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Abstract

In this review, we examine the energetics of well-characterized biodegradation pathways and explore the possib-
ilities for these to support growth of multiple organisms interacting in consortia. The relevant phenotypic and/or
phylogenetic characteristics of isolates and consortia mediating hydrocarbon degradation coupled with different
terminal electron-accepting processes (TEAP) are also reviewed. While the information on metabolic pathways
has been gained from the analysis of individual isolates, the energetic framework presented here demonstrates
that microbial consortia could be readily postulated for hydrocarbon degradation coupled to any TEAP. Several
specialized reactions occur within these pathways, and the organisms mediating these are likely to play a key
role in defining the hydrocarbon degradation characteristics of the community under a given TEAP. Comparing
these processes within and between TEAPS reveals biological unity in that divergent phylotypes display similar
degradation mechanisms and biological diversity in that hydrocarbon-degraders closely related as phylotypes differ
in the type and variety of hydrocarbon degradation pathways they possess. Analysis of microcosms and of field
samples suggests that we have only begun to reveal the diversity of organisms mediating anaerobic hydrocarbon
degradation. Advancements in the understanding of how hydrocarbon-degrading communities function will be
significantly affected by the extent to which organisms mediating specialized reactions can be identified, and tools
developed to allow their studn situ.

Introduction ever, levels of hydrocarbons introduced by spills are
typically far in excess of the dissolved oxygen levels
The structure and activity of microbial communities needed to support their degradation. Thus, aerobic
reflects a dynamic interaction between microbes and organisms deplete oxygen and thereby transform the
the environment they inhabit. Prior to entry of hydro- aquifer environment from aerobic to anaerobic (Vrob-
carbon pollutants, shallow aquifers are often aerobic lesky & Chapell 1994; Anderson & Lovley 1997; Lov-
with relatively low levels of dissolved organic carbon ley 1997). For hydrocarbon degradation to continue
(Anderson & Lovley 1997). Indigenous aerobic bac- under anaerobic conditions, microbes must be able
teria readily metabolize hydrocarbon pollutants (such to 1) initiate substrate oxidation without the benefit
as fuels) entering these systems. These bacteria us®f oxygenases and, 2) generate energy by fermenta-
molecular oxygen to initiate substrate transformation tion or by coupling substrate oxidation to respiratory
via the activity of oxygenases and to serve as the ter- processes linked to reduction of TEAs other than
minal electron acceptor (TEA) in respiratory energy OXygen.
generation. Collectively, the use of oxygenases and ~ Compounds serving as TEAs may be either organic
aerobic respiration allow aerobic bacteria to effect- or inorganic and are used in sequence such that the
ively degrade a wide spectrum of compounds present majority of the electron flow is channeled through the
in fuels and other petroleum- and coal-products. How- process with the greatest relative energy yield. Table
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1 summarizes major electron-accepting reactions thatents of fuels and other environmental pollutants have
may occur under anaerobic conditions, use of which only recently been determined. These pathways are
would initiate from the most favorable nitrate reduc- reviewed elsewhere (Heider & Fuchs 1997; Harwood
tion reactions listed at the bottom. Depletion of one et al. 1999; Heider et al. 1999), and examples of those
electron acceptor allows the use of those yielding less that are currently the most thoroughly characterized
energy, and results in stratification of aquifers into are presented in Table 2 as a series of redox-balanced,
regions where a given terminal electron-accepting pro- half and full reactions. The mechanistic nature, sub-
cess (TEAP) is considered predominant. TEAP strat- strates and products are identified for each pathway
ification provides a link between microbiological and step, together with an estimate of the®Elhalf re-
geochemical characteristics of an aquifer and is dis- actions) orAG%” (full reactions). For comparative
cussed in detail elsewhere (Zehnder & Stumm 1988; energetics, the energy of coupling each pathway half
Chapelle & Lovley 1992; Lovley et al. 1994a; An- reaction with methanogenesis Ek —0.2447 V) and
derson & Lovley 1997; Lovley 1997, 1998). The denitrification (ER” = 0.7470 V) as boundary TEAPs
issue for the present review is how the composition are shown. In some cases, the energy of a process is
and activity of microbial communities involved in  known because thaGY of all reaction components
hydrocarbon biodegradation may vary within and/or is known (e.g., Eq. 1.1). For these reactions, a com-
between TEAP zones. A number of dynamic interac- parison of the coupled energetics of the process with
tions between microbes and their environment likely the sum of the estimated energies of each pathway step
affect these communities, and the diversity of organ- provides an integrated measure of the validity of each
isms involved directly or indirectly in hydrocarbon estimate (cf., Egs. 1.1 and 1.1.7).
degradation is yet unknown. However, two factors These pathways are not the only ones that anaer-
that undoubtedly affect the diversity and abundance obes have developed to metabolize these compounds.
of organisms comprising these communities are the Nevertheless, these pathways can be used to illus-
variety of biodegradation reactions they mediate and trate how degradation processes could be carried out
the spectrum of TEAs they can use. by organisms operating as individuals or as part of
In the following sections, we examine the en- a metabolically linked consortium of organisms. An

ergetics of well-characterized degradation pathways interesting feature of these degradation pathways is
and explore the possibilities for these to support one the pervasiveness ¢#-oxidation type processes: 1)
or more organisms that are operative in degrading oxidation of saturated to unsaturated (Table 2, Eq.
specific hydrocarbons alone or as part of a consor- 1.1.2; ER7 = 0 V); 2) hydrolytic hydroxylation of
tium. We then examine the diversity of organisms unsaturated to hydroxy (Table 2, Eq. 1.18G%
(individual isolates and consortia) characterized from = 0 kJ); oxidation of hydroxy to keto (Table 2, Eq.
laboratory tests that carry out these biodegradation 1.1.4; E7 = —0.2 V); 3) hydrolytic keto cleavage
processes coupled with a given TEAP. In the last to a carboxy and a saturated C product, which for
section, the physiological and molecular analysis of classic 8-oxidation is acetate (Table 2, Eq. 1.1.5;
microbial communities in microcosm and field stud- AG®” = —50 kJ). It should be recognized that, in
ies are examined for trends that may be consistent practice, energy transduction via acyl-CoA mechan-
with expectations developed from theoretical energetic isms is integrally involved irg-oxidation and related
considerations and experimental analysis of laboratory biochemical pathway reactions (Thauer et al. 1977;
cultures. A reference database of energetic parameterdarris 1982). Less common reactions occurring in the
and a mechanistic framework for interpreting experi- pathways include the fumarate condensation/recycling
mental data from syntrophic consortia are available at mechanism for anaerobic methyl oxidation (Eq. 1.1.1;
http://www.soils.wisc.eduthickey/microbial.html. AGY = 50 kJ), dearomatization (Eq. 1.2.5; €h

= —0.5 V), and carboxylation to initiate or allow

progression of anaerobic hydrocarbon oxidation (Eq.
Energetics of hydrocarbon degradation: electron 2.1.3, 4.1.1;AG% = 30 kJ). These pathways have
donor and TEAP pathways been determined from the study of pure cultures, but

in principle, it could be hypothesized that various

The anaerobic degradation pathways of organic com- parts of a multi-step pathway could be mediated by
pounds have been studied for some time, but those@ different microbial component of a hydrocarbon-
occurring with hydrocarbons that are major constitu- degrading consortium. The points at which pathways
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Table 1.§Metabolites consumed and produced by microbial communities growing anaerobically on hydrocarbons: Dissimilatory electron acceptor
reaction

Process Biochemical half reaction or reaction
Eq. Basic components Bh(v) AGY (kJ)
with —0.3V
e~ donor
Oxidized C reduction=0.2 to—0.3V ER?
COy, reduction to acetate 1.1 Bet 2C0x(0e™) — CH3CO;, (8e™) —0.2910 -7
COy, reduction to methanol 1.1.1 Bet+ COy(0e™) — CH3OH(6e™) —0.3830 48
CO, reduction to CO 11.2 Ze+ COy(0e7) — CO(2e) —0.5179 42
Condensation of CO and methanol to acetate 113 CO(2&CH3OH(6e7) — CH3CO, (8e™) —97
COy, reduction to methane 1.2 Bet COx(0e™) — CHy(8e™) —0.2447 —43
COy, reduction to methanol 1.2.1 Bet+ COx(0e~) — CH3OH(6e7) —0.3830 48
Methanol reduction to methane 1.22 2e CH30OH(6e") — CHy(8e™) 0.1690 -91
Oxidized S reduction:=-0.2 to—0.3 V ER7
Sulfate reduction to sulfide 2.1 8et SO, (0e™) — HpS(8e) —0.2168 —64
Sulfate reduction to sulfite 211  2et SO;(0e™) — HSG; (2e7) —0.5168 42
Sulfite reduction to sulfide 2.1.2 Bet HSO; (2e7) — HoS(8e) -0.1168 —106
Sulfate reduction to sulfur 2.2 6et SC; (0e™) — S(6e7) —0.1992 —58
Sulfur reduction to sulfide 2.3 2e+ S(6e) - HoS(8e) —0.2696 -6
Oxidized Fe reduction: 0.4 te.0.3 V EX7
Ferric hydroxide reduction to ferrous (direct) 3.1 ~ e Fe(OH)(0e™) — Fet(1e) —0.2614 -4
Ferric hydroxide reduction to 16 M ferrous 3.1a €+ Fe(OHy(0e") > Fe¢t(1e)[1074M] —0.0246  —27
Ferric hydroxide reduction to ferrous (indirect) 3.2 —3¢ Fe(OH}(0e™) — 3Feft(1e7) -0.2614 -11
Ferric hydroxide reduction to magnetite 3.2.1 ~ €3Fe(OH}(0e") — Fe304 (1€7) 0.4172 —69
Magnetite reduction to ferrous 3.22 28 Feg04(1e) — 3Fe2+(1e—) —0.6007 58
Magnetite reduction to 10* M ferrous 3.2.2a 2e + Fe304(le”) — 3FH(1e)[1074 M]  —0.3639 6

Oxidized Mn reduction: 0.5t0 0.4 V Eh
Manganese dioxide reduction to manganous 41 ~ 24n0,(0e”) — Mn2t(2e") 0.4019 -135
Manganese dioxide reduction to 1M manganous 4.1a  2e+ MnOy(0e™) — Mn2t(2e7)[10~4 M] 0.5203 —158

Oxidized N reduction: 0.9 to 0.3 V £h

Nitrate reduction to ammonium 5.1 Bet NO5 (0e™) — NHI(Se*) 0.3628 512
Nitrate reduction to nitrite 511 2e+ NO3 (0e™) — NO; (2e7) 0.4328 —-141
Nitrite reduction to ammonium 5.1.2 6et+ NO; (267) — NHI(Se‘) 0.3395 370
Nitrate reduction to dinitrogen 5.2 10e+r 2NO; (0e™) — N2(10€7) 0.7470 -1010
Nitrate reduction to nitrite 5.21 4e+ 2NO; (0e™) — 2NO; (267) 0.4328 —283
Nitrite reduction to dinitrogen 5.2.2 6e+ 2NO;, (267) — N2(10e") 0.9565 —727
Nitrous oxide reduction to dinitrogen 5.2.2.1 2e N»O(8e™) — N»(10€7) 1.3550 —-319

1 The reactions consist only of redox active components; to facilitate redox balancing, the number of availahle eontained by each
component is included in parentheses. A table containing additional TEAP reactions, the associate energetic variables, and an explanation of the
ERY7 andAG7 values are available at http://www.soils.wisc.edhickey/microbial. html

could support various members may be determined by a consortium. The pathway can be subdivided into
examining the energetics of a transformation or series three phases: 1) toluene oxidation to benzoate (Eq.
of transformations. For example, it is unlikely that 1.1); 2) benzoate oxidation to acetate (Eq. 1.2); 3)
an organism will release metabolites in which it has acetate oxidation to carbon dioxide (Eq. 1.3). The
a significant energy investment. Toluene degradation comparative energetics are such that release of ben-
(Eq. 1) may be used to illustrate how various steps zoate as an intermediate is possible, but is much more
in the pathway could support multiple organisms in likely under denitrifying conditions than it is under
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methanogenic conditions (Eq. 1.1, 1.1.7). For deni- of ferric hydroxide to magnetite is highly favorable
trifiers, the high energetic cost of the initial reductive (Eq. 3.2.1, ER” = 0.4 V) whereas subsequent re-
reactions involved in benzoate metabolism could also duction of magnetite to iron(ll) is not (Eq. 3.2.2a,
contribute to benzoate being released as a productEl® = —0.6 V). The information from Tables 1
(Egs. 1.2.1, 1.2.2). Denitrifiers metabolizing benzoate and 2 can be combined to evaluate biodegradation
to acetate would realize a natG%” of —620 kJ (Eq. processes coupled to TEAPs occurring between deni-
1.2). A variety of other intermediates could also be re- trification and methanogenesis (Table 3). Integrating
leased; the first of these could be 3-ketopimelate (Eq. this information illustrates that the energetic value of
1.2). Organisms mediating the initial transformations each electron donor step increases as the TEAP redox
in a methanogenic consortium would likely metabol- potential increases. One implication is that, since all
ize toluene at least as far as pimelate (Eq. 1.2.5) with pathway steps are worth more at higher redox po-
a netAGY” of —43 kJ; pimelate has been detected in tentials, a consortium organism mediating the initial
at least one benzoate-degrading methanogenic consorattack on a hydrocarbon could better afford to release
tium (Shlomi et al. 1978). After pimelate, the next an early stage product, providing multiple substrates
intermediate energetically feasible to release would which could support increased consortium member-
be acetate. The degradation pathways for ethylben-ship. Such a process would be consistent with the
zene and xylene (Table 2) show a pattern similar to ‘proliferation hypothesis’ formulated by Caldwell et
toluene, in that the release of benzoate and methylben-al. (1997), which holds that biological systems may be
zoate, respectively (Egs. 2.1, 3.1) would be possible more successful if they proliferate in association with
under denitrifying but not methanogenic conditions. other biological systems, and as such environmental
Alkanes are another major class of hydrocarbon con- selection may occur at levels beyond the individual.
taminants and the degradation pathway for hexadecaneThus, while consortial degradation processes are typ-
(Eg. 4.1.1 to 4.2.5) illustrates that, similar to the aro- ical under methanogenic conditions, these could be
matics, it is possible to infer intermediates that may expected under other TEAPSs as well.
be released and used as substrates by other consortium
organisms (e.g., tetradecanoate and propionate).

Table 1 presents similar pathway and reaction en- Organisms and consortia mediating hydrocarbon
ergy information for anaerobic TEAPS, grouped ac- degradation: Phenotypic and phyiogenetic
cording to redox-active element and listed in sequence characteristics
of increasing electron-accepting potential. These reac-
tions consist only of redox-active components, butthe |, this section, organisms are grouped according to the
nc property of each componentis included to facilitate TEAP under which they mediate hydrocarbon degrad-

tracking of the redox balance. An expanded table of ation, and their relevant phenotypic and phylogenetic
TEAPs and the associated energetic values is availablecharacteristics are examined. To gain a broader per-

at http//WWWSO|ISW|SCedu-/h|ckey/m|cr0b|a|html Spective of the diversity of processes and Organisms
The energetlj:s of coupling each TEAP pathway step some examples of consortia that carryout hydrocarbon
with Hz (10~* atm)/2H" as electron donor (Ef = degradation under various TEAPS, but which have not

—0.3V)is highly relevant to the ecophysiology of syn-  peen characterized as extensively, are also included.
trophic, anaerobic degradation of hydrocarbons and

is provided as a comparative reference. As indicated pjitrate reduction

above for multi-step electron donor pathways, each

component of a multi-step TEAP could in principle Nitrate is used as a terminal electron acceptor in two
be considered as a candidate for a different microbial respiratory processes, dissimiiatory nitrate reduction
component of an anaerobic, hydrocarbon-degrading to ammonium (DNRA) and reduction of nitrate to ni-

consortium. However, again on energy grounds it trous oxide and ultimately dinitrogen (denitrification).

is unlikely that a metabolite that requires a highly DNRA (Table 1, Eq. 5.1) is mediated by strict- and

endergonic formation reaction (SUCh as sulfite, Eq facuitative_anaerobes’ which may also grow by fer-
2.1.1) would be released as a substrate for anothermentation or use of iron(lll), sulfate, or carbon dioxide

organism. Possible endpoints of the electron acceptoras TEAs (Stouthamer 1988; Tiedje 1988). Hydro-
pathways can also be identified from Table 1. For ex- carbon oxidation Coupied to DNRA would be most
ample, in the iron(lll) reduction pathway, reduction |ikely to occur after conditions progressed well into
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anaerobisis (e.g., to iron/manganese-reducing condi- munities and their distribution may not necessarily be
tions or further) with well-established communities affected by prior exposure to contamination.
of anaerobes. Under natural conditions, nitrate would While the alkylbenzene-degrading nitrate-reducers
be depleted before DNRA could become a significant isolated thus far form a relatively tight phylogenetic
TEAP. However, in cases where large amounts of ni- cluster, they also present a diversity of hydrocarbon
trate are added to an anaerobic aquifer (e.g., as a stim-degradation abilities. Toluene is mineralized by almost
ulant for bioremediation), hydrocarbon degradation by all of the isolates, the exceptions being some strains
DNRA and/or denitrification could be important. De- that were enriched using other alkylbenzenes. For ex-
nitrification is mediated by a diverse assortment of ample, strain PbN1 (Rabus & Widdel 1995) degrades
bacteria (Zumft 1992), most of which are facultative propylbenzene and ethylbenzene, strain EB1 (Ball et
anaerobes in which the expression and/or activity of al. 1996) degrades ethylbenzene, and strain pCyN2
reductases involved in denitrification is repressed by (Harms et al. 1999a) degradpscymene. The isol-
oxygen. Because the Ehof 0.747 V for denitrifica- ates from toluene-amended enrichments differ in the
tion (Table 1, Eq. 5.2) is almost as positive as that of pattern of alkylbenzenes that they degrade; strain EB1
0.8150 V for @ reduction, (Harris & Arnold 1995) and EbN1 (Rabus & Widdel 1995) metabolize tolu-
the energy yields of hydrocarbon oxidation coupled ene and ethylbenzene whie tolulyticusstrain Td-15
to denitrification approach those obtained by aerobic and Azoarcussp. strains T and mXyN1 degrade both
respiration and exceed that of other TEAPs (Table 3). toluene andn-xylene (Dolfing et al. 1990; Schocher
Thus, nitrate reduction reactions should dominate over et al. 1991; Fries et al. 1994; Rabus & Widdel 1995;
the other anaerobic TEAPs during hydrocarbon de- Beller & Spormann 1997a; Krieger et al. 1999). For
gradation as long as nitrate is available (Anderson & most of the isolates, the alkylbenzenes that support
Lovley 1997). The favorable energetics of denitrific- growth under denitrifying conditions are also degraded
ation and high water solubility of nitrate have been aerobically. The exceptions are strains EbN1, PbN1,
two factors driving the use of nitrate-supplementation ToN1, and mXyN1, which couple oxidation of some
as a strategy for in situ remediation of contamin- substrates to nitrate reduction only. In pure culture, the
ated aquifers (Reinhard et al. 1997; Thomas et al. nitrate reducing, alkylbenzene-degraders differ in their
1997; Hutchins et al. 1998). The effectiveness of accumulation of, and sensitivity to, nitrite (Dolfing
this approach is perhaps most significantly affected et al. 1990; Schocher et al. 1991; Rabus & Widdel
by the capability of the targeted organisms to oxid- 1995; Harms et al. 1999a). Thus, in heterogeneous
ize hydrocarbons by mechanisms that do not involve communities these organisms may benefit from asso-
oxygenases such as those summarized in Table 2. ciations with organisms having a greater affinity for
Nitrate reduction is mediated by a diversity of nitrite-reduction.
phylotypes, and includes representatives from almost
all taxa comprising thBacteriadomain (Zumft 1992).  |1on reduction
But, to date, most of the organisms isolated from deni-
trifying, alkylbenzene-degrading enrichment cultures Geobacter metallireducensouples toluene (as well
have been assigned to the beta-2 subgrdipofio-  as phenol ang-cresol) mineralization to iron reduc-
cyclusgroup) of theg-Proteobacteria as Thaurea tion or to DNRA (Lovely & Phillips 1988; Lovley &
Azoarcusor a closely affiliated phylotype. Toluene- | onergan 1990; Lovley et al. 1993). The toluene de-
degradingAzoarcusncludeA. tolulyticus A. toluvor- gradation pathway oB. metallireducenbas not been
ans andA. toluclasticusas well as several isolates established Geobacterare commonly isolated from
that have not yet been classified to the species levelpristine and contaminated anaerobic environments in
(Zhou et al. 1995; Heider & Fuchs 1997; Song et which iron reduction is an important TEAP (Coates
al. 1999). The toluene-degrading speciesAa@bar- et al. 1996). There are several characterized species
cus identified so far were isolated from a variety of Geobacterwhich is classified within th&eobac-
of environments including hydrocarbon-contaminated teraceaefamily of the s-ProteobacteriaOther genera
groundwater, hydrocarbon-contaminated soil, non- included in theGeobacteraceaare Desulfuromonas
contaminated soil and non-contaminated compost Desulfuromusaand Pelobacter all are strict anaer-
(Fries etal. 1994; Song et al. 1999). Thus, these organ-obes that have in common the ability to use iron(ll1)
isms may be common constituents of microbial com- gnd/or elemental sulfur as a TEA. Other thén

metallireducensnd a phylogenetically similar strain
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TACP-5 (Coates et al. 1996), no otl@eobacteraceae

This postulated role for iron reducers has not yet been

have as yet been demonstrated to grow by coupling demonstrated in a defined hydrocarbon-degrading, co-

alkylbenzene oxidation to iron reduction (Lonergan
et al. 1996). Thus, although evidence from field and

culture, but because of the high affinity of known
iron-reducers for hydrogen and acetate (Anderson &

microcosm studies indicates that hydrocarbon degrad- Lovley 1997) it is a potentially important relationship.

ation coupled to iron reduction is a major process,

knowledge of the organisms mediating these reactions gyjfate reduction

is quite limited.

Iron (IIl) is the most abundant TEA in most anaer-
obic aquifers (Lovley 1991). In principle, organisms
carrying out iron reduction obtain relatively good en-

Organisms defined physiologically as sulfate-reducers
encompass a diversity of bacteria that span the do-
mains Archaeaand Bacteria. Within the Bacterig

ergy yields compared to those of sulfate-reducers and sulfate-reducing bacteria (SRB) occur in the Gram-
methanogens (Table 3), and on this basis should bepgsitive andProteobacteriadivisions, and in the latter

competitive in anaerobic environments (Chapelle &
Lovley 1992). In practice, however, their growth
and activity may be limited by the bioavailability of
iron(lll). For exampleG. metallireducengrows more
rapidly with soluble iron-chelates than with amorph-
ous Fe(OHJ (Lovley et al. 1994b). Also, addition
of a variety of iron-chelates to microcosms can en-

comprise eight distinct phylogenetic lineages within
the §-subdivision (Holt et al. 1994). As a group,
the SRB are metabolically versatile and able to grow
either by using sulfate or sulfur oxyanions (Table 1,
Egs. 2.1-2.3) as electron acceptors or by fermenta-
tion (Widdel 1988). This characteristic of SRB makes
them potentially important members of degradative

hance rates of benzene and alkylbenzene mineraliza-consortia.

tion (Lovley et al. 1994b; Lovley & Woodward 1996;
Lovley et al. 1996).The role of iron-reducing organ-

Pure cultures of SRB have been isolated that grow
on alkylbenzenes and alkanes. Alkylbenzene meta-

isms in anaerobic, hydrocarbon-degrading consortia polism has been characterized wibesulfobacula
could be either as a hydrogen and acetate consumeto|uolicastrain Tol2 (Rabus & Heider 1998) and strain

or as the initiator of hydrocarbon catabolism (Lovely
& Phillips 1988; Lovley 1991; Coates et al. 1996).
G. metallireducensas discussed above, can couple
the complete oxidation of toluene to iron- reduction
in pure culture. However, it can also initiate toluene
degradation in co-culture witt\/olinella succinogenes
when fumarate is the TEA (Meckenstock 1996.

PRTOL1 (Beller & Spormann, 1997b), both couple
oxidation of toluene to sulfate reduction. Two other
alkylbenzene-degrading SRB are strains oXyS1 and
mXyS1, which were isolated from oil-contaminated
marine sediment (Harms et al., 1999b). Both grew
on crude oil and degraded toluene and benzoate
but differed in the ability to metabolize isomers of

metallireducenslone cannot use fumarate as an elec- a|ky|-benzenes and a|ky|-benzoates: o0XyS1 prefer-
tron acceptor. Instead, the electrons are transferredentially attacked those that wemsubstituted ¢-

to W. succinogeneswvhich uses fumarate as a TEA,
via interspecies electron transfer. Lovley et al. (1999)

xylene, o-ethyltoluene and-methylbenzoate) while
mXyS1 only degradedrsubstituted compoundsnf

demonstrated that humic-like substances could facil- xylene, m-ethyltoluene,m-isopropyltoluene, anan-

itate this transfer of electrons betwe€&n metallire-
ducensand W. succinogeneslron-reducing organ-
isms can also consume metabolites (Lovely & Phillips
1988; Lovley & Phillips 1989; Lovley 1991; Coates et
al. 1996) produced by a hydrocarbon-fermenting or-

methylbenzoate). The strains were also of different
phylogenetic lineage; based on 16S rDNA sequence
similarities the closest relatives to 0XyS1 weddes-
ulfobacterium cetonicurt98.4%) andDesulfosarcina
variabilis (98.7%), while that of mXyS1 wabBesulfo-

ganisms (e.g., acetate and hydrogen). In environmentscoccus multivorané36.9%).

with high levels of bioavailable iron(lll), iron-reducers

At least four pure cultures of alkane-degrading

may inhibit sulfate reduction and methanogenesis by SRB have been isolated: strain TD3 from the Guaymas
out-competing the sulfate-reducers and r_nethanogensBasin, (Rueter et al. 1994); strain Hxd3 from an oil-
for hydrogen, acetate, or other fermentation products water separator in Hamburg, Germany (Aeckersberg

(Lovley 1991; Chapelle & Lovley 1992; Anderson &
Lovley 1997). Increasing hydrogen concentrations in

et al. 1991); strain AK-01 from the contaminated in-
tertidal sediment in Aurther Kill, N.Y., (So & Young

anaerobic aquifers as the TEAP gradient approaches1999); strain Pnd3, a mesophile, from marine mud
methanogenesis reflect this idea (Chapelle et al. 1995).(Aeckersberg 1998). Phylogenetic analysis showed
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that thermophilic strain TD3 was deeply branched formate, methyl compounds, and alcohols), and/or by
within the §-Proteobacteriabut was most closely re-  fermentation of acetate (aceticlastic methanogenesis).
lated toDesulfovibrio(Rueter et al. 1994; So & Young Methanogens are unable to transform hydrocarbons
1999), while the mesophile strains Hxd3, Pnd3, and or other complex organics to these relatively simple
AK-01 were more closely related to each other and to substrates and as such are dependent on degradative
the generdesulfosarcina DesulfonemaandDesul- activities of other organisms to supply their electron
fococcus(Aeckersberg et al. 1998). Aside from the donors. Thus, methanogenic degradation processes
ability to reduce sulfate and metabolize fatty acids characteristically involve consortia (Oremland 1988;
and alkanes of approximately the same length (So & Kafkewitz & Togna 1998).
Young 1999), these organisms were metabolically and  In natural environments, the composition of meth-
phylogenetically distinct. anogenic consortia carrying out biodegradation pro-
In the absence of sulfate, the SRB continue to play cesses is typically unknown, but based on analysis
a central role in biodegradation processes by establish-of model laboratory systems, these are likely to be
ing metabolic links with other organisms. The SRB are a diverse and dynamic mixture of organisms. For
commonly associated with methanogenic consortia example, Fernandez et al. (1999) examined the mi-
(see discussion in the following section) and may have crobial community in a methanogenic digester that
a variety of functions, including acting as a homo- had been fed glucose for 1505 days. The reactor was
acetogen forming acetate from hydrogen and carbonthen sampled over a 575-day interval, during which
dioxide (Widdel 1988). This is a pivotal role given time the microbial activity (as indicated by methane
that hydrogen and acetate are the main substrates conand volatile fatty acid production, pH, and chemical
sumed by methanogens. It is also possible for SRB to oxygen demand reduction) was relatively stable. Se-
affiliate with consortia in which the prevailing TEAP lected samples were used to constrBetteriaand
occurs at a redox level more favorable than sulfate re- Archaeal6S rDNA clone libraries, and the diversity
duction. For example, strain TRM1 (a toluene degrad- of organisms comprising these was determined by us-
ing, sulfate-reducer) cannot, as a pure culture, couple ing restriction enzyme analysis to generate operational
toluene oxidation to nitrate- or fumarate-reduction. taxon units (OTUs). Collectively, at least Bacteria
But, strain TRM1, likeG. metallireducenscan de- and 21ArchaeaOTUs were identified, the occurrence
grade toluene when incubated in co-culture with the and abundance of which varied over time. Meth-
hydrogen consuming, nitrate- and fumarate-reducing anogenic aquifers contaminated with heterogeneous
W. succinogene@Meckenstock 1999). The environ- mixtures of hydrocarbons might support development
mental significance of SRB in consortial interactions of similarly complex communities.
such as these is unknown. However, there are at least Methanogenic consortia mediate degradation of a
two possibilities where this might occur: 1) when ni- variety of alkanes and aromatics (Edwards & @rbi
trate is added to anaerobic aquifers as a biostimulantGalic 1994; Phelps et al. 1998; Weiner & Lovley
for bioremediation, 2) during the initial transition to  1998a; Ficker et al. 1999; Zengler et al. 1999). One
anaerobisis when nitrate is still present. Either of these of the most extensively characterized and relevant
would likely involve competition between SRB and a to hydrocarbon pollutant degradation is a toluene-
variety of other nitrate-reducers for the hydrocarbons, degrading consortium (Edwards & GébGalic 1994;

acetate, or hydrogen. Ficker et al. 1999). This consortium is used as a
model in Figure 1 and is composed of four physiolo-
Methanogenesis gical groups defined as: syntroph 1, oxidizing toluene

and releasing one or more oxidative or fermentation
The endpoint of temporal and spatial progression in Pathway intermediates (in this example specified as
redox stratification in anaerobic aquifers is establish- toluene oxidation to acetate coupled to proton reduc-
ment of methanogenesis as the predominant TEAP. All tion to Hp); syntroph 2, a homoacetogen catalyzing the
known methanogens occur within tieiryarchaeota reversible oxidation of acetate coupled to the reduction
family of the domainArchaea(Garcia 1990). These ©f protons to H (depending on relative activities of
organisms are strict anaerobes that produce methane agcetate and pj; syntroph 3, a methanogen fermenting
a product of catabolic metabolism. Methane produc- acetate and producing G@nd methane; and syntroph
tion occurs via reduction of carbon dioxide with alim- 4, @ methanogen usingHo reduce C@ to methane.
ited number of electron donors (i_e_, hydrogen’ acetate, Like other methanogenic Consortia, the activity of this



152

model toluene-degrading consortium is dependent on lar activity. Clearly, identification and characterization
the control of K and acetate concentrations, which of the organisms mediating the initial transformation
is effected by the collective activity of the syntrophs. of alkylbenzenes, and the other consortium activit-
For example, a relatively small change i dould ies, is needed to advance our understanding of these
reverse the acetyl CoA pathway syntroph 2 uses for important processes.

energy generation. The model is also similar to other

consortia in illustrating the possibility for different

groups of methanogens (hydrogen vs. acetate con-|mpacts of hydrocarbon contamination on

suming) to carryout parallel reactions simultaneously. microbial community structure in anaerobic
A defining feature of the toluene-degrading consor- aquifers: Microcosm and field studies

tium is the activity of the organism(s) that initiate
degradation, which would likely involve specialized The issue for the present review is how the composi-
transformations (see Table 2). tion and activity of microbial communities involved in
Ficker et al. (1999) applied a battery of phylo- nydrocarbon biodegradation may vary within and/or
genetic analyses to determine the composition of the petween TEAP zones. Explorations of microbial com-
toluene-degrading consortium. Six maj@acteria  munity structure alterations that accompany variation
OTUs and twoArchaeaOTUs were identified in @ iy TEAP stratification have been relatively recent un-
clone library of the consortium. A series of probes ertakings. The issue has been addressed by integrat-
were developed from these sequences and used tong geochemical analyses with molecular phylogen-
quantify organism abundance by hybridization. The etic and/or phenotypic examination of microbial com-
two archaeal sequence types collectively accounted mynities. This approach has been applied for the direct
for about 29% of the cells hybridizing to aAr- analysis of samples from the field and of samples taken
chaeadomain probe, and two bacterial sequences from microcosms. The former provides the most ac-
represented 87% of all cells hybridizing tdacteria  cyrate insights into community structuire situ, but
domain probe. Thérchaeasequences were determ- pecause of the complexity of communities and chem-
ined to beMethanosaetand Methanospirillum one jcg| characteristics of the environment, cause and ef-
of the Bacteria sequences detected by hybridization fect relationships are difficult to discern. Microcosms
was aDesulfotomaculurfike SRB while the other 30w establishment of controlled conditions needed
had no similarity to a known genus. The investigat- {5 correlate microbial community dynamics with en-
ors developed a hypothetical assignment of function yjronmental variables, but extrapolation of findings
to phylotype by working backward from the terminal o field studies is difficult. The two approaches are
processes. Methane production by acetate ferment-thys complementary and continuing studies integrat-

ation (Figure 1, syntroph 3) was assigned to the jng these approaches have the potential to improve our
Methanosaeta sequence-type, as this is the only knownynderstanding of these environments.

growth mechanism for this genus (Archer & Harris
1986; Garcia, 1990)Methanospirillumwas postu-
lated to mediate a parallel path of methanogenesis
(Figure 1, syntroph 4) using hydrogen to reduce car- A number of studies have included microcosms to
bon dioxide. TheDesulfotomaculurike SRB was  examine hydrocarbon degradation under a variety of
presumed not to mediate the initial attack on tolu- TEAP conditions (Hutchins 1991; Edwards & Gtbi
ene as addition of excess sulfate inhibited degradation, Galic 1992; Edwards et al. 1992; Ball & Reinhard
instead of enhancing it (i.e., toluene oxidation was 1996; Borden et al. 1997; Hess et al. 1997; Hutchins
not directly coupled to sulfate reduction). Thus, by 1997; Kazumi et al. 1997; Salanitro et al. 1997;
the process of elimination, the hypothesized roles of Nales et al. 1998; Weiner et al. 1998; Weiner &
the SRB and unknown bacterial sequence types were| ovley 1998a, b; Phelps & Young 1999; Shi et al.
homoacetogen (Figure 1, syntroph 2) and toluene- 1999). The present review is restricted to those that in-
oxidizer (Figure 1, syntroph 1), respectively. The cluded a detailed analysis of the microbial community.
phylogenetic analysis provided one of the firstinsights Microcosm studies examining effects of nitrate sup-
into the composition of an alkylbenzene-degrading plementation on microbial community structure have
consortium. However, the occurrence of an organism peen prompted in part because of the interest in us-
can not be used as direct evidence for any particu- ing this approach as a bioremediation strategy. It is

Microcosm studies
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Syntroph Phylogenetic match Growth Reaction AGT(kJ)  AG (k)
1 unknown C.H, + 11.28H — 2.82C,H,0, + 0.82CO, + 5.64H, + 0.54 Cell-C 154 -54
2 Desulforomaculum 1.41C,H,0, + 11.12H — 2.78CO. + 5.56H, + 0.04 Cell-C 133 -3
3 Methanosaeta 1.41C,H,0,— 1.39CO, + 1.39CH, + 0.04 Cell-C -49 -52
4 Methanospirillum 11.20H, +2.82C0O,—> 22.40H" -~ 2.78CH, ~ 0.04 Cell-C -364 -97
Overall Consortium Reaction C;H, — 2.17CO, + 4.17CH, + 0.66 Cell-C -126 -207

Figure 1. Proposed metabolic interactions in the model toluene-degrading consortium based on Edwardsta@al@r{ii994) and Ficker et
al. (1999). Growth reactions are derived from the energetics of the dissimilatory and assimilatory half-reactions (see footnotes Table 1). This is
information is available at http://www.soils.wisc.edtnickey/microbial.html.

well established that, in most cases, nitrate amend- rence ofA. tolulyticus in situwas thus confirmed, but
ment stimulates alkylbenzene degradation (Heider & its role in anaerobic degradation of the hydrocarbons
Fuchs 1997; Hutchins et al. 1998; Nales et al. 1998). was difficult to assess based on its distribution relat-
However, the impacts of these treatments on microbial ive to the TEAP. The oxic zone also had the greatest
community structure are unknown. Column micro- abundance af-Proteobacterig10% ofBacterig) and
cosm studies by Hess et al. (1997) examined the outside this region these organisms dropped to < 2%
distribution of the denitrifying alkylbenzene-degrader of the community. Thex-Proteobacteriavhere most

A. tolulyticusand overall population composition in  abundant across the redox gradient and ranged from
diesel fuel-contaminated aquifer material. The column 80 to 87% of theBacteriain the aerobic zone, 42%
influent contained hydrocarbons and nitrate, and a in the anoxic zone and 66% in the anaerobic zone.
redox gradient was established between the inlet The y-Proteobacteriaaccounted for 10-16% of the
(oxic conditions) and outlet (denitrifying conditions). community along the entire column. Shi et al. (1999)
Phylogenetic probes targetirg tolulyticusand divi- also found that the3- and y-Proteobacteriawere
sions and subdivisions within tH&acteriawere used more abundant than the-Proteobacteriain nitrate-

in fluorescenin situ hybridization tests to determine supplemented, fuel-contaminated, anaerobic aquifer
organism abundance along the redox gradient. In the sediment. However, these investigators also noted that
oxic zone A. tolulyticuswas detected at an abundance when toluene was added a significant fraction of the
of ca. 2% of the bacterial community, but outside this bacterial DNA (55-65%) did not hybridize to the,
region dropped te< 1% of the community. The occur- 8-, y-, or§-Proteobacteriaor high G + C probes used.
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Collectively, these studies suggest that of Ereteo- A study illustrating the use of TEA-MPN to de-
bacterig they- and/org-groups may compose a large termine the spatial distribution of bacterial physiolo-
fraction of hydrocarbon-degrading, nitrate-reducing gical types was that of Ludvisgen et al. (1999).
community but that the diversity of organisms active These investigators were studying an aquifer contam-
in this process is as yet unknown. inated by landfill leachate (located in Grinsted, Den-
mark) and used TEA-MPN to determine the distribu-
tion and abundance of nitrate-reducers, iron-reducers,
Field studies manganese- reducers, sulfate-reducers, and methano-
gens. The microbial community diversity and biomass

Relating microbial community composition to bio- Wwas largestin the methanogenic zone, with the abund-
degradation processes occurring in contaminated ance of physiological groups decreasing in the order
aquifers is a challenging undertaking, and has been (approximate maximum density) iron-reducers (10
approached by using culture-based and/or molecularg™) > nitrate-reducers manganese-reducers meth-
methods. For the former, the most probable number anogens (19g~1) > sulfate-reducers (#ag~1). Out-
technique has been used to enumerate physiologicalside the methanogenic region, numbers of methano-
groups of organisms that are defined by their abil- gens and sulfate-reducers droppeekta(” g~* while

ity to grow by fermenting selected organics, or by iron-reducers decreased to levels similar to those of
coupling oxidation of a selected electron donor to a hitrate- and manganese-reducers (cd. g¢0"). Other
given TEA (TEA-MPN). Data from TEA-MPN ana-  than the enrichment of methanogens in the meth-
lyses provide a quantitative estimate of abundance anogenic region, there was no apparent correlation
and distribution for different physiological groups. between changes in physiological group abundance
However, a limitation of TEA-MPN is that Cu|turing and Changes in TEAP stratification. These results
probab|y recovers on|y a subset of the targeted or- could reflect the above-mentioned limitation of MPN-
ganisms, which may give an underestimate of abund- TEA, namely the possibility for some organisms to
ance. Also, some organisms may be able to grow grow by multiple mechanisms. For example, in the
with multiple TEAs. This may be one factor (along Methanogenic zone organisms enumerated as iron-
with spatial heterogeneity) that may complicate in- reducers might be growing by some form of fermenta-
terpretation of TEA-MPN data in the context of the tion. Also, organisms could employ survival strategies
apparent prevaiiing TEAP in the location Sampied_ aIIOWing them to perSiSt in the absence of a suitable
Molecular phylogenetic analyses provide qualitative TEA (Richardson 2000). The spatial heterogeneity of
insights into Community diversity_ Techniques com- these systems is another factor that complicates correl-
mon|y emp|0yed include those mentioned above (re_ ating microbiological and physical-chemical analyses.
striction enzyme and sequence analysis of 16S rDNA  Bekins et al. (1999) examined a petroleum-
clone libraries, hybridization) and denaturing gradi- contaminated aquifer in Bemidji, Minnesota by TEA-
ent gel electrophoresis (DGGE). For DGGE analysis, MPN. The groups of organisms enumerated were
PCR is first used to amplify a segment of the 16S Similar to those examined in the Grinsted aquifer,
rDNA using Community DNA extracts as temp|ate_ except these tests included fermenters and excluded
The PCR products generated have a uniform size, butmanganese-reducers. Iron-reduction and methanogen-
differ in their internal nucleotide sequence and con- €sis were the predominant TEAPs within the plume,
sequently have variable melting behavior. The latter While the surrounding non- contaminated regions were
characteristic can be exploited to separate individual aerobic. Within the plume, iron-reducers and aerobes
PCR products into bands based on electrophoretic mi- Were predominant (ao 1¢° g~*) at all locations; fer-
gration in a gel containing a concentration gradient menters were generally less abundant and numbered
of a denaturing agent (Muyzer et al. 1993; Muyzer 100 to 1d5 gil. Nitrate- and sulfate-reducers were de-
et al. 1996; Muyzer & Smalla 1998). Each band tected throughout the plume and in non-contaminated
represents at least one microbial phylotype, and com- regions, but were present in the majority of samples
parisons between samples in the number of bandsat < 10? g1. Methanogens ranged from nondetect-
and/or banding patterns provide a qualitative indicator able to 18 g=*, and their peak numbers coincided
of differences in microbial diversity. Bands can also be With reduced numbers of iron-reducers. The negat-

recovered from ge|s for Sequencing and the phy|otype ive correlation between methanogen and iron-reducer
assignment (Muyzer & Smalla 1998). numbers was statistically significant, and the invest-



155

igators suggested that this alteration was indicative of apparently novel sequences formed six groups of a
regions that either were methanogenic or progressing new candidate division. A variety of OTUs were re-
from iron reducing to methanogenesis. covered from all zones, but the number of different

