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Abstract

Aromatic and aliphatic hydrocarbons are the main constituents of petroleum and its refined products. Whereas
degradation of hydrocarbons by oxygen-respiring microorganisms has been known for about a century, utilization
of hydrocarbons under anoxic conditions has been investigated only during the past decade. Diverse strains of
anaerobic bacteria have been isolated that degrade toluene anaerobically, using nitrate, iron(lll), or sulfate as
electron acceptors. Also, other alkylbenzenes suel+gglene or ethylbenzene are utilized by a number of strains.

The capacity for anaerobic utilization of alkylbenzenes has been observed in membersgfghey- ands-
subclasses of the Proteobacteria. Furthermore, denitrifying bacteria and sulfate-reducing bacteria with the capacity
for anaerobic alkane degradation have been isolated, which are membersgefahds-subclass, respectively.

The mechanism of the activation of hydrocarbons as apolar molecules in the absence of oxygen is of particular
interest. The biochemistry of anaerobic toluene degradation has been studied in detail. Toluene is activated by
addition to fumarate to yield benzylsuccinate, which is then further metabolized via benzoyl-CoA. The toluene-
activating enzyme presents a novel type of glycine radical protein. Another principle of anaerobic alkylbenzene
activation has been observed in the anaerobic degradation of ethylbenzene. Ethylbenzene in denitrifying bacteria
is dehydrogenated to 1-phenylethanol and further to acetophenone; the latter is also metabolized to benzoyl-CoA.
Naphthalene is presumably activated under anoxic conditions by a carboxylation reaction. Investigations into the
pathway of anaerobic alkane degradation are only at the beginning. The saturated hydrocarbons are most likely
activated by addition of a carbon compound rather than by desaturation and hydration, as speculated about in some
early studies. An anaerobic oxidation of methane with sulfate as electron acceptor has been documented in aquatic
sediments. The process is assumed to involve a reversal of methanogenesis catalyzed by Archaea, and scavenge
of an electron-carrying metabolite by sulfate-reducing bacteria. Among unsaturated non-aromatic hydrocarbons,
anaerobic bacterial degradation has been demonstrated and investigate@lkéhes, alkenoic terpenes and the
alkyne, acetylene.

A) Introduction tensive use as fuels and chemicals. But already before

their industrial use, locally significant accumulations
Hydrocarbons are wide-spread compounds in the en- of these hydrocarbons must have occurred in the bio-
vironment. Several hydrocarbons are natural metabol- sphere via natural seeps. Hence, it is very likely that
ites and part of the lipophilic fraction in microorgan- various hydrocarbons have been ubiquitous through
isms, plants and animals (Birch & Bachofen 1988). A life’s history; this may explain why many types of
major reservoir and source of hydrocarbons is petro- microorganisms have evolved metabolic capacities to
leum (Tissot & Welte 1984). Petroleum hydrocarbons Utilize these compounds as electron donors for aerobic
are introduced into the environment due to their ex-
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or anaerobic respiration, and as carbon sources for cellbeen carried out with pure cultures under the aspects
synthesis. of physiology and biochemistry are presented. iRor

Mineralization of aromatic and aliphatic hydrocar- situand microcosm studies the reader is referred to the
bons has long been considered to be feasible only other articles of this issue. However, somesitu and
under oxic conditions. The biochemical rational be- microcosm studies are included, especially in cases
hind this dogma was based mainly on the notion where anaerobic degradation of the hydrocarbon has
that in aerobic hydrocarbon-degrading bacteria mo- not been documented so far in pure cultures.
lecular oxygen is obligatorily required as a cosub-
strate in the initial enzymatic hydrocarbon activation.
These transformation reactions are catalyzed by the
well-known mono- or dioxygenases (Britton 1984;
Buhler & Schindler 1984; Gibson & Subramanian
1984). Hence, the biochemical strategy for hydro-
carbon activation under oxic conditions is to intro-
duce a hydroxyl group (or hydroxyl groups) into the
apolar molecule by means of activated oxygen as a
powerful oxidizing agent. The lack of molecular oxy-
gen in anoxic environments precludes such mode o
activation. Since mineralization of hydrocarbons is
nevertheless observed in anoxic environments, an-
aerobic hydrocarbon-degrading microorganisms must
have different biochemical means to convert the apolar
hydrocarbon substrate to a compound that carries a
functional group. The presence of functional groups
such as hydroxyl, carbonyl or carboxyl groups in
organic compounds is a prerequisite for subsequent
reactions to channel the substrate into central oxidative
pathways (e.g.3-oxidation, TCA cycle). As very re-
cent research on anaerobic alkylbenzene degradatio
indicates, it appears that at least two fundamentally
different strategies exist for initiating anaerobic alkyl-
benzene degradation: (i) Transformation of methyl-
substituted benzenes involves an enzymatic addition to
a carbon-compound as co-substrate, most likely via a
radical mechanism, whereas (i) alkyl-substituted ben-
zenes with alkyl side chains with two and more carbon
atoms in denitrifiers are activated by dehydrogenation
of the benzylic carbon.

The present review focuses on the anaerobic de-

gradation of aromatic and saturated hydrocarbons. X X
These are the main products of transformation pro- compounds in laboratory studies to unravel the meta-

cesses (microbial processes, diagenesis and catagerPOIiC prin_ciples and mechanisms involved in anaerobic
esis; Tissot & Welte, 1984) of organic material buried degradation of hydrocarbons.

in sediments and, therefore, represent the major frac-

tions of petroleum and gas in natural reservoirs, and of

refined products derived therefrom. In addition, novel Alkylbenzenes and other aromatic hydrocarbons
findings from the study of the anaerobic degradation

of alkenes as a wide-spread class of plant metabolites, o |kylbenzenes

and of acetylene as a representative of alkynes are in-

cluded. Of the various studies dealing with anaerobic |n studies of anaerobic degradation of aromatic hy-

degradation of hydrocarbons, mainly those that have drocarbons, degradation of toluene has been most

B) Overall energetics, diversity and physiology of
anaerobic bacteria that degrade hydrocarbons

Microbial mineralization of hydrocarbons under con-
ditions of nitrate reduction, Fe(lll) reduction, sulfate
reduction and methanogenesis is an exergonic pro-
cess, and, thus, is theoretically suitable for microbial
§ energy conservation (Table 1). At standard activit-
ies of reactants and products (and pH = 7), the free
energy available per mol of electron acceptor con-
sumed for the mineralization of a hydrocarbon is
largely invariant of the type (aliphatic vs. aromatic)
and size of the molecule (e.g.586 vs. CigHzg) of

the substrate. However, the real activities of reactants
and products in natural environments may lead to an
in situ AG that differs significantly from theA GY
value, especially in the case of large numerical dif-
ferences in the stoichiometry of soluble reactants or
pproducts. Several factors may limit the rate of hy-
drocarbon mineralization and, thus, are relevant for
estimating and predicting rates iof situ degradation

of fuel components. These factors include the abund-
ance of the relevant microbes, the availability of the
hydrocarbon via diffusion, the kinetics and energet-
ics of the initial hydrocarbon-activating reaction, and
the efficiency of the subsequent reactions leading to
COy. Of the aromatic and aliphatic hydrocarbons,
the BTEX compounds (benzene, toluene, ethylben-
zene, xylenes), naphthalene, as well as hexane, octane
and hexadecane have been serving as representative
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Table 1. Stoichiometry and energetics of mineralization of aromatic and aliphatic hydrocarbons under conditions of
denitrification, nitrate ammonification, iron(lll) reduction, and methanogenesis. The table presents theoretical equations,
irrespective of whether the reaction has been observed or not

Chemical equation Change in free eneréy
AGW
Denitrification
CgHg + 6NO3 — 6HCO; + 3N, ~496.2 kJ/mol NG
CgHs(CHg) + 7.2NG; + 0.2Ht — 7HCQOy + 3.6N; + 0.6H,0 ~493.6 ki/mol NG|
CH4(CHg)2 + 8.4NCy + 0.4H" — BHCOg +4.2Np + 1.2H,0 ~492.4 kJ/mol NG
CeHs(CoHs) + 8.4NG; + 0.4H" — 8HCQ; +4.2Np + 1.2H,0 ~495.0 kd/mol NG
CioHg + 9.6NG; + 1.2Hp0 — 10HCGy + 4.8N, + 0.4H" ~492.9 kd/mol NG
Ci4H10 + 13.2NG; + 2.4H,0 — 14HCG; + 6.6\, + 0.8HT ~490.6 kd/mol NG
CHy + 1.6NQy + 0.6H' + 3H,0 — 1HCO; + 0.8\, + 4.8H,0 ~475.9 kJ/mol NG
CgHya + 7.6NG; + 16HT — 6HCQy +3.8N, +4.8H,0 ~492.8 kd/mol NG
CgHig + 10NG; + 2HT — 8HCOj + 5N, + 6H0 ~493.1 kd/mol NG
CigHaa + 19.6NG; + 3.6H" — 16HCG; + 9.8, + 10.8H,0 ~493.7 kd/mol NG
Nitrate ammonification (example of toluene)
CgHs(CHg) + 4.5NG; + 2H* + 7.5H0 — THCO; + 4.5NH] ~493.1 kd/mol NG
Iron(Ill) reduction (selected exampl@s)
CgHg + 30Fe(OH) + 24HCT; + 24Ht — 30FeCQ + 72H,0 —39.6 kd/mol Fe
CgHs(CHg) + 36Fe(OH} + 20HCQ; + 20HT — 36FeCQ + 87H0 —39.1 kd/mol Fe
CHy + BFe(OH} + THCO; + THY — 8FeCQ + 21H0 —35.4 kd/mol Fe
CigHz4 + 98Fe(OH) + 82HCG; + 82H' — 98FeCQ + 246H,0 —39.1 kd/mol Fe
CgHs(CHg) + 36¢-FeO(OH) + 29HCQ + 29H' — 36FeCQ + 51H,0 —12.3 kd/mol Fe
Sulfate reduction
CeHp + 3.755G + L.5H' + 3H,0 — 6HCCy + 3.75H,S ~49.6 kd/mol SG~
CgHs(CHg) +4.55G + 2HT + 3H,0 — THCCy + 4.5H,S ~45.6 kd/mol SG~
CgHa(CHg)2 +5.255G ™ + 2.5Ht + 3H,0 — 8HCO; +5.25HS ~43.5 kd/mol SG~
CgHs(CaHs) +5.255G ™ + 2.5Ht + 3H,0 — 8HCO; + 5.25HS ~47.6 kd/mol SG~
CioHg + 6SG5~ + 6HpO + 2H' — 10HCG; + 6H,S —44.3 kd/mol SG~
CiaH10+8.255¢ + 2.5Ht + 9H,0 — 14HCCy + 8.25H,S ~40.7 kd/mol SG~
CHy + SO~ + Ht — HCO3 + HpS + K0 ~17.0 kd/mol SG~
CeHi4 + 4.755G +3.5H" — BHCO; +4.75HS + H,0 —44.2 kJmol 1SG~
CgHig + 6.255G + 4.5H" — 8HCO; + 6.25HS + H0 ~44.6 kd/mol SG~
CigHas + 12.255F" + 8.5H — 16HCG; + 12.25HS + H0 ~45.6 kd/mol SG~
Methanogenesis (selected examples)
CgHg + 6.75H,0 — 2.25HCQ] + 3.75CH, + 2.25H" —32.5 kd/mol CH
CgHs(CHg) + 7.5H,0 — 2.5HCG; + 4.5CHy + 2.5H' —28.5 kd/mol CH
CigH3q + 11.25H0 — 3.75HCG; + 12.25CH; + 3.75H" —28.6 kd/mol CH

IFree energy of formationA(G(;., in kd/mol) of hydrocarbons used in the presented equatiogktsChenzene (Iq):
+124.4; GHs(CHg), toluