplaced refuse
since substrates are rarely, if ever, growth limiting. Thus,
although the agqueous phase of most natural anoxic ecosystems 1is
usually oligotrophic (Marshall, 1980), this is unlikely to be the
case in landfill.

As a consequence of the methods of refuse emplacement,
stratification in landfill is initially most likely to be temporal
rather than vertical. However, vertical stratification tends to
develop with time as the concentrations of exogeneous electron

acceptors become limited, although the picture (Figure 1) is usually

complicated by the presence of horizontal and temporal grad_ients
(Senior & Balba, 1985) of temperature, gas, liquid, Eh, pH and
enzyme activity, and vectoral solute flow,

Rees (1980) described landfill sites as anaerobic, solid-state,

partially-open bioreactors without temperature control. This
statement, however, oversimplifies the situation which has been
comprehensively revie;:ed by Senior & Balba (1985). Although very
little work has been done to investigate catabolic pathways within
landfill ecosystems analogies can be made with processes elucidated

in other anoxic ecosystems.,



Figure 1. Diagrammatic representation of the landfill ecosystemn.

From Senior and Balba (1985).
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1.2.1 Comparison of the landfill ecosystem with other

anoxic environments

As already discussed, very little work has been done on the
microbioclogy of landfill and hence hypothetical schemes have
previously sufficed (Senior & Balba, 1985), Organic polymer
transformations within landfill, however, most likely follow the
patterns established for other habitats such as fresh and saltwater
sediments, anaerobic digesters and the rumen.

In relatibn to landfill, sediments are often electron donor
poor environments, but, especially in marine sediments, electron
acceptor rich. Landfill, however, could be considered electron
donor rich and electron acceptor diverse with transient high

concentrations of sulphate recorded. Thus the microbial

interactions elucidated in sediments cannot simply be extrapolated

to the landfill ecosysten.
Anaerobic digesters are more like landfill than are sediments

in that they are electron donor rich, although they are relatively

homogeneous compared to landfill which can be considered to be

heterogeneous and variable.

Initially there are considerable similarities between the rumen
and the landfill ecosystem as the two have comparable temperatures
and both operate under fed-batch conditions. The major V.F.As in
the rumen produced from the fermentation of plant material, unlike
other anaerobic habitats, are absorbed through the rumen cell wall

and are then removed from the ecosystem. It is therefore apparent
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that the rumen ecosystem although resembling landfill in terms of

concentrations and variety of electron donors could not be used as a

model for the landfill methanogenic ecosystem as the major sink for

volatile fatty acids is the animal.

1.3 Landfill Catabolic Pathways

It is clear that landfill is considerably more heterogeneous
than the methanogenic habitats described‘ above, Although little work
has been done on landfill catabolic processes, analogies can be

drawn with other anoxic ecosystems.

1.3.1 Aerobic (Composting)

The processes of microbial carbon decomposition in the presence
and absence of oxygen differ dramatically, since under aerobic
conditions fixed carbon 1is characteristically completely degraded by
the intervention of single species. For example, carbohydrate and
lignin polymers are completely degraded by white-rot fungi (Kirk,
1971) Landfill is usually characterised by periods of intense
aerobic metabolic activify when the refuse has been recently
emplaced or after the ingression of water., Although these periods
are relatively short, due to depletion of oxygen, they usually lead
to increases in temperature which are analogous to composting. As a
consequence of the rapid depletion of oxygen together with the

downward flush of CO,, microaerophilic and then anoxic conditions

‘develop.
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1.3.2 Microbial metabolism under anaerobic conditions

Complete mineralisation of organic polymers under anaerobic
conditions requires the involvement of a number of metabolically
diverse groups (Zeikus, 1983b) (Figure 2). The problem facing these
bacteria is that they require some means, other than an oxygen-
linked terminal system, of reoxidising any NAD(P)H produced by
catabolism in excess of that required for anabolism. To effect this
two general mechanisms may be employed;

1) fermentation; and

2) anaerobic respiration.

Fermentation

Fermentation is the process where reducing.equivalents are
directly transferred through the coupling of the oxidation of one
substrate to the reduction of another substrate. The second
substrate is usually the end product of a catabolic pathway where
the fermentation pathway is internally balanced.

Fermentation mechanisms are found in most microorganisms

including yeasts and species of Enterobacteriaceae, Staphylococcus,

Bacillus and Clostridium. However, apart from the rumen environment

(Bryant, 1959; Hungate, 1968), little is known about the

fermentative bacteria active in other anaercbic environments. These
bacteria are generally the primary organisms involved in the
degradation of organic polymers which results in the formation of

compounds such as hydrogen, carbon dioxide, ethanol, formate,



Figure 2: Degradation of complex organic substrates such as
polysaccharides, proteins and lipids to methane by
anaerobic fermentative processes, Bracketed letters

denote mixed populations of : F, fermentative; A, aceto=-

genic; hA, homo-acetogenic; and M, methanogenic bacteria.
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acetate, propionate, butyrate, iso-butyrate, succinate, lactate,
valerate, iso-valerate, hexanoate, heptanocate and methanol.
When substrates are fermented by chemoheterotrophs with other

metabolic groups of bacteria, significant variations are noted which

are of great ecological significance (Laanbroek & Veldkamp, 1982).

Anaerobic respiration

The ability to couple an electron transport chain with terminal
acceptors other than 0> is essentially confined to bacteria. The
major electron acceptors are nitrate', nitrite, fumarate, sulphate
and bicarbonate. The actual utilisation sequence' of‘ these can be
predicted on thermodynamic grounds (Thauer et al., 1977) according
to the amount of free energy liberated from a common electron donor
as it is oxidised. The actual significance of each of the electron
acceptors varies and ultimatley depends on the availability.
Thermodynamic criteria suggest a sequence of nitrate, fumarate,
sulphate and bicarbonate as the aceptors become less oxidised and
less energy 1is available.

In this study only the latter two (sulphate and bicarbonate)
will be considered, the mechanisms of which will be reviewed in the
sections 1.3.4 (sulphate-reduction) and 1.3.5 (methanogenesis)

respectively.

1.3.3 Acetogenesis

Acetogenesis under anoxic conditions 1s generally carried out

by fermentative bacteria; with acetate alone or with other
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compounds (for example, butyrate or propionate) as the end products.

The methanogenic fermentation of low molecular mass compounds

other than direct methanogenic precursors can be achieved by the
collaboration of proton-reducing acetéte-forming chemoheterotrophs
and Hr-oxidising methanogens.

Early work with 'mono' cultures of methanogenic bacteria
indicated that they were greatly restricted in substrate specificity
(Barker, 1956). At that time the assumption was made that only the
normal fatty acids (Cy-Cg), the normal and iso-alcohols, which
contained 1 to 5 carbon atoms, and the gases H2, CO and CO, were
used as substrates. Much of this information, however, was based on
studies of Methanobacillus omelianskii (Barker, 1940; Wolin, Wolin &
Wolfe, 1963) and Methanobacterium suboxydans (Stadtman & Barker,
1951).

Subsequently, however, Methanobacillas omelianskii was found to
be a monoxenic (two-membered) rather than an axenic culture (Bryant
et al., 1967). The culture was composed of a chemoheterotrophic
non-methanogen, the 'S' organism, and a methanogen, Methanobacterium
bryantil. Ethanol was oxidised by the 'S' organism to acetate and
Ho with the latter subsequently catabolised to CHy provided that CO,

was present. H, removal by the methanogen was essential as the 'S
organism was sensitive to the H, end product and as a consequence

further metabolism of ethanol was inhibited.
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In addition to the above, ethanol has been shown to be

metabolised by Desulfovibrio desulfuricans and Desulfovibrio

vulgaris provided that either sufficient sulphate was added or that
a co-culture with Methanobacterium bryantii (MoH) was established
(Bryant et al., 1977). When a limiting concentration of sulphate
was added to the co-culture methane was reduced by an amount equal
to the reducing equlivalents required for the reduction of sulphate.
Similarly, 4if excess sulphate was added CHy was inhibited. In this
case it was clear that sulphate was the preferrgd electron acceptor
compared with CO, for interspecies Hs £ransfer.

Similar results have also been found for other low molecular
weight compounds such as pyruvate, lactate and volatile fatty acids
(Table 1).

Reddy, Bryant & Wolin (1972) showed that the 'S' organism was

able to metabolise pyruvate to ethanol, acetate, CO, and Hs

although, when co-cultured with Methanobrevibacter smithii, acetate,
CHy and CO, were the resulting end products. The increase in acetate

was equivalent to the decreased ethanol with the concentration-of
CHy formed stoichiometrically related to the quantity of reducing

equivalents diverted from ethanol formation. Thus, in the presence

of the methanogen CHy formation was the final step for electron

disposal rather than to ethanol, and consequently acetate, a more
oxidised end product, accumulated.
McInerney & Bryant (198l1) reported that lactate was completely

mineralised to CHy and CO, by a co-culture of D. desulfluricans and
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Methanosarcina barkeri, The molecule was initially converted to

acetate, CHy and COp after which the acetate was further

dissimilated to CHy and CO, by the methanogen (McInerney & Bryant,

1981). Acetate was not metabolised until Hp/CO, the preferred

methanogenic substrate, was utilised.

Volatile fatty acid metabolism was studied extensively by Smith
(1980) who demonstrated in enrichment cultures that Ho, Wwas formed
during the fermentation of both propionate and butyrate. Large
numbers of Ho-oxidising methanogens were gresent in these and the
fact that ~H2 was shown to inhibit V.F.A., metabolism was good

evidence that H» removal by the methanogens was' essential for the

degradation of the two acids.

Butyrate oxidation to acetate and CHu by a co-culture was first
reported by McInerney, Bryant & Pfennig (1981) who showed that a
methanogen or a sulphate reducer was responsible for the removal of
Hoe The primary butyrate-oxidising, acetogenic organism was
subsequently named Syntrophomonas wolfei (McInerney et al,, 1981)
and it was shown that this speclies was able to obtain energy from

the _P-oxidation of straight-chain volatile fatty acids (Cu to Cg)

and iso-heptanoate when the species was co-cultured with a Hpo-

utilising partner.

The results obtained with this co-culture confirmed the earlier
reports that proton-reducing acetogenic bacteria were in fact

responsible for the utilisatioh of low molecular weight compounds,

rather than methanogens, as previously accepted.
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The presence of the Hy remover in the co-culture makes the

overall change in free energy negative and, hence, thermodynamically
favourable:
CH3CHoCHpCO0™ + 2Ho0  mmes> 2CH3C00™ + H* + 2H,
A Gl = +48,1 kJmo1-1 (1)
4Hp + HCO3™ + HY  aceey CHy + 3HZO
AG) = -135.6 kJmol-1 (2)
2CH3CHpCH2C00™ 4+ HCO3™ + Hp0 =---> U4CH3C00= + H* 4 CHy
AGl = =39.4 kdmol-1 (3)
Other similar types of co-cultures have been reported by Boone
& Bryant (1980) who described an association which oxidised
propionate to CHy and acetate in which the acetogenic organism
Syntrophobécter wolinii metabolised propionate in the presence of a
H2-ut11:l.sing methanogen: Clostridium bryantii, which oxidised fatty
acids with up to 10 carbon atoms in syntrophiec association with Ho -
utilising orgaﬁiams, was isolated by Stieb & Schink (1985).
Sulphate;reducing bacteria which are capable of utilising

similar substrates as S wolfeil and S, wolinii have recently been

isolated by Widdel & Pfennig (1982). These bacteria have been shown

to oxidise volatile fatty acids to CO» and HyO0 with concomitant

reduction of sulphate to sulphide. It would, thus, appear that

these bacteria are dominant in sulphate-rich environments such as
marine sediments where they act as terminal oxidisers of both
organic end products and H,» However, syntrophic associations have

also been isolated which degrade carbohydrates to CHy and other end
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products (Table 1),

In all these methanogenic couplets, chemoheterotrophic bacteria
can be involved in interspecies Hp transfer although in this
instance there 1s less dependence.

Cellulose, glucose and fructose have been reported as
substrates for several fermentative chemoheterotrophlic and
methanogenic couplets (Table 1). In axenic culture Clostridium
cellobioparum was shown to ferment glucose to ethanol, formate

acetate and H,, In the presence of M. ruminantium, however, the end

products were shifted quantitatively to acetate at the expense of

ethanol and formate (Chung, 1976). H, was oxidised by the methanogen

although the species could be substituted chemically by palladium
black.
In most reported cases the fermentation pattern was shifted to

more oxidised end products in the presence of Hp-removing bacteria.

This situation, however, is in direct contrast to obligate proton

reducers which degrade volatile fatty acids and ethanol where no

shift is observed. Thus, co-existence, in this case with a Hsr-
utilising partner, 1s an essential requirement for the disposal

of excess electrons (Mah, 1982).
It is clear that both hydrogen and acetate play important roles
as intermediates in the anaerobic degradation of organic polymers

and will be further considered in the following two sections.



Table 1: Characteristics of acetogenic Hp~producing bacteria and

their syntrophic partnerships. (Adapted from Mah, 1982).
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NONE
NONE
NONE

NONE

BUTYRATE,
LACTATE

Ha

LACTATE
ACETATE
PROPIONATE

ACETATE
FORMATE
ETHANOL , H2

ACETATE
ETHANOL

Hs USING
METHANOGEN

METHANOBACTERIUM
THERMOAUTOTROPHI =
CUM

M. BRYANTII
METHANOBREVI=-
BACTER SMITHII

M. SMITHII

M. BRYANTII]

M. BRYANTII

METHANOSARCINA
BARKERI

M. SMITHII

M. RUMINANTIUM

METHANOSPIRILLUM
HUNGATE ]
M. HUNGATE]

DESULFOVIBRIO
Sp + SOu

DESULFOVIBRIO
+M. HUNGATEI

M. HUNGATEI

M. RUMINANTIUM

M. SMITHII

M. SMITRHII

M. THERMOAUTO-
TROPHICUM

MIXED CULTURE
PRODUCTS

ACETATE ()
CHq

ACETATE ())
CH,,

CORRESPONDING ACID

CH,

ACETATE (J)
CHq

ACETATE ()
CHu

ACETATE (})
CHq
CHq! C02

ACETATE (1)
PROPIONATE (V)
CHq

ACETATE (J)
PROPIONATE (J)
CHq

ACETATE. CHq

ACETATE,
PROPIONATE CHq

ACETATE HoS
ACETATE;CHq

ACETATE., CHq

ACETATE (T)
BUTYRATE ()
LACTATE (J) CHy

ACETATE (})
LACTATE (§)
PROPIONATE, CHy,

ACETATE ()
ETHANOL (J)
FORMATE (L), CHy

ACETATE ()
ETHANOL (V)
LACTATE (1), CHy,
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- Interpsecies hydrogen transfer

Interactions between non-methanogenic chemoheterotrophs and
methanogens were predicted by Hungate (1966) for the rumen

fermentation when he postulated that the electrons which were
produced from the fermentation of sugars were used to reduce COy to
CHy, h

This phenomenon, interspecies H, transfer, was first studied by

using a co-culture of Ruminococcus albus and Vibrio succinogenes

fermenting glucose (Ianotti et al.,, 1973). R. albus monocultures

were found to produce acetate, ethanol, Hy and COp« However, in co-

culture with V. succinogenes and added fumarate (which R. albus

cannot metabolise), fumarate served as the terminal electron

acceptor for V. succinogenes and as a consequence was reduced to

succinate. The end products of the fermentation also shifted

completely to acetate and CO,. V. succinogenes derived energy by H>

oxidation (and fumarate reduction), which by-passed ethanol

formation in R. albus. The end results of this led to higher cell

yields, increased substrate metabolism, elevated oxidised end

product formation and a greater energy production (Ianotti et al.,

1973;: Wolin, 1976; Thauer, Jungerman & Decker, 1977).

Fher'mentation of organic substrates by chemoheterotrophs alone
yields products which are determined by the terminal electron
acceptors which serve as electron sinks. Usually mixtures of

organic end products such as acetate, butyrate, ethanol and butanol

are produced (1.3.2)s H, and CO, are also common end products
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although in the presence of, for example, H,-oxidising methanogens
proton reduction becomes the major electron sink for the
chemoheterotrophs. JSince acetate is the major end product other
reduced products are formed either in low concentrations or not at
all (Mah, 1982). If present, these compounds may be further
dissimilated to acetate by a specialised group of bacteria iA
syntrophic association with methanogens (Zeikus, 1983b).

In the presence of Hz-utilising sp‘ecies the ultimate_ fate of
acetate varies depending on the microbial ecosystem. In ruminants,
acetate, together with other volatile fatty acids, is absorbed
throuéh the cell wall and most, ‘:I.f not ;ll, the methane is formed
from either Hp/COp or formate (Hungate et al., 1970). In marine
environments and other sulphate-rich sediments, however, sulphate-
reducing bacteria, which act as the major H, oxidisers, can compete
for acetate and oxidise it to H,S and CO,.

However, 1ln sulphate~limited environments such as fresh water
sediments, aged landfill and anaerobic digesters, acetate is the
major methanogenic precursor (Jeris & McCarty, 1965; Smith &Mah,

1966; Zinder et al., 1984).

Acetate; a key intermediate in anerobic metabolism
During the anaerobic decomposition of organic material the
production and subsequent utilisation of acetate are quantitatively

the most important metabolic process such that this molecule has

been estimated to be the major intermediate in 67% of all anaerobic
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fermentations (Pfennig & Widdel, 1982). ‘Under anoxic conditions

acetate can be produced from a varlety of sources including
carbohydrates (Schink & Zeikus, 1982), aromatic monomers (Balba,
Clarke & Evans, 1979), volatile fatty acids (McInerney et al.,
1979), alcohols (Eichler & Schink, 1984) and hydrogen/carbon dioxide
(Braun & Gottschalk, 1982) by the intervention of complex
populations of interacting bacteria.

Anoxic acetate utilisation has been reported in several groups
of bacteria including methanogens (Weimer & Zeikus, 1978), sulphate-
(Widdel & Pfennig, 198l) and sulphur- (Pfennig & Biebl, 1976)
reducing bacteria, and also in a component species of a syntrophic
association (Zinder & Koch, 1984).

In the absence of sulphate it has been estimated that
approximatéiy 70%2 of the methane in most anaerobic environments is
derived from acetate (Jeris & McCarty, 1965; Mah et al., 1977)
although in the presence of this electron acceptor it is recognised
that methylated amines and methanol are major methanogenic
precursors (Oremland & Polecin, 1982; King, 1984).

In view of the above it 1s somewhat surprising therefore that
of all the methanogens so far described only Methanosarcina sp. and

Methanothrix sp. have been found to catabolise acetate to methane

(Smith et al., 1980; Zehnder et al., 1980; Huser et al., 1982;
Fathepure, 1983; Patel, 1984).

With respect to these two species the more metabolically

diverse is Methanosarcina since in addition to acetate, H»/COj,
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methanol, carbon monoxide and methylamines can be utilised, whereas

Methanothrix can only utilise acetate,

From the above discussion, three key species; sulphate-

reducing bacteria,methanogens and homo-acetogens are the major Ho-

utilising bacteria in terminal metabolic processes.,

1.3.4 Dissimilatory-sulphate reduction

The phrase 'sulphate-reducing bacteria' is usually reserved for

the group of bacteria that conduct dissimilatory sulphate-reduction.
This process, which is analogous to respiration, uses sulphate as

the terminal electron acceptor rather than 0Oj. In this way most of

the sulphate is released from the bacteria as sulphide which,

in turn, is often hydrolysed to H>S.

Sulphate is used as an electron acceptor by a heterogeneous
group of bacteria which utilise organic acids, fatty acids and
alcohols as electron donors. Many of these organisms also possess

the enzyme hydrogenase and can hence oxidise hydrogen. Although as

a group they are morphologically diverse they can be considered as

physiologically'wnified.

Eight genera of sulphate-~reducing bacteria are currently
recognised (Table 2) which are divided into two broad groups. The
genera in Group I, Desulfovibrio, Desulfomonas and Desulfotomaculum,
utilise lactate, pyruvate, ethanol or certain fatty acids as carbon
and energy sources whilst reducing sulphate to hydrogen sulphide
whlst the bacteria in Group II, Desulfobulbus, Desulfobacter,

Desulfococcus, Desulfosarcina and Desulfonema utilise fatty acids,




Table 2: Characteristics of sulphate-reducing bacteria. Modified
from Laanbroek and Veldkamp (1982) and Brock, Smith and
Madigan (1984).

NR =« Not recorded.
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particularly acetate. Although all the sulphate-reducing bacteria

are strict anaerobes and anaerobic techniques must be used in thei;
isolation and cultivation they are not as fastidious with respect to
oxygen as methanogens,

Sulphate=reducing bacteria are found in most terrestrial and
aquatic environments but are predominant in sulphate-=rich

environments such as marine sediments where sulphate concentrations

in excess of 32 mM are common.

Physiology: The range of electron donors used by sulphate-
reducing bacteria has already been outlined in Table 2. The most
universally used are lactate and pyruvate although many Group I
bacteria also utillise malate, formate and certain alcohols. Some
strains of Desulfotomaculum grow on glucose but this is a rather

unique propertys Group I sulphate-reducers tend to incompletely

oxidise their substrates to acetate whilst Group II organisms
completely oxidise fatty acids such as lactate and succinate and

even benzoate to CO,. Also, Desulfosarcina and Desulfonema can gErow

lithotrophically with H, as the electron donor, sulphate as the

electron acceptor and CO, as the sole carbon source (Table 2).

In addition to sulphate reduction many sulphate-reducing
bacteria grow fermentatively in the absence of sulphate., The most
common fermentative substrates are pyruvate and lactate, which are

converted to acetate, CO, and Hp. As with other fermentative

bacteria metabolism can be affected (usually favourably) by the
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presence of hydrogen-removing organisms such as methanogens thus

resulting, in this case, in the production of methane (1.3.3).

However, in the presence of sulphate the free energy change is more
favourable (Thauer et al., 1977).

Biochemistry: The enzymology of sulphate reduction to sulphide
has been extensively studied (Peck & Le Gall, 1982), The first step
is the formation of adenosine phosphosulphate (APS) from ATP and
sulphate. Then, APS reductase catalyses the reduction of the
sui_l.phate moiety to sulphite. The sulphite in turn is most likely
rééuced via trithionite and thiosulphate which then probably permits
ATP synthesis, Most sulphate-reducing bacteria contain
desulfoviridin (Lee, LeGall and Peck, 1973a) or desulforubidin (Lee,
Yi, LeGall & Peck, 1973b) which are bisulphite reductases. ATP is

most likely generated by electron transport, involving the

cytoplasmic membrane as reviewed by Peck & LeGall (1982) (Figure 3).

14345 Methanogenesis
Bergey's Manual (Bryant, 1974) describes the methanogens as

"Methanobacteriaceae, strict anaerobes, in muds and sediments,

giving marsh gas which ignites as 'will-o-the-wisp', in the guts of

animals, notably ruminants, in anaerobic sewage treatment plants
where methane can be used as a fuel; most commonly utilise hydrogen
and carbon dioxide produced by other anaerobic organisms as
substrate for methane production'.

If methanogens are considered 1n a general organisational sense

they are clearly prokaryotes with representatives of a variety of



Figure 3: Scheme for eight electron reduction of sulphate ¢to
sulphide via tetrathionate and thiosulphate. (Brock,

Smith & Madigan, 1984),




S0~
|
ATP '
/!
|
Vv
APS + PP1

|

\_
2e” AMP
Ao )

/ v
/ Sulphite (SD03°") ¢-m = = — — .[
/ !
/ | :
= ATP 2e" I
Electron Ad \ -
< Trithionite (S30,°7) ISulphite
transport N | :cycle
\
phosphorylation Ny : |
2e” —— | |
| I
7 |
Thiosulphate (82032') + 8032'-1
| f
I |
\Y _ |
C J

Sulphide (HS™) + 503 =~ —




J8
sizes and shapes (and Gram reaction) typical of bacteria. They do
not have a nuclear membrane or organelles and their ribosomes are
more like bacterial examples than eukaryotic ones. However, in
relation to their 16 S rRNA homologies they are no nearer to general
bacteria than they are to eukaryotes. They represent a coherent
phylogenetic group quite distinct from other typical bacteria.
However, the methanogens as a group based on their 16 S rRNA
homologies are themselves very diverse; the remotest branches are
as different from one another as are‘the enteric bacteria and
Bacillus. These taxonomically significant differences are indicated
by the separation of the methanogens, together with halobacteria and
two thermoacidophiles, into a new primary kingdom - the
Archaebacteria (Woese, 1982).

The Archaebacteria do not have murein cell walls, the 1lipid
components of thelr membranes are unusual ether-linked

polyisoprenoid (branched chain) lipids and they possess

characteristic transfer RNAs and rRNA.

As mentioned previously methanogens are extreme, strict
anaerobes which grow on a limited range of substrates such as
H,/CO,, CO, HCOOH, CH30H, CH3000H and methylamines; they produce
methane (and in some cases 002) and can be best described as
obligate anaerobic unicarbonotrophs (Zeikus, 1983a). Analysis of
mono cultures of methanogenic bacteria has revealed the following

unique properties (Table 3):
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Table 3 : Unique Properties of Methanogens
Requirement of low redox potential.
Presence of novel coenzymes such as Co M, factors FHZO and

Fy3g» T-methylpterin, methanopterin, methanyl-

tetrahydronethanopterin, methanofuran,
16 S rRNA distantly related to other prokaryotes.
Differences in the common arm of the tRNA.

Absence of D-amino acids and muramic acids in their cell walls.

Lipid composition of phytanyl ether glycerols (acycliec, cyclic)

and squalenes.

Low genome size (approximately 30% of E. coli).
Absence of quinones, presence of cytochromes in a limited

number of cases.

Presence of methanophosphagen (cyelic 2,3-diphosphoglycerate)

as a possible phosphorus reserve material,

Metabolic products, CHy, CO,.

Presence of a novel CO5 fixation pathway.

of which will be discussed later in detail.

Taxonomically, classification of methanogens is not easy as

there is wide variation both morphologically and physiologically as

shown in Table 4. However, classification ultimately depends on

whether emphasis is placed on morphology or physiology. Bergey's

Manual of Determinative Bacteriology has favoured the morphology and

hence the methane bacteria have been placed in families and genera



Table Y4: Characteristics of methanogens. Adapted from Dubach &

Bachofen (1985).
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depending on the better-known bacterial forms such as
Methanobacterium, Methanobacillus, Methanococcus and Methanosarcina.

However, the most widely used mode of classification tends to

group the organisms based on physiology.

In 1956 Barker clustered the methanogens into a single family,

the Methanobacteriaceae, which contained three genera and seventy

species, However, according to Balch et al.(1979), the methanogens
may be divided into three orders, the Methanobacteriales,
Methanococcales and Methanomicrobiales which were further expanded

by Dubach and Bachofen (1985).

Characteristics of Methanogens: Methanogens as a group are
represented by a variety of morphological types including sarecina,

rods and cocci. One good example of this morphological diversity is

Methanococcus vanielii, a highly motile coccus with fragile walls

and large cell forms (Balech et al.,, 1979). The large variety in

morphology suggests either considerable evolutionary divergence of

individual species or convergence from different origins. One would
not, therefore, suspect a common physiology among the methanogens,
although, as already demonstrated (Table 4), the methanogens as a

group do share a number of similar attributes :

Oxygen: All the known specles are strictly anaerobic and can
only grow under low redox conditions (< =300 mV, Hungate, 1969).
Thills considerable sensitivity to oxygen is one of the reasons why

these organisms have proved difficult to 1solate in the past.
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Temperature: Most methanogens have been found to be active in

either the mesophilic range of about 329 to 37°C or in the

thermophilic range of 50 to 559C (Ward, 1978; Zinder, Cardwell,

Anguish & Koch, 1984). Of the two, it has been shown that the rate

of methanogenesis 1is favoured at the higher temperatures (McCarty,

1964).

pH: Methanogens isolated so far are most active between pH 6.4
and 7.4 (Barker, 1956; McCarty, 1964; van den Berg et al., 1976)
with values below 6 and above 8 inhibito;*y to the bacteria. However,
one exception to this is the formate-metabolising species
Methanococcus vannielil which grows best in alkaline conditions of
pH 8 to 9 (Barker, 1956; Jones & Stadtman, 1976; Balch et al.,
1979). There have been few reports on acidophilic methanogens
although methane production has been noted in peatlands at pH values

of 3.9 to 4.3 (Williams & Crawford, 1984).

-

Methane formation: Most methanogenic bacteria obtain
their energy for growth from the reduction of carbon dioxide by
hydrogen. Early in the 1900s two conflicting theories of

methanogenesis were postulated. Barker (1956), suggested that

methane was formed directly from carbon dioxide and hydrogen:

4Hy + COp ----=y CHy + 2H»0 (1)
(Barker, 1956)

which was further expanded when carbon dioxide was also shown to be
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an electron acceptor for the oxidation of reduced organic compounds

such as volatile fatty acids:

LlH?_A - o =" 4A + 8H (5)
COo + 8H ====y CHy + 2H50 (6)

with the net reaction:
4HoA + COp --=> U4A + CHy + 2H0 (7)

The second theory was based on an experiment by Buswell & Sollo
(1948) who found that 2- 14c acetate was fermented to 14c CHy + CO»
and concluded that the methyl group of acetate was directly
converted to methane whilst carbon dioxide arose from the carboxyl
group
CYHs COOH  ----» C1%Hy + CO, (8)
(Kirsch & Sykes, 1971)

Recognising the apparent anomaly, Barker (1956) proposed a schematic

unification of the two mechanisms which incorporated both the carbon
dioxide reduction and the direct substrate reduction theories
(Figure 4). Carbon dioxide was postulated to combine with an
unidentified carrier XH which formed the carboxylate derivative of
X. This was then reduced in stages to produce methane and a
regenerated XH. Acetate and* methanol also reacted with XH to give
the intermediate XCH3 with eventual methane production.

The modern concept of methane formation has altered little

since, with the reduction of COp, usually by H,, thought to occur

via several intermediatgs which are most likely different oxidation

states at the levels of formate, formaldehyde and methanol, as



Figure 4§: Unified concept for carbon dioxide reduction and direct

substrate reduction. (Barker, 1956),
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follows:

This

H, is activated by hydrogenase and used to reduce Fyop;

Reduced Fyog reduces NADP* to NADPH;

CO, is bound by F3yo (methanopterin, M.P.) to give MP-Cfég;
MP - Cfoﬁ is reduced by an unknown electron donor to MP-CZ‘%B in
the presence of a 1002 reduction factor;

The C%J group bound to MP or an unidentified carrier is

reduced to the level of -CH20H. The source of electrons 1is

probably reduced Fyoq or NADPH;

The -CH,0H group is transferred to SH-CoM to give HOCHp-S-CoM;

HOCH, - S-CoM is reduced to H3C-S-CoM probably by reduced Fypop3

and

HiC-S-CoM is reduced to HS-CoM and CHy by the methylreductase -
F430 complex with Fy,q as the probable source of electrons.

reaction sequence is summarised in FigureS5.

Since there is no possibility of substrate level

phosphorylation during growth on any of the methanogenic substrates,

ATP

synthesis most likely occurs via electron transport

phosphorylation. Under standard conditions the overall reaction

yields aAGg of =131 kJmol-!, However, concentrations of H, are

usually very low in natural environments (< 1JJM) and since these

would influence the above rection it is unlikely that more than 1

ATP would be formed per mole of CHu.

Formation of methane from acetate is still the subject of

{intense investigation although one certain fact is that tri-



Figure 5: Reaction sequence for the reduction of CO, to methane.
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deuterate acetate gives rise to tri-deuterate methane, which thus
excludes the possibility that acetate is first oxidised to two

carbon dioxides, one of which is then reduced to CHy (Blaut &
Gottschalk, 1982). It has also been found that the formation of
methane from acetate, but not carbon dioxide or methanol, was
specifically inhibited by cyanlide, an inhibitor of carbon monoxide
dehydrogenase (Eikmanns & Thauer, 1983). Figure 6 shows a proposed
mechanism of acetate-fermentation to methane and carbon dioxide with
bound carbon monoxide as an intermediate (Thauer & Morris, 1984).
Aésimilation of carbon dioxide to cell material: Methanogens
carry out two distinct reductive processes with CO0,, one of which,
as discussed above, leads to the formation of methane whilst the
other to cell carbon assimilation. Actively growing methanogens
convert approximately 5% of the available CO, to cell carbon with
the remainder used for energy generation. As yet, there is no
evidence for a Calvin cycle (Daniels & Zeikus, 1976; Zeikus et al.,
1977) a hexulose phosphate cycle (Fuchs & Stupperich, 1978) or a
serine pathway, or for the presence of key enzymes of the reductive
tricarboxylic acid cycle (Daniels & Zeikus, 1978) which is thought
to operate in the green photosynthetic bacterium, Chlorobium. Hence
it would seem that methanogens have a unique mechanism for

autotrophic carbon dioxide fixation.

Examination of 1u002—f‘1xat‘ion products in Methanobacterium

thermoautotrophicum by Fuchs & Stupperich (1980) revealed that

N

alanine and aspartate appeared as the earliest labelled products



Figure 6 Acetate metabolism to CHy and CO, with carbon monoxide as

an intermediate. CH3 denotes activated methanol; and CO-

DH, carbon monoxide dehydrogenase (Adapted from Thauer &

MOPPiS, 198u)t
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with significant concentrations of radioactivity also apparent 1in
glutamate and coenzyme M derivatives. These studies led to the
proposal of an "activated acetic acid pathway" (Figure 7). The
first identified product of this pathway was activated acetic acid

which appeared to be synthesised from two CO, molecules via bound

one carbon units in a process related to the clostridial homoacetate

fermentation (Ljungdahl & Wood, 1982).

1.3.6 Homoacetogenesis
In addition to methanogens there 1s a second group of bacteria

which are capable of growing lithotrophically on H> and CO»> although

the product of CO, reduction in this case is acetate instead of

methane. Organisms such as Acetobacterium woodii (Balch et al.,

1977) carry out homoacetate metabolism as follows :

2C0p + UHp =---=> CH3COOH + 2HZ0 (9)
A Gl = -104.6 kJmo1r~T
Acetate production from Hp + COp by monocultures was first
demonstrated by Wieringa (1940). The isolated bacteriunm,

Clostridium aceticum, however, was reported to have been lost for

many years but recently was resuscitated from an old endospore
preparation (Braun, Mayer & Gottschalk, 1981). Similar isolates
have also been described by Adamse (1980) and Ohwaki & Hungate
(1977). Other species with the capability of reducing COp toO
acetate include Acetobacterium (Balch et al., 1977; Braun &

Gottschalk, 1982), Acetogenium (Leigh, Mayer & Wolfe, 1981),



Figure 7: Proposed pathway of autotrophic cell carbon fixation from

CO» in wgm thermoautotroghicum (Fuchs &

Stupperich, 1982).
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Eubacterium (Sharak-Genther, Davis & Bryant, 1981), Clostridium

(Wiegl, Braun & Gottschalk, 1981), and Acetoanaerobium (Sleat, Mah &

Robinson, 1985), including a thermophilic species (Leigh et al

1981; Wiegel et al., 1981).

Table 5 compares the physiological characteristics of several
homoacetogens.'

Although the contribution of homoacetogens to the anoxic
cycling of carbon has yet to be elucidated it was found by Jones &
Simon, 1985 that homoacetogens accounted for a considerable amount
of the available H, even though the free energy available from this
reaction is less than the reduction of C02 to CHy by methanogens
(Thauer et al., 1977).

Unlike methanogens, homoacetogens have the capacity to grow
heterotrophically on sugars (Braun & Gottschalk, 1981) with acetate
characteristically the sole end product. Biochemical studies have
revealed that homo-acetogens do not possess the unique set of
coenzymes found in methanogens and it would appear that they
resemble typical fermentative anaerobes much more than they do
me;:hanogens. Formation of acetate from CO, has been extensively

studied and has resulted in the proposed model shown in Figure 8

(Kerby, Niemczura & Zeikus, 1983).

1.4 Interspecies Interactions
Microbial associations are known to be ubiquitous in nature
although very few assoclations have been fully characterised.

Microbial associations were comprehensively reviewed by Meers (1973)



Table 5: Characteristiecs of homoacetogenic bacteria. From Sleat,

Robinson & Mah (1985).



CHARACTERISTIC C. ACETICUM

DSM 1496
CELL MORPHOLOGY RODS
CELL WIDTH (Jm) 0.8 - 1.0
CELL LENGTH g.m) 5
GRAM REACTION -
MOTILITY +
FLAGELLA PETRICHOUS
SPORE FORMATION +
PH OPTIMUM 8.5
TEMP OPTIMUM (°C) 30
SUBSTRATES FERMENTED
FRUCTOSE +
GLUCOSE -
MALTOSE -
PYRUVATE +
YEAST EXTRACT REQUIRED
FOR Ho OXIDATION +
GUANINE-PLUS=CYTOSINE
CONTENT (MOL %) 33

ACETOBACTERIUM

WOOD1 1
ATCC 29683

OVAL RODS
1

2
+
+

SUBTERMINAL

NRE

30

39

ACETOBACTERIUM

WE IRINGAE
DSM 1911

OVAL RODS
1
1 -2
+

+

SUBTERMINAL

/7.2 -7.8
30

43

ACETOGENIUM
KIvUI
ATCC 33488

RODS
0.7 - 0.8

2 -7.5
A

NONE

6.4
6b

38

ACETOANAEROBIUM
NOTERAE

ATCC 35199

RODS
0.8

1 -5
A

+

PERITRICHOUS

/.6
37

37

A TRANSMISSION ELECTRON MICROGRAPHS SHOW GRAM-POSITIVE CELL WALL STRUCTURE OF ACETOGENIUM KIVUI
BUT AN ATYPICAL DOUBLE-LAYERED WALL OF STRAIN NOT-3

B NR, NOT REPORTED.




Figure 8: Single-carbon catabolism flow model proposed for

acetogenic bacteria which synthesise either acetate or

butyrate from single carbon compounds (Kerby, Niemczura &

Zeikus, 1983).



J |
| |
I| | IT
| TP |
| |
HCCOH — ~ =— | : CO
|
. “>ADP + Pi :
4 |
III ,
\
HCOOH CO
¢u |
!
| .
| |
| |
| |
| I
W |
|
CH30H ----> CH3OR |
A —— e ———— e — — — — |
|
|
ATP  ADP+Pi | [CH3CO-CoA] 2CoA
N/
CH3COOH€--—---¥--/- ------ CH3CO-CoA-----7--------..-......-.;. CH3CHZCH2C°°H
-

4[H]ADP+Pi ATP

At O Lokl T




62

who described the growth of bacteria in mixed cultures as one of six
types of interactions: competition, amensalism, predation,
parasitism, commensalism and mutualism. However, an approach which

is probably more relevant to the present study would be to consider

microbial interactions on a bilochemical basis : nutritional
interactions, bioenergetic requirements or differences or changes in
the metabolic capabilities of the interacting microbial population

(Bull & Slater, 1982) an approach which was further refined to

cqonsider seven classes of microbial association :

1. Structure due to the provision of specific nutrients between

different members of the community:
2. Structure due to the removal of metabolic products which may be

inhibitory to the producing member of the community, including
Ho-transfer associations;

3. Structure and stability due to interactions which may result in

the modification of individual population growth parameters
resulting in a more competitive and/or efficient community;
4, Structure due to the effect of a concerted combined metabolic

capability, not expressed by the individual populations acting

alone;

5 Structure due to a co-metabolic stage:

6. Structure due to the transfer of hydrogen ions; and

7. Structure due to the presence of more than one primary
'shbstrate utiliser.'

In this study two major interactions were envisaged:
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1. syntrophic interaction between Ho-producing acetogens and Ho-

utilising organisms; and

2., competition for common substrates between sulphate-reducing
bacteria and methanogens.
The former was reviewed in the sections on acetogenesis and

interspecies hydrogen transfer (1.3.3).

1.4.1 Interaction between sulphate-reducing bacteria and

methanogens

Terminal mineralisation of organic polymers may proceed in two
directions depending on the environmental conditions which are
competitive but not exclusive. In environments with sufficient
sulphate it is the sulphate~reducing bacteria that function
predominantly as terminal oxidisers (Laanbroek & Veldkamp, 1982)
whereas in sulphate-limited environments it is the methanogens,
together with hydrogen producing acetogenic bacteria, which carry
out terminal oxidation. In other words sulphate-reduction is more
common in marine ecosystems and meth;nogenesis in freshwater and
terrestrial environments. The reason why sulphate-r-educirig bacteria

outcompete methanogens for common substrates in sulphate sufficient

environments is that the former have higher affinities for acetate

and hydrogen. When H2 concentrations drop below between 5 and 10

uM, as they often do in sulphate-rich environments, methanogens are

no longer able to grow since their H,-uptake systems are unable to

function at such low concentrations. Sulphate-reducing bacteria, on
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the other hand, can grow at these low partial pressures of H,,

effectively 'inhibiting' Ho-mediated methanogenesis. A possible

explanation for this inhlibition is that the affinity of sulphate-
reducing bacteria for H, (and acetate) is more than 10 times that of
methanogens (Pfennig, 1984).

Thus, although very little work has been done on interacting
microbial associations isolated from landfill, postulated

interactions can be derived (Senior & Balba, 1985) (Figure 9).

—___-“_—-——__———-—___

Most natural ecosystems contain a considerablé amount, both in
terms of numbers and metabolic types, of microorganisms and, hence,
i1f one is to study a particular process, it is often necessary
to change the environment such that the specific microbial
association, or individual species, is increased at the expense of
others. This process, enrichment, 1is highly selective and ideally
all but the selected for association will be competitively displaced
under the conditions imposed by the enrichment conditions.

A wide number of enrichment methods have been reviewed by,
amongst others: Hutner (1962), who considered nutrition; Stanier
(1953),methods; Veldkamp (1977), history and chemostat; Pochon and
Tardieux (1967), methods for soil bacteria; Parkes (1982),
laboratory systems; and Parkes & Senior (in press), multi-stage

chemostats.

As one would expect the majority of examples from the above

reviews have dealt largely with enrichment of aerobic species



Figure 9: Interactions in anoxic environments.
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whilst, until latterly (Parkes & Senior, in press), anaerobes have
been essentially neglected. For the purpose of this discussion only
examples of the latter will be considered.

Enrichment cultures can be initiated in two ways : closed and
open. In closed culture enrichments a fixed amount of enriching
material is added at the initiation of the experiment whereas in
open culture enrichments fresh quantities are added continuously.
All enrichments, however, have the following points in common
(Veldkamp, 1970):

1. The water content of the medium should be higl'i enough to allow
proliferation of the selected organism(s):

Qe Media should contain the elements and energy source required by
the organism(s) in order to grow and these should be present in

a form available to the organism(s); and

3. The organism(s) to be enriched should be present in the

inoculun.

The type of closed enrichment used most commonly is the batch
flask liquid culture in which the inoculum is taken from an anoxic

ecosystem such as an anaerobic digester, sediment or landfill. 1In

this type of system a number of environmental conditions can be
specified such as medium composition, pH, Eh, temperature and light.
Closed culture enrichments have been used successfully to enrich,
for example, populations and single species of nitrate and sulphate
reducers and methanogens. For example, Otto et al. (1980) used

glass-stoppered bottles, which were completely filled with medium



which contained lactate and nitrate, to enrich for the nitrate-
reducing bacterium Pseudomonas stutzeri from the sludge of a potato
starch mill. Widdel & Pfennig (1977) similarly used closed cultures
to enrich acetate-catabolising sulphate reducers such as

Desulfotomaculum acetoxidans from both fresh water and marine

sediments. Samples from these two types of environment together
with sewage sludge were used to enrich for sulphate-=reducing
bacteria that could metabolise vanillate, syringate and 3,4,5=-
trimethyleinamate (Bache & Pennig, 198l1). Finally, the anoxic serum
bottle was used by Shlomi,Lankhorst & Prins (1978) to enrich from
anoxic muds a methanogenic association which degraded benzoate.

Two varlations of the closed culture enrichment are the
Winogradsky soil column and the batch culture with gas collection of
Balba (1978). The Winogradsky (1949) soil column mimics the habitat
formed by anaerobic muds covered by water. The soil is amended at
the beginning of the experiment by the addition of a fixed quantity
of the enriching substrate and the column left to stabilise over a
period of time. The system developed by Balba (1978) was first used
to enrich for benzoate-degrading species under anoxic conditions.
This system has the advantage of maintaining a high gas head space :
liquid ratio thus negating any possible feedback inhibition by
gaseous products (Hanson & Molin, 1981). This method has been

further used successfully to enrich from anoxic freshwater sediments

microbial associations which degraded veratric and syringic acids to

methane (K.K. Abdul-Halim, unpublished observations). A

68
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characteristic of closed culture enrichments is that nutrients
become exhausted and metabolic products accumulate. Thus,
competitive selection of microorganisms is based solely on their
maximum specific growth rate (up,y) Which could be considered
analogous to the initial stages of anoxic landfill catabolism.

Open culture systems operate under a totally different set of
conditions as fresh nutrients are continuously supplied and
metabolic products continuously removed. Two types of open culture
enrichment systems have been recognised by Schlegel & Jannasch
(1967), the homo- and hetero-:continuous culture. The two types of
homo=continuous culture are the turbldostat and chemostat of which
the latter has been the more commonly used in enrichment studies.
According to Parkes (1982) chemostat enrichment cultures have the

following advantages :
1. The conditions throughout can be constant and as a consequence

the enrichment is reproducible;
2 The dilution rate of the system determines the specific growth
rate of the enrichment organism(s):

3. The displacement of metabolites and cells prevents the

accumulation of potentially inhibiting products, which,
together with the ability to use low concentrations of

inhibitory substrates make continuous culture ideal in the
enrichment of organisms capable of degrading toxic compounds;
4. Because chemostats can provide stable conditions these systems

are ideal for enrichment of 'natural! microbial associations
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which are ubiquitous in the environment;

5. The long term effects of potentially toxic compounds can be
investigated in continuous culture, for example, the
degradation of pesticides, recalcitrant molecules, oils and
metals; and

6. Steady states develop when the microorganism's growth rate
equals the dilution rate and the biomass and environmental
parameters remain constant.

Chemo;}ats have, only been used to a limited extent in anaerobic
environment studies (1.6) although the mechanisms of .enrichment
together with the possible effects of enrichment conditions have
been fully discussed by Parkes (1982).

Following enrichment and isolation of a microbial association,

isolation of the component monocultures may be accomplished by the
use of non-selective and selective media, and on the basis of
morphology and growth by use of methods such as the roll tube,
Hungate technique (1969), gas jars and anaerobic chambers. There
are many examples in the literature of the isolation of monocultures
by the above techniques, for example, sulphate-reducing bacteria
(Widdel & Pfennig, 1977, 1981; Badziong, Thauer & Zeikus, 1978;
Mountfort & Bryant, 1982), methanogens (Edwards & McBride, 1975;
Huser, Wuhrmann & Zehnder, 1982; Sowers & Ferry, 1983) and

homoacetogens (Wiegel, Braun & Gottschalk, 1981; Sleat, Robinson &

Mah, 1985).
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1.6 Methods of Study

Complex microbial interactions of the type typified by terminal
anerobic processes present many problems to the investigator.
However, 1t 1s generally accepted that the most satisfactory method
of investigating 'natural' microbial processes is to use a chemostat
(Pfennig, 1984). The major advantage of this approach is the
accurate simulation of substrate limitation and slow growth rate
(Jannasch, 1967), although in, for examble, landfill, substrate is
usually present in excess (Senior & Balba, 1983). Although
chemostats are ildeal for studying submaximal growth rates, the major
limitation is that continuous culture enforces growth under constant
environmental conditions in a steady state. The physiological
characteristics of the microbial population in a single stage
chemostat are, therefore, not dependent on preceding states but on
the dilution rate and as a consequence the system becomes
homogeneous. Jlngle-state chemostats have been used by several
investigators to study microbial interactions in anaerobic processes
(Hanson & Molin, 1981; Keith, Herbert & Harfoot, 1982; Traore et
_é_l_., 1983:a; Boone, 1984).

Heterogeneity, however, is essential for realistic modelling of
anoxic microbial interactions as most anoxic ecosystems are
spatially organised (Figure 2) with the environment and substrate
availability determining the stratification. Thus, an ideal
cultivation system should, even under continuous conditions, pass

through stages of development which will influence 1its final state.
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The very nature of anaerobic degradation, of sequential
metabolism by different bacterial groups (Zeikus, 1983b), thus
excludes the use of single-stage chemostats, which are homogeneous
and rely on steady-state kinetics. 1In addition chemostats have only
limited value when studyipg mutually exclusive niches, such as
nitrate reduction and methanogenesis, or niches with limited overlap
such as sulphate-reduction and methanogenesis.

Temporal heterogenelty can be modelled with a batch culture,
where growth 1s dependent on the result of sequential
physiological states which change with time, with each physiological
state dependent on the previous one. Unfortunately, since closed
cultures are characterised by conditions of excess substrate then
their applicability to studies of anoxic microbial interactions are
somewhat limited. Despite these considerations, batch culture still
appears to be the most widely used technique to study anaerobic
degradation (McInerney & Bryant, 1981; Fiebig & Gottschalk, 1983;
Eichler & Schink, 1984). However, as already noted, most landfills

are characterised by excess substrate and hence this method could be

used to monitor microbial processes.

In addition to batch cultures, temporal distribution may be
simulated by spatial distribution in an ideal, plug flow reactor
(Ricica, 1968) where the culture is variable in space but constant
in time. Settlement of cells, however, together with longitudinal
and radial irregular movement caused by gas bubbles and flow

instabilities cause a plug flow reactor to become an imperfectly-
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mixed reactor, the contents of which are variable both in time and
space.

An example of this type of reactor is the multi-stage chemostat
which was used by Thompson et al. (1983) to examine carbon flow in
marine sediments. Five vessels, each of 800 ml capacity, were
connected in series and influent medium was introduced into the
first vessel of the array to give a dilution rate of 0.009 h=1 which
was equivalent to an overal dilution rate of 0.0018 h=1. Glucose
(10 mM) and benzoate (10 mM) were individually used as limiting
carbon and energy sources. With both substrates, spatial separation
of individual groups resulted with sulphate reduction preceding
methanogenesis.,

The same approach was used by Parkes & Taylor (1983a) to
isolate bacterial associations of different respiratory types
(aerobic, facultative aerobic and facultative anaerobic) from marine
sediments. Basic mineral salts medium supplemented with glucose (1
g1'1), cellulose (0.1 gl=1) and sulphate (6mM) was introduced into
the first vessel of a multi-stage array which consisted of four

linked stirred chemostats. The dilution rate was set at 0.008 h""1 in

the first vessel and was subsequently decreased to 0.006 h=! in the
remaining three vessels. Comparison of the analysis of the fatty
acid distribution of the system with that of the sediment
distribution showed good correlation and thus it would appear that
this method facilitated 'realistic!' modelling of marine sediments.

There i1s now increasing use of nmulti-stage chemostats to study
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anoxic metabolism and the characteristics and applicability of these

systéms have been fully revivewed by Parkes & Senior (in press).
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2. MATERIALS AND METHODS
2.1 Source of inoculum
Partially-decomposed domestic refuse was used in a closed
culture enrichment to isolate an interacting microbial association
capable of catabolising hexanoate. The culture was then used to

inoculate a S5-stage chemostat (Senior & Balba, 1984) the first
vessel of which was subjected to a dilution rate of 0.025 h=1 for 1

year prior to initiatlion of this study.

2.2 Crowth medium and culture conditions

Two basic mineral salts media were used:

2.2+ 1 Basic mineral salts medium (A)

Contained the following (g 1=1 glass-distilled H,0): KoHPOy,
1.5; Na Hy;POy.2H0, 0.85; NHyCl, 0.9; MgCl,.6 Hy0, 0.2; NaHCO3, 0.5;
NayC03», 0.2; trace elements, 1.0 ml; ¢trace minerals, 1.0 ml;
nickel solution (1 mmol 1'1), 1.0 ml; vitamins, 1.0 ml; resazurin
(0.01% w/v), 1.0 ml.

The trace elements contained (mg 1-1): FeCl,.4H>0, 1500; NaCl,
9000; MnClo.4H50, 197 ; CaCly, 900; CoCl,.6Ho0, 238; CuCls.2HS0, 17;
ZnS0y, 287; AlCl3, 50; H3BO3, 62; NiClp.6H20, 24,

The trace minerals contained (mg 1-1): NaMoOy.2H20, 48.4;
NaSe0O3.xHy0 (31% Se), 2.55; NagWOy.2H0, 3.3.

The vitamins contained (mg 1-1): biotin, 10; p-amino benzoic
acid, 19; x-lipoic acid, 20; folic acid, 10; pyridoxine HCl, 20;

thiamine HCl, 20; riboflavin, 30; nicotinic acid, 50; D (+) (Ca-
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pantothenate, 30; cyanocobalamine, 20.

For use in batch cultures the medium was prepared in three

parts. Firstly, a solution which contained the basic mineral salts
minus NaHCO3, NayCO3; vitamins and trace elements was diluted to 900

mls with distilled H,0. This was distributed into bottles or flasks

and was sterilised by autoclaving at 15 1lb psi (121°C) for 20
minutes. After cooling, appropriate volumes of a filter sterilised
(2.2.4) 100 ml solution, which contained fhe remainder of the medium
with the pH poised at 7.0, were added aseptically to the bottles to
give a final ratio of 1:9.

Finally, filter sterilised (2.2.4) sulphide solution
(Na»S.9H50, 12 g 100 m1=1) was added to give a final concentration
of 18 mg 1-1. The bottles were then overgassed with oxygen-free

nitrogen (0.F.N., British Oxygen Company) after removal of residual

02 with an oxygen trap (Phase Separations Limited) to give an Eh of

less than =30 to =40 mV.

The bottles were maintained at 30°C overnight prior to addition

of the carbon source and inoculum.

10 1litre volumes of medium were prepared for chemostats in two
stages. Firstly, the correct welight of reagents was diluted to 900
ml with glass-distilled H5,0. Sodium sulphate (various
concentrations) and hexanoic acid (6.3 ml) were then added with the

latter solubilised in the medium by conversion to sodium hexanoate.

The resulting solution was diluted to 10 litres with glass-distilled

H,0 and filter sterilised into a sterile 1l0-litre aspirator by
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passage through a Sartorius Membrane Filter (0.2J1m, SM 11307) in

this case under an atmosphere of 0.F.N.

20242 Basic mineral salts medium (B)

This medium was adapted from Kaiser and Hanselmann (1982) and
contained the following (g 1= glass-distilled Ho0) : KHpPOy, 0.2;
NHyC1, 0.25; NaCl, 1.0; MgCl,.6H>0, 0.4; KC1l, 0.5; CaClp.2H20, 0.15;
HCl (1.0N), 5.0 ml. The following additions were made to the
autoclaved (15 1b psi, 121°9C, 20 minutes), cooled medium from
sterile stock solutions. (litre=1): acidic trace elements, 1.0 ml;
NiCl,.6H50 (1 mmol 1-1), 1.0 ml; NaHCO3 (1 mol l""1), 20 ml; basic
trace elements, 1.0 ml; vitamins, 1.0 ml; resazurin (5 mmol 1"1),

1.0 ml., The acidic trace elements were dissolved in 50 mM HCl and

contained the following (mg 1'1): FeCl,.U4H50, 1491; H3BO3. 61.8;
ZnCl,, 68.1; A1Cl3, 50; MnCl,.4H50, 90; CuCly.2H50, 17; CoClo.6H2O,
238; NiCl,.6H,0, 23.8. The basic trace elements were of the same
composition as th;ase described above (2.2.1) but in this case were
dissolved in 100 mM NaOH. The vitamin solution was the same as be-
fore (2.2.1). Finally the Na5S5.9H,0 solution (100 mM), 2.5 ml 1'1,
C-source, sodium dithionite (52.5 mg 1-1) and the inoculum were
aseptically mixed under a constant stream of O.F.N.

The procedure used to prepare agar-solidified basic mineral
salts medium A and B was as follows. The media were prepared in

double=strength aliquo‘ts and filter sterilised (2.2.4). Similarly,

the agar, l1.2% w/v (Agar Technical, Agar No. 3, Oxoid) was also

constituted double strength and sterilised by autoclaving (15 1b



78

psi, 1219C, 20 minutes). After the agar had cooled to approximately
50°C the two solutions were aseptically mixed and the plates
immedliately poured.

The plates were then transferred to the interchange lock of an
Anaerobic Chamber (Forma Scientific, 1024) and 0, eliminated. After

setting, the plates were placed inside the Anaerobic Chamber and

maintained under an atmosphere of COp, Hp, No (5%: 10%: 85%) for

between 24 and 48 hours prior to use.

2¢243 Preparation of carbon sources

Solutions: 1 M stock solutions were prepared of the oxidisable
carbon sources from either the sodium salts or their acids. When
the sodium salts were used these were dissolved directly in glass-
distilled water. Preparation of stock solutions from the acids,
however, involved the following : to 50 ml of glass-distilled H,O0,

3g NaOH pellets were added. Appropriate volumes of acid were then

added followed by 3 N NaOH to give a final pH of 9.0 £ 0.1. After

dilution to 100 ml the solutlions were autoclaved at 15 1lb psi,

121°C, for 20 minutes.

Gases: Where CO, was used as a Carbon source (and H» as a

source of electrons) this was supplied as H»/C0, (80:20) (B.O.C.).

2.2.4 Filter sterilisation

Growth media and solutions such as hydrogen sulphide (2.2.1)

were sterilised by passage through a Whatman 0.2 um cellulose

acetate membrane filter, under vacuum.



19

2e2+5 Culture conditions

Batch cultures were made in flasks or bottles with 10 to 50 ml
culture, depending on the volume of the container (Appendix 1),
under an atmosphere of 0O.F.N. with the flasks sealed with Suba Seals
and bottles with serum caps (MacFarlane Robson Ltd., UK). Except
where otherwise stated the cultures were incubated, inverted at 30°C

in the dark, stationary.

Agar plates were incubated in either the Anaerobic Chamber

(Forma Scientific, 1024) inverted, under a gas atmosphere of COj;

Hy, N> (5:10:85) or in anaerobic jars with a specified atmosphere
(0.F.N. or Ho/CO,, 80:20). All culture manipulations were made

within the chamber.

2.3 Cultivation Systems
2+3.1 Multi-stage chemostat : five vessels
A S5-stage chemostat was constructed as shown in Figures 10 and

11. Influent medium (2.2.1) was introduced into the first vessel by

means of a Watson Marlow (MHRE/2) Peristaltic Pump at a constant
flow rate to give a dilution rate of 0.005 h=1 for the whole system

and 0.025 for each individual vessel. The culture vessels, each of
700 ml capacity, were maintained at a constant temperature of 25°C
by water Jjackets (10) in conjunction with a Churchill
Thermocirculator (05-CTCV, Churchill Instrument Co., ﬁxbridge).
Each vessel was fitted with an angled effluent overflow tube (4),

the height of which was calculated to give the required volume. The



Figure 10:

Anoxic 5-vessel chemostat in which a medium (2.2)
pumped from the medium reservoir (R) into the first
vessel, A. Culture subsequently eluted down the
array by welir overflows and collected in the effluent
reservoir (Ef). Culture vessel headspaces purged
with a flow stream of 0.F.N. (N) and the vessels
maintained at 25°C by a thermocirculator unit
(T.C.U.)

Each vessel sampled for metabolites and compared with

the medium, which was sampled in the sampling bottle

(S).



A -LE Culture vessels

R Medium reservoir

Ef Effluent vessel

TCU Thermocirculator unit

N OFN

P Pressure reducing valve

Medium pump H Flow meter



Figure 11 : Single-stage from the multi-stage chemostat with, as

detailed in the text :

1« culture inflow;

2 culture sampling syringe via a 3-way connector;

3¢ OJFsNs influent;

4, outflow of culture from vessel;

5. influent to subsequent vessel or effluent reservoir;

6. route of gas from vessel;

7. gas sample port - Suba Seal;

8. 1% (w/v) zinc acetate (H5S trap);

g. 0.1N Ba(OH), (CO, trap).
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vessels were arranged so that the entire liquid effluent of the
first vessel became the influent of the second and so on. Culture
liquid from each vessel was introduced via a centrally-located
medium input tube (1) which.allowed influent to be emitted into the
vessels at thelr base only. The design ensured that the bulk flow
characteristics of the system approximated to a continuous but
segmented plug flow. Anaeroblosis was maintained by an overpressure
of O0.F.N. (3) in conjunction with pressure heads of zinc acetate
(19, w/v)(8) and barium hydroxide (18 g 1-1)(9) which were also used
for trapping gaseous H,S and CO» respectively. Oiygen-impermeable
butyl-rubber tubing was used throughout (Esco, Rubber Ltd.,
Teddington). Degasification of the effluent from each stage was
effected by the U-tube arrangement(6) so that no gas entered the
succeeding vessel. OSamples for gas analysis were withdrawn into gas
syringes through the rubber Suba Seal(7) and for culture analysis
samples were withdrawn directly into sterile syringes(2) from the
vessels. Light was excluded from each of the vessels by covering

them with aluminium foll. Effluent from the final vessel was

collected in a 10 litre reservoir.

2.3.2 Multi-stage chemostat : three vessels
This system was the same as that described above with the
exception that 1in this array the working volumes of the three

individual vessels were increased from 310 ml in vessel A to 700 ml

in vessel B and finally 1600 ml in vessel C (Plate 1 ) to



Plate i1: Three-vessel multi-stage chemostat, as detailed in the

text (203!2)l
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facilitate a regime of non-=-constant dilution rate. The medium
(2.2.1) was pumped into the first vessel by means of a Watson-Marlow

(202V/AA 10) Peristaltic Pump.

2.4 Analytical Methods

2.4.1 Substrate concentration

Influent (Sg) and residual (S) substrate concentrations of

hexanoic acid were determined as for volatile fatty acids (2.4.2).

2.4.,2 Volatile fatty acids

0.9 ml samples of culture supgrnatanp‘were taken and acidified
with 0.1 ml formic acid (Aristar, B.D.H.). | 1 ul of this preparation
was then injected into a G.L.C. (Perkin Elmer Sigma 115) which was
equipped with a flame ionisation detector (F.I.D.). The carrier gas
used was O.F.N. at a flow rate of 40 ml min~'., The glass colunmn

(length 2 m, internal diameter 2mm) was filled with 5% Neopentyl

glycol sebacate + 1% H3POy on Anakrom Polyester (80-100 mesh)

(Phase Separations Ltd). The injector and detector temperatures

were maintained at 180°C. The column was maintained initially at

100°C for 5 minutes after which the temperature was 1nci~eased to

130°C at a ramp rate of 40°C min-1.
10 mM fatty acid standards were used and were prepared as

above.

Development of this method is described in Appendix 2.
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2.4.3 Methane

The methane concentration of the culture gas phase was
determined by use of a Perkin-Elmer Sigma 115 G.L.C. which was
equipped with a F.I.D. The carrier gas was 0.F.N., with a flow rate
of 40 ml min"1, and the temperatures of the column, injector and
detector were 709, 150° and 150°C respectively. Gas samples, SOUPI’
were injected directly onto the column (length 2 m, internal
diameter 2mm) which was packed with Poropak Q (Phase Separations
Ltd).

The atmospheric temperature and pressure were recorded and the
methane concentrations converted to molarity at standard temperature
and pressure. 100% research grade methane (B.0.C.) was used as the

standard.

2.4.4 Carbon dioxide

Gaseous and soluble fractions of C02 were both determined.

Gaseous COp) evolved by the chemostat cultures, was first
trapped in barium hydroxide solution (18 31‘1) prior to titration
with standard 0.1N HCl in the presence of phenolphthalein as an

indicator.

Soluble CO, was first distilled (from a liquid sample) and

trapped in barium hydroxide, as above.

The amount of CO, in the sample was found by difference and

then calculated from, equation 10.

1l ml 0.1N Ba(OH), = 1.119 ml CO, at S.T.P. (10)
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2.4.5  Sulphate

Sulphate ions were estimated by the method described in
Standard Methods in Water and Wastewater Analysis.

10 ml samples of culture supernatant were taken and O.F.N.
bubbled through for 1 minute to remove soluble sulphide. 0.5 ml of
conditioning reagent, which contained : 50 ml glycerol, 30 ml
concentrated HCl, 300 ml distilled Hp0, 100 ml 95% ethyl alcohol and
75 g NaCl, were added followed by a standard 'spoonfull! of barium
chloride (20-30 mesh). After mixing in a vortex mixer for 1 minute,
the absorbance at A = 410 nm was determined in a Pye Unicam PU 8800
spectrophotometer with a 1 cm light path, after a time interval of 4
minutes. The sulphate concentration was then estimated by

comparison with a standard curve of sulphate (1 to 10 mg 100 ml=').

2.4.6 Sulphide

For analysis, 3 forms of sulphide : total, dissolved and
unionised H,S were recognised.

Total sulphide : this 1included dissolved H,S and HS together

with acid-soluble metallic sulphides. 120 ml of sample were

introduced into a 2-necked vessel, the outlet of which was connected
to 2 absorption tubes which contained 10 ml each of 1% (w/v) zinc
acetate. The sample was then acidified with l ml of concentrated
HCl and the gas 0.F.N. bubbled through the sample for 1 hour to
displace the sulphide as H5S.

10 ml of 0.1N iodine solution (Convol, B.D.H.) was then added
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to the pooled zinc acetate solutions, followed by 1 ml concentrated
HC1. The solution was then back titrated with 0.1N sodiunm
thiosulphate (Convol, B.D.H.) with starch (lg 100 ml=1 of boiled
H~0) as the indicator.

Since 1.0 ml of 0.1N iodine is equivalent to 1.6 mg sulphide

the total sulphide was calculated as follows:

-1 - (ml iodine = ml Na»S»03) -1
[HS<] ‘ol saopls 2 2V3/7 x 1600 mg 1

Dissolved sulphlide: this was the sulphide which remained after
the suspended solids had been removed by filtration through a
Whatman 0.2 um membrane {filter. The procedure then'followed was the
same as above.,

Unionised hydrogen sulphide: the concentration of the

unionised hydrogen sulphide was determined by two methods. Firstly,
H,S was estimated by multiplying the concentration of dissolved HS
by a factor derived from the table in Standard Methods in Water and

Waste Water Analysis after first determining the pH of the sample
(2-”'-7)-

Secondly, gaseous H,S from chemostat cultures was trapped as

zine sulphide in 1% (w/v) zinc acetate, and the concentration

determined by the method described above.

2.4.T pH

pH values of culture supernatants were routinely determined by

use of a Pye Unicam PW 9418 pH meter fitted with a Pye Unicam

electrode (No. 8401.67).
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2.4.8 Biomass determinations

Biomass determinations were made by two methods : optical
density and dry weight.

Optical density: Biomass was measured with a'Pye Unicam PU
8800 spectrophotometer with a 1 cm light path at a wavelength of 600
nm. The concentration of iron in the medium (2.2.1) was such that
it prevented precipitation of ferrous sulphides. 1In addition,
dithionite was added to ensure that the resazurin remained colour-
less during the Qetermination.

Dry weight: Culture dry weights were determined on 50 ml
aliquots of culture supernatants. The samples were filtered through
pre-weighed dried cellulose acetate filters, washed twice with 10 ml
of sterile distilled water and dried overnight at 100°C. The

filters were then rewelghed and the biomass determined by

difference.

2.4.9. Electron microscopy

10 ml sample of cultures were filtered through a Shandon
Nuclepore membrane filter (N0O20 CPR 025000 0.2 Jpme The filter was

then placed in a bottle which contained glutarldehyde/cacodylate
buffer for 4 h. The buffer contained 8 ml glutaraldehyde plus 42 ml
cacodylate buffer,made up to 100 mls. The cacodylate buffer

contained 50 ml sodium cacodylate plus x mls HCl to give a final pH
of 7 and was diluted to 100 ml with distilled H20.

The filter was washed several times in the above buffer and
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then fixed in osmium tetraoxide (1% osmium tetraoxide made up in a

fume cupboard; 0.1 g dissolved in 10 ml distilled H20)-

The sample was then dehydrated in increasing concentrations
(30%, 50%, 70%, 95% and 100%) of alcohol.

The specimen as then placed on an electron microscope stub, air
dried and then dried in a critical point drier. Finally the specimen

was coated and examined under a scanning electron microscope.

2.4.10 Radiotracer analysis

11‘C-l::v.belled methane and carbon dioxide were measured with a
gas proportional counter (E.S.I. Nuclear, UK, Modei 504) interfaced
with a Perkin Elmer Sigma 115 Gas Chromatograph. The gas exhaust
from the G.L.C. column was passed through a 2-way splitter, which
directed part of the flow to the F.I1.D. detector of the G.L.C. and
the rest to the detector of the radio-gas counter.

With 1“C compounds a carrier gas of Argon + 5% 002 was used.
The gas stream from the splitter passed through a furnace tube which
contained copper oxide maintained at 700°C with the result that 1”0
compounds were oxidised to 1”002 and H,0 and were subsequently dried
before passing to the detector.

CH) and CO, were separated by means of a G.L.C. glass column
(length 2 m, internal diameter 2 mm) packed with Poropak N (Perkin
Elmer Ltd.) maintained at 60°C with the injector and detector both
at 100°C, CHy was quantified by G.L.C. analysis (2.4.3).

Radioactivity was expressed as total counts in each peak and

was quantified from a standard curve prepared from 1uC_HCO3".
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3. Use of multi-stage chemostats for investigating the microbial
interactions of a microblal association catabolising hexanoate
to methane

The major objective of the present study was to investigate the
microbial interactions involved in terminal anaerobic catablism of
hexanoate within a microbial association enriched and isolated from
a landfill site. Hexanolc acid was specifically chosen as the
oxidisable carbon source as it is a representative low molecular
weight molecule found in leachate of recently emplaced refuse
(Harmsen, 1983).

The method of study in this case was to construct two multi-
stage chemostats which operated under segmented plug flow
conditions. This approach ensured that the microbial population
developed under heterogeneous conditions. To enable the component
species to be studied whilst still functioning within a microbial
asscociation it was essential that spatial separation of the various
component species occurred and to this end two approaches were used
to effect this : (1) varylng the concentration of electron acceptor

(sulphate); and (2) varying the dilution rate of the system.

Experimental: The isolated hexanocate-catabolising microbial
association was first grown in a 5-stage open culture system at a
constant dilution rate of 0.005 h=! and was subjected to step-wise
increases in sulphate concentration of 1.4, 5 and 10mM. Each vessel

was quantitatively analysed for residual substrate, intermediates

and end products at regular intervals until 'stable states' were
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reached, and the results are presented as the means of triplicate
analyses.

Secondly, the same association was cultured in the presence of

l.4 mM.sulphate in a 3-stage chemostat which was constructed to

facilitate discrete dilution rates in each vessel, and was analysed
as before.
3.1 Five-vessel multi-stage model : 1.4 mM sulphate

From Figure 12 and 12A (which shows the dynamics of carbon flow
in the system) it can be seen that at a dilution rate of 0.005 h=1
residual hexanoic acid was only detected in Vessels A (0.162 mM) and
B (0.093 mM). T-test statistical analysis with the probability at
5%, however, showed that these concentrations were not significantly
different from zero. The multi-stage chemostat therefore appeared

to be hexanoate limited, although this was not confirmed by

experimentation.
Catabolism of hexanoate in the absence of oxygen has been
reported by Mclnerney et al. (1979) and Stieb and Schink (1985). 1In

both cases an obligate syntrophic association between the hexanoate-
oxldiser and Hz-utiliser was involved. MclInerney et al. (1979)

isolated a Gram -ve bacterium Syntrophomonas wolfei in co-culture

with either Methanospirillum hungatei or Desulfovibrio sp. whilst
Stieb and Schink (1985) similarly isolated a Gram =-ve spore-forming
bacterium Clostridium byrantii in co-culture with M. hungatei or a

Desulfovibrio sp. The major advantage of each association was that

excess electrons generated by the hexanoate oxidiser were removed by



Figure 12:

Changes in concentrations of metabolic intermediates
and methane during the anoxic catabolism of hexanoic
acid (5 mM) by the isolated microbial association in
a 5-vessel chemostat model in the presence of
sulphate (1.4 mM).

a - hexanoic acild

b - butyric acid

¢ - propionic acid

d - acetic acid

e «~ methane
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Figure 12a: Carbon flow during anoxic catabolism of hexanoic acid
(5 mM) by the isolated microbial association in a 5-

vessel chemostat model in the presence of sulphate

(1.4 mM)
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the Hs-oxidising partner thus negating the requirement for electron

acceptor reduction by the hexanoate-utiliser,

In addition to the two associations described above, sulphate-
reducing bacteria have also been isolated which can oxidise volatile
fatty acids to CO, in the presence of sulphate (Widdel and ?fennig,
1981). However, if this latter mechanism was operative then
complete catabolism of hexanoate in the multi-stage chemostat would
have required 20 mM of sulphate. Thus it is unlikely that complete
oxidation of hexanoate by sulphate-reducing bacteria was occurring,
since the influent concentration of sulphate was 1.4 mM.

Although complete oxidation of hexanoate to CO, was possible,
from the results (Figure 12) it can be seen that acetate, propionate
and butyrate were present in Vessel A at concentrations of 7.93,

0.96 and 1.2 mM respectively. Consideration of the carbon balance
for hexanoate catabolism in this vessel showed that 30 mM hexanoate

'C' was dissimilated to 4.8 mM butyrate 'C' plus 2.88 mM propionate
'C!' plus 15.86 mM acetate 'C'. Thus, 78% of the hexanoate carbon

was accounted for by volatile fatty acid intermediates alone,. with

the remaining, 22%, probably accounted for by methane, carbon

dioxide and cell assimilation.

Figure 12 shows that the concentration of butyrate and
propionate both subsequently decreased down the array. The

concentration of butyrate decreased from 1.2 mM in Vessel A to 0.616
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mM in Vessel B and was not detected in Vessel C. Similarly, the
concentration of propionate decreased from 0.96 mM in Vessel A to
0.77T mM in Vessel B and 0.7 mM in Vessel C and was not detected in
Vessel D.

Oxidation of volatile fatty acids under anoxic conditions has
been demonstrated by Stieb and Schink (1985) to yield acetate and
hydrogen, with the latter removed by a syntrophic partner to leave
acetate as the end product. From Figure 12 it can be seen that the
concentrations of acetate fluctuated little between the individual
vessels with 7.93, 6.05, T.46, 5.76 and 8.85 ‘mM respectively
recorded for Vessels A to E. Thus acetate was most likely produced
from volatile fatty acid dissimilation in Vessels A to D, although,
the increased concentration of acetate in Vessel E, in the absence

of intermediates, showed that a second acetogenic pathway was

operative.
The most common catabolic pathway for volatile-fatty acids, of
chain length greater than acetate, isf-oxidation which has been

shown to yleld acetate from even-numbered acids, or acetate and CO,

from odd-numbered volatile-fatty acids (Jeris and McCarty, 1965).
The appearance of butyrate and acetate would, therefore, suggest
that P-oxidation was the operative pathway. The detection of
propionate as an intermediate, on the other hand, was somewhat
surprising since it is unlikely that propionate was formed directly
from hexanoate. If this was the case then an atypical reaction

such as w (omega) oxidation of butyrate could have resulted in
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propionate production. Alternatively, propionate could have been

produced from the reduction of acetate and CO» with Hp, Which has

been reported to occur in sulphate-reducing bacteria such as
Desulfobulbus propionicus :-(Laanbroek, Abee and Voogd, 1982).
Similarly, propionate formation has been linked ¢to hfdrogen
utilisation in Proplonispira arboris (Thompson, Conrad and Zeikus,

1984) when the addition of H, to glucose- or lactate-grown cells

induced homo-propionogenesis.

From the results it may be postulated that butyrate and acetate
were products of‘ﬁ-oxidation of hexanoate, ‘with subsequent butyrate
dissimilation to acetate also mediated by the same mechanism. Boone
and Bryant (1980) isolated a propionate-degrading bacterium
(Syntrophobacter wolinii) in co-culture with a Hy-utilising
methanogen. Thilis reaction, however, was shown to be less
thermodynamically favourable than the syntrophic oxidation of even-
chain volatile fatty acids and as a consequence was more sensitive
to H, accumulation (Zinder, Cardwell, Anguish, Lee and Koch, 1984).
Since the component véssels of the multi-stage chemostat were
overgassed with OFN then this could have possibly enhanced

propionate utilisation by maintaining a low partial pressure of

hydrogen. 2Zinder et al. (1984) also found that propionate

inhibitied methanogenesis by between 20 and 30%, although no similar

inhibition was apparent in the multi-stage chemostat culture.
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Concomitant with hexanoate degradation, the residual sulphate
decreased from l.4 mM in the influent medium to 0.19 mM in Vessel A,
after which no further significant reductions were observed; 0.16,
0.17, 0.2 and 0.17 mM for Vessels B to E respectively (Figure 13 ).
Thus it would appear that sulphate reduction was restricted to the
first vessel. Supporting evidence for this can be seen from the
concentration of gaseous H5S, which was maximum in Vessel A, 0.68
mM, and then decreased to 0.04 mM in Vessel B and 0.02 mM in Vessel
C (Figure 13). Only 56.2% of the added sulphate was accounted for
in Vessel A as gaseous H,S. However, a total sulphur balance is

shown in Table 6A from which it can be seen that 65% of the sulphur
was accounted for by analysis.

The initial reduction of sulphate was not accounted for by
gaseous H,S production alone (Table 6B) and thus the possibility
existed that either much of the sulphide remained in solution under
the pH conditions of 7.3 or the sulphur was assimilated to cell
material. Methanogens also have an obligate requirement for
sulphide for both biomass sulphate and maintenance of adequate
redox conditions (Hungate, 1969).

Production of HoS from sulphate is indicative of an active
population of sulphate-reducing bacteria. This reaction, however,
tends to make the medium alkaline since reduction of NasSOy leads to

the formation of the intermediate NaS, which is subsequently

hydrolysed to H;S and NaOH. Thus any formation of NaOH in the

culture would tend to make the medium basic, which was in fact



Figure

13:

Changes in the concentration of residual hexanoic

acid ( A~—A ) and sulphate (O—0O ) gaseous hydrogen

sulphide ( @&—® ), methane (O—{) and pH (@—m )

during the five-stage open culture cultivation of the
isolated microbial association in the presence of

hexanoic acid (5 mM) and sulphate (1.4 mM).
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Table 6A: Total sulphur balance for the dissimilation of hexanoic
acid (5mM) by the interacting microbial association
cultivated in a 5-vessel chemostat model in the presence

of 1.4 mM 502'

Table 6B: Balance of sulphate removal and formation of sulphide (mM

'1S') after the mode of Thompson et al. (1984)




Input sulphate - (Residual sulphate + Total gaseous st)

1.4 - 0.17 + 0.74
= 0.91
Sulphur accounted for = 0.91 x 100 = 65%
Tell
Vessel SOy HoS Total
A -1.21 +0.68 -0.53
B -0.03 +0.04 +0.01
C +0.01 +0.02 +0.03
D +0.,03 0 +0.03
E -0.03 0 -0.03
Total -1.23 0.74 -0.,49
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observed. Although sulphate reduction was only noted in Vessel A,

the pH progressively increased from 7.0 in the influent medium to

8.3 in Vessel E (Figure 13 ). This change in pH could have had
sever-al effects. Firstly, it could have exerted a differential
toxic effect, but since there was activity (catabolism of metabo-
lites) down the whole array this was unlikely. Secondly, an in-
crease in pH could have resulted in increased sulphide solubility
which would possibly have accounted for the discrepancy in the
sulphur balance.

‘From Table 6B Munaccounted" sulphur could possibly have been
due to precipitated metallic sulphide which was present as a
crystal-line precipitate on the glass surfaces of all the vessels.
Although Fel+ was continuously supplied in the influent medium,
since sulphide will precipitate any iron as insoluble FeS, this
mechanism could eventually have restricted growth of the sulphate-
reducing bacteria (Postgate, 1979) and methanogens (Patel, Khan and
Roth, 1978) since both groups of bacteria have an obligate require-
ment for this metal.

Another possibility exists that the observed precipitate could
also have been other metal sulphides, although a more likely explan-
ation is that the precipitate was magnesium ammonium phosphate,
which forms from any Mgz*', NH}} and Pou3"‘ ions in alkaline conditions
(Postgate, 1979).

Sulphate-reducing bacteria use only a narrow range of

substrates. Typically these are C3- and Cy-substituted fatty acids,
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such as lactate, pyruvate and fumarate, and certain alcohols

(ethanol, propanol) and C» to Cg volatile fatty acids (Laanbroek and
Veldkamp, 1982) although other compounds are also utilised (Pfennig,
1984). The actual substrate used by the sulphate-reducing bacteria
in the isolated microbial association was hard to ascertain,
especially as the sulphate-concentration (1.4 mM) was so low.
However, 1f sulphate was used as an electron acceptor for the
oxidation of any of the possible substrates (hexanoate, butyrate,

propionate, acetate and H,/C0,), then increasing its concentration

should have had a marked effect on the metabolic characteristics of

the system.

In addition to the above, two other forms of metabolism were
possible:
(1) that the sulphate-reducing bacteria acted as H,-producing

acetogens (Bryant, Campbell, Reddy and Crabill, 1977; McInerney
and Bryant, 198l1). 1In this case sulphate could not have been

utilised as an electron acceptor thus addition of excess

sulphate would have dramatically affected the pathway of

degradation of hexanoate; and

(2) that the sulphate-reducing bacteria were growing

mixotrophically (Postgate, 1979). In this instance the

substrate could have supported sulphate-reduction, but not

growth, by acting as source of inorganic Ho .

Of the various possibilities 1t is most likely that the sulphate-

reducing bacteria acted as the major electron sinks for H> produced
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by hexanoate oxidation:
CpH1102™ + % Hp0 —-=2> 3 CpH30o™ + U4 Hy 4 2 HY
A Go1 = + 96.2 kJ mol~] (11)
4 Ho + SOy~ + HY =wwp HS™ 4 4 Ho0
4 G,1 = -151.9 kJ mol=1  (12)
CeH1102™ + SOy === 3 CpH30,™ + HS™ + HY
A4G,1 = -58.3 kJ mol=1  (13)
If this assumption was correct thents mM hexanoate would have
required 5 mM sulphate to oxidise all the H,., However, since the
medium was amended with 1.4 mM sulphate only, then a proportion of
the H, must also have had another fate.

Since CO2 (HCO3™, 0032' and biotic CO,) was non-limiting in the
culture, then Hy could have been removed by reduction of CO, to CHy:
4 Hy + HCO3™ + HY —auo> CHy + 3 HY0

A Gl = -135.6 kJ mo1=1  (14)

CeH1102™ + Hp0 + HCO3™ ---=> 3 CpH30,” + CHy + H'

A G,1 = -40.83 kJ mol=1  (15)
However, since reaction ( 15) is less thermodynamically favourable
than the equivalent reaction with sulphate-reduction (13) then in
the presence of sulphate in non-limiting concentrations the
predicted end products would be sulphide and acetate due to the
higher affinity for H, of the sulphate-reducing bacteria than the

methanogens (Schonheit, Kristjansson and Thauer, 1982).

As discussed above, -P-oxidation of hexanocate primarily yielded

acetate and H,, which are both potential methanogenic substrates.
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Therefore, it is perhaps not surprising that there appeared to be a
correlation between maximum hexanoate utilisation and maximum
methane production of 18.35 mM in Vessel A. The evolved methane
~concentration then subsequently dgcregsed doyn the array to 3.6,
0,633, 0.37 and 0.25 mM in Vessels B to ﬁ respectively.

Since total hexanocate dissimilation by sulphate-reduction was
limited by the influent sulphate concentration it is reasonable to
assume that both H, and acetate were methanogenic substrates.
However, the presence of acetate in concentrations of between 7 and

8 mM in all the vessels was hard to explain as methanogenesis was

only significant in Vessels A and B.

Acetate production by H,-dependent CO» reduction has been

demonstrated by various workers (Weiringa, 1940; Balch, Schoberth,
Tanner and Wolfe, 1977; Adamse, 1980; Sleat, Mah and Robinson,
1985).

If the assumption was made that hexanoate was completely
catabolised to acetate, then from Equation 16, 5 mM hexanoate could
have produced 20 mM acetate:

5 CgHy105™ + 10 HCO3™ ----3 20 c2H362- +5 H*
A Gyl = -8.4 kJ mol=1  (16)

However, since 18 mM methaneﬁas generated in Vessel A, then if
this had all originated from acetate a balance of 2 mM acetate
should have remained: |

5 CgH1102™ + 18 Ho0 «===> 8 HCO3™ + !8 CHy + 2 CoH30p™ + O H* (17)

However, from the Figure 12 it can be seen that the "stable
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state” concentration of acetate was 7.93 mM in Vessel A. Thus homo-
acetogenesis alone could not have accounted for this total.

Hexanoate can be completely dissimilated to methane and carbon
dioxide:

5 CgHy102™ + 20H0  =--=p 20 CHy + 10 HCO3~ + 5 H?
A G,1 = =70.4 kJ mol=1 (18)

Whether acetate removal by methanogens (or other bacteria in
the microbial association) could have been important in driving the
catabolism of hexanoate has still to be determined. Ferry and Wolfe
(1976) found that the. methanogenic conversionlof benzoate via
intermediate formation of H,, acetate and' fox:'mate, required the
removal of all these intermediates. Conversely, added acetate has
been shown to have little effect on the conversion of intermediates
such as ethanol, propionate and butyrate to methane by enrichment
cultures although this is in sharp contrast to the effect of added
H, which completely inhibited these conversions (Bryant et al.,
1967; Smith, 1980).

The metabolism of acetate by the interacting microbial

association will be examined in detail later (4.2.7).

Carbon balance: A carbon balance was developed for the
complete system (Table TA) in which 111.4% was accounted for. Of
this, methane was responsible for 56% with the rest as organic
carbon, particularly acetate (44%). The carbon balance, however,
did not take into account any cellular carbon although this is known

to be limited in anaerobic systems (Zeikus, 1983a).
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The distributions of organic carbon and gaseous carbon down the
array are shown in Table 7B and Figure 14. Total soluble carbon at
an initial concentration of 36.8 mM carbon equivalents decreased by
13.26 mM to 23.54 mM 'C' in Vessel A, and was accompanied by an
evolution of 18.35 mM CHy, Thus, 138.38% of the carbon dissimilated

in Vessel A was recovered as CHy, although the explanation for this

over-estimate is not readily apparent.

Subsequently, the concentratioﬁ of V.F.A. intermediates
decreased slightly to 17.05 in Vessel B from which point no further
significant changes were detected. Similarly, small changes in the
total methane concentration were observed.

Maximum activity, in terms of dissolved carbon dissimilation

and gaseous carbon production, therefore, occurred in Vessels A and

B.




Table 7a: Carbon balance (mM'C') for the dissimilation of hexanoic
acid by the interacting microbial association, cultured in

a 5-vessel chemostat model in the presence of 1.4 mM SOﬁ"‘

Table 7B: Balance of removal of carbon and formation of CHy (mM 'Ct)

after the mode of Thompson et al. (1984). ml=! C.




Input to Vessel A Output from Vessel E + Total
gaseous products

Organic carbon 30 Mgthane 232
Inorganic carbon 6.8 Carbon dioxide 0

Organic 177

Total 36.8 40.9

Carbon accounted for 40,9 / 36.8 x 100 = 111.4%

Inorganic 'C? Organic 'C? CHy, Difference
A -6.8 -6,46 +18.35 5.09
B 0 -6.49 + 346 -3.34
C 0 +0.63 +0.633 1.263
D 0 -54T1 +0.37 -5.34
E -648 -6.8 +0.28 6.46

Total -618 | -12:3 23;23 4.13



Figure 1l4: Changes in concentrations of dissolved (O—O) and
gaseous ([J—{O) carbon during the catabolism of
hexanoate (5 mM) by the isolated microbial
association in a five-stage chemostat model with an
influent sulphate concentration of 1.4 mM

.=sme denotes carbon accounted for
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3.2 Flive-vessel multi-stage model : 5 mM sulphate
As a result of increasing the influent sulphate concentration,

significant changes 1in the fermentation balance were readily

apparent (Figure 15 and 15A).

Once again hexanoate appeared to be limiting although in this

instance no residual substrate was detected in Vessel A, thus it

would appear that the sulphate concentration increase stimulated

catabolism of hexanoate.
As discussed earlier, a sulphate concentration of 5 mM should

theoretically have satisfied the complete oxidation of Ho produced

by hexanoate oxidation (19 ).

5 CgHq1405™ + 5 SOE‘ -===> 15 CoH30,™ + 5 HS™ + 5 HY
A Gyl = -58.3 kJ mol=! (19)
In contrast to the hexanoate results, the distribution of

volatile fatty acid intermediates in the system was significantly

¥

different to that obtained with 1.4 mM sulphate. Acetate,
propionate and butyrate were again found as intermediates in Vessel
A, although in thls case, the concentrations of 1.21, 0.12 and 0.53
mM respectively were significantly lower. 30 mM hexanoate 'C' was
thus catabolised to 2.42 mM acetate 'C' plus 0.36 mM propionate 'C!
and 2.12 mM butyrate 'C', which in total accounted for 16% of the
initial hexanoate carbon dissimilated. Thus, it would appear that
84% of the 'C' was either metabolised to CHy and CO, or incorporated

into cellular material.



Figure 15: Changes 1in concentrations of metabolic intermediates
and methane during the anoxic catabolism of hexanoic
acid (5 mM) by the isolated microbial association in
a 5-vessel chemostat model in the presence of
sulphate (5 mM)

a - hexanoate acid
b -~ butyric acid

¢ - propanolc acid
d - acetic acid

e «~ methane
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Figure l5a: Carbon flow during anoxic catabolism of hexanoic acid
(5 mM) by the isolated microbial association in a 5-
vessel chemostat model in the presence of sulphate (5

mM) .
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Unlike the lower concentration of sulphate, however, the two
intermediates, propionate and butyratet, were not detected in the
proceeding vessels. Thus it would appear that the provision of a
higher sulphate concentration resulted in accelerated dissimilation
of these.

Once again, acetate was detected in each of the five vessels,
although in this case, 1in decreasing concentrations of 1.21, 0.579,
0.49, 0.32 and 0.23mM in Vessels A to E respectively. The most
probable explanation for these dramatic decreases in acetate
concentrations was that sulphate-reducing bacteria were outcompeting
the homo-acetogenic bacteria for H, (Eq. 20 and 21):

4 H, + SOf~ + HY ---3 HS™ + 4 H,0

AG, 1= -151.9 kJ mol=! (20)

2 HCO3™ + 4 Hp + HY —o_ CH3CO00™ + 4 HYO
AG,1 = -104.6 kJ mol=1  (21)
and as a consequence oxidation of H, should have resulted in HS

production rather than acetate, which, in fact, the results

substantiated.

A further explanation for the reduction in acetate
concentration could be that the sulphate-reducing bacteria were
utilising the acetate. However, since the initial concentration of
sulphate was 5 mM this could not have facilitated both the complete
mineralisation of all the acetate as well as the oxidation of H,

(Eq. 22 to 25 ).

5 06H11Oé_ + 20 H20 - 15 C2H302- + 20 H2 + 10 H+ (22)
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20 Hp + 5 SO~ + 5 H* acesy 5 HS 4+ 20 HoO (23)
15 CH3C000™ + 15 soﬁ- + 15 HY ====> 10 CO5 + 15 HoS + 10 Ho0 (24)

with the overall reaction :
5 CgHq405~ + 20 SOf~ =---> 10 CO, 4+ 20 HS™ + 30 Ho0 (25)

The concentration of residual sulphate decreased from 5 mM in the
influent reservoir to 1.94 mM in Vessel 4, 1.51, 1.96, 1.53 and 2.11
mM in Vessels B to E respectively (Figure 16). Hence from Equation
25 1t smould appear that only 3 mM hexanoate could have been
catabolised in association with sulphate-reducing bacteria,
therefore the remaining hexanoate dissimilatidn must have been
linked with a carbon dioxide-utilising organisms such as a

methanogen as the mode of electron disposal.

Concomitant with sulphate-reduction was gaseous H,S production
in each of the vessels, with concentrations of 0.84, 0.46, 0.22,
0.06 and 0.058 mM detected in Vessels A to E respectively. The
total concentration of 1.638mM H-S was 54.8% higher than that
monitored at the lower sulphate concentration. The concentrations
of total and/or soluble sulphide were also measured in the 1liquid
| phase of each vessel and were 6.89, 5.41, 2.92, 2.45 and 7.38 mM in
Vessels A to E respectively.

Although the total sulphur balance was greatly in excess of

theoretical maximum (Table 8 ), in the absence of acid soluble
sulphide the percentage sulphur recovered was T74.9%9, which was
almost 10% higher than the figure obtained in the first experiment.

The possibility also existed that the total sulphide concentration



Figure 16: Changes in the concentrations of residual hexanoic

acid (A-A) and sulphate (O—O), gaseous sulphide (

@—®), methane (O—0), carbon dioxide (A—4), pH (H—m),
and total sulphide (\}—|/) during the 5-stage open

culture cultivation of the isolated microbial

association in the presence of hexanoic acid (5 mM)

and sulphate (5 mM).
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Table 8A: Total sulphur balance (mM 'S') for the 5-stage system.

Table 8B: Balance of sulphate removal and formation of sulphide (mM

'1S') after the mode of Thompson et al. (1984)




Input sulphate

Total

5

% accounted for

SOy
-3.06
-0.43
+0.45
-0.43
+0.58
-2.89

+0.8u
+0¢146
+0.22

+0406

2+ 11

11.97

Residual sulphate

+01058

1.638

5

HS™
+6.89
-1.48
-2.49
-0.47
+4.93
+T+38

+

+

1.638

= 1197 ¥ 100 = 239,44

Total
+4.67
-1.,45
-1,82
-0.84

5.568

6.12

Total st + HS™

+ 7138
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was increasing with time, possibly due to, for example, the
accumulation of FeS.

As for the lower sulphate concentration, the pH of the system
gradually increased from 7.0 in the influent medium to 8.4 in Vessel
E, which was again possibly due to sulphate-reduction.

Methane concentrations followed the same pattern as that
obtained with 1.4 mM sulphate, with a maximum CHu concentration
(15.0 mM) in Vessel A, which subsequently decreased down the array
to 2.6, 0.28, 0.04 and 0.1 mM in Vessels B to E respectively. Thus
it would appear that increasing the sulphate ‘cohcentration resulted
in partial displacement of methanogenesis.

The interactions between methanogens and sulphate-reducing
bacteria have been studied extensively (Cappenberg, 1974; Winfrey &
Zeikus, 1977; Abram & Nedwell, 1978; Oremland & Taylor, 1978).
Although the initial findings of Cappenberg (1974) suggested that
sulphide inhibited methanogenesis it would now appear that the two
groups of bacteria were in fact competing for either H2 and/or
acetate. This has been subsequently confirmed by Schonheit,

Kristjansson & Thauer (1982) who reported that the apparent kg for

acetate for Desulfobacter postgatei was lower, 0.2 mM, than that of
Methanosacrina barkeri, 3 mM. Similarly the apparent kg for Hs of

Desulfovibrio sp. was 1.0 JJM and that of Methanobrevibacter sp. 6.0

M (Kristjansson et al., 1982).
Competition for both acetate and H, should, therefore,

theoretically have resulted in the competitive displacement of the
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methanogens.

The results presented here, however, showed clearly that
maximum sulphate-reduction and methanogenesis occurred within the
same vessel, A, which suggested that the interaction was not
competitive. As discussed above a possible explanation for this was

that the sulphate-reducing bacteria were utilising H2 and the

methanogens acetate,

Stoichiometrically, the theoretical and experimental data fit.

Equation 26 shows the theoretical stoichiometry of the reaction:

5 Cg110p~ + 3 SOf~ + 17 Hy0 =-=3 HS + 17 CHy + 13 HCO3~ + 5 H* (26)
assuming that approximately 3 mM sulphate was utilised by the

microbial association, thus leaving a resiﬁual sulphate
concentration of approximately 2 mM.

Theoretically, carbon dioxide was both utilised and produced
during the methanogenic fermentation of hexanoic acid. Firstly, it
was utilised as an electron acceptor by component species of the
syntrophic association once sulphate was depleted and secondly, it
was produced from the methanogenic fermentation of acetate. Gaseous
carbon dioxide was monitored in all the vessels in decreasing
concentrations of 6.4, 3.5, 1.4, 1.19 and 0.83 mM <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>