The Bemidji aquifer was further characterized by types increased in the order iron- reducing (six OTU),
Rooney-Varga et al. (1999), who used PCBa¢- < sulfate-reducing (ten OTU)x methanogenic (37
teria and Geobacteraceagprimers) and DGGE. The  OTU). Thus, microbial biodiversity appeared to be
Bacteria PCR products generated from the non- greatest in the methanogenic zone, which would be
contaminated, oxic zone were separated into four consistent with the studies of Bekins et al. (1999)
to five bands while those generated from the iron- and Ludvisgen et al. (1999) that suggest microbial di-
reducing and methanogenic zones contained up to 25versity increases as the predominant TEAP progresses
bands. The increased banding pattern complexity in to methanogenesis. In some cases, insights into po-
samples from the contaminated zone would be con- tential function could be inferred from sequence in-
sistent with the physiological analysis of Bekins et al. formation. For example, the predominant archaeal
(1999) in suggesting the development of more diverse sequence type recovered by Dojka et al. (1998) from
microbial communities. One of the iron-reducing the methanogenic zone was 97% similaiMethano-
zones was shown to be a location in which benzene saeta concillii. As mentioned abovelMethanosaeta
mineralization was occurring, and selected DGGE are only known to grow only by acetoclastic meth-
bands apparent only in this sample were sequencedanogenesis and as such the investigators postulated
to identify the organisms that appeared to be enriched the occurrence of this activity situ. Complementary
in this zone. The majority of these additional bands activities, like organic acid and hydrogen produc-
recovered were determined to be sequence types betion, were hypothesized to be mediated by sequence
longing to theGeobacteracead.he oxic and iron-re-  types identified asSyntrophus gentianaédther ar-
ducing zones also had different DGGE patterns for the chaeal sequences matchikthanospirillum which
Geobacteracea®CR products. Subsequent sequen- might mediate methane formation by carbon dioxide
cing of the bands confirmed that different sequence reduction. This collection of activities was similar to
types were amplified from the oxic and iron-reducing that proposed for the methanogenic toluene- degrading
zones. Those from the latter were closely related consortium described above. Studies of the Michigan
to Geobacterspp., which as yet is the only organ- aquifer illustrate the difficulty in identifying organisms
ism group that has demonstrated mineralization of mediating the critical initial transformations of the
aromatic compounds coupled to dissimilatory iron re- hydrocarbons. None of the sequence types retrieved
duction. TheGeobactespp. sequence types were also from the iron- or sulfate-reducing zones showed sim-
identified in a benzene-degrading enrichment culture. ilarities to organisms known to link growth to these
Collectively, these findings indicated that one of the TEAPs. Which could indicate that these organisms
major shifts in community structure involved general were present but not detected, that unknown organisms
proliferation of Geobacteracea the iron-reducing mediated these processes, and/or that the predominant
zones and specific establishment@éobacterspp.- TEAP in these zones was not correctly assigned.
like organisms in areas in which benzene degradation
was occurring.

Sequence analysis of 16S rDNA clone libraries has Conclusions
also been used to study shifts in microbial community
structure associated with pollution and changes in while hydrocarbon degradation has been documented
TEAP stratification. Dojka et al. (1998) reported in a variety of anaerobic aquifers, the nature of the mi-
phylogenetic analysis of a hydrocarbon- and chlorin- crobial communities mediating these processes is still
ated solvent- contaminated aquifer in Michigan. Clone |argely unknown. Insights into the types of organisms
libraries of 16S rDNA sequences were established mediating hydrocarbon degradation and the biochem-
from zones in which the predominant TEAP was jcal pathways by which hydrocarbons are metabolized
considered to be iron-reduction, sulfate- reduction or have been gained from the study of individual isol-
methanogenesis. Sixty-four clones were categorized ates and consortia. While still rather limited, the data
into ten, well-recognized divisions (e.g2roteobac-  suggest unity as well as diversity in the microbiology
teria), 21 into four of the ‘OP’ candidate divisions and biochemistry underlying these processes. Unity
that currently lack cultured representatives, and ten jn that similar biochemical mechanisms have been
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documented in widely divergent phylotypes, and di- Ball HA & Reinhard M (1996) Monoaromatic hydrocarbon trans-
versity in that hydrocarbon-degraders closely related formation under anaerobic conditions at Seal Beach, California:

: . : Laboratory studies. Environ. Sci. Technol. 15: 114-122
as phylotypes may differ in the type and variety of Bekins BA, Godsy EM & Warren E (1999) Distribution of micro-

hydrocarbon degradation pathways they possess. This pja| physiologic types in an aquifer contaminated by crude oil.
situation is similar to what is known for the more Microb. Ecol. 37: 263-273

thoroughly researched area of aerobic deg radation of Beller HR & Spormann AM (19973.) Anaerobic activation of toluene

- . . . ando-xylene by addition to fumarate in denitrifying strain T. J.
hydrocarbons. While most of the information on bio- 5. 20" 20 0 ooe

chemical pathways has been gained from the analysisgeller HR & Spormann AM (1997b) Benzylsuccinate formation as a
of individual isolates, the energetic framework presen-  means of anaerobic toluene activation by sulfate-reducing strain
ted here demonstrates how microbial consortia could _PRTOLL. Appl Environ Microbiol 63: 3729-3731

be i ived in hvd bon d dati dl f Boll M & Fuchs G (1998) Identification and characterization of the
€ Involved In hydrocarbon degradation regardiess o natural electron donor ferredoxin and of FAD as a possible pros-

the predominant TEAP. Certain organisms within such  thetic group of benzoyl-CoA reductase (dearomatizing), a key
consortia are likely to mediate specialized biochemical  enzyme of anaerobic metabolism. Eur. J. Biochem. 251: 946-954

ransformations. which ol kev role in definina th Borden RC, Hunt MJ, Shafer MB & Barlaz MA (1997) Anaer-
Lads 0 bat OdS, dc .p ayha ey O.e. def h g the obic biodegradation of BTEX in aquifer material. United States
ydrocarbon degradation characteristics of the com- . ironmental Protection Agency, Ada, OK

munity under a given TEAP. Analyses of microcosms Caldwell DE, Wolfaardt GM, Korber DR & Lawrence JR (1997).
and field samples suggest that the diversity of or- Do bacterial communities transcend Darwinism? In: Jones JG

ganisms mediating these processes have not yet been (Ed) Advances in Microbial Ecology, Vol 15 (pp 105-175). New
York, Plenum Press

adeql_lately characterized. Advancem?nts inthe u_n_der'ChapeIIe FH & Lovley DR (1992) Competitive exclusion of sulfate
standing of how hydrocarbon-degrading communities  reduction by Fe(lll)-reducing bacteria: a mechanism for produ-
function will be significantly affected by the extent to cing discrete zones of high-iron ground water. Ground Water 30:

. ; o - . 29-36
which organisms mediating specialized reactions can Chapelle FH, McMahon PB, Dubrovsky NM, Fujii RF, Oaks-

be identified and tools developed to allow their study  ord ET & Vroblesky DA (1995) Deducing the distribution of
in situ. terminal electron-accepting processes in hydrologically diverse
groundwater systems. Water Resources Research 31: 359-371
Coates JD, Phillips EJP, Lonergan DJ, Jenter H & Lovley DR
(1996) Isolation ofGeobacterspecies from diverse sedimentary
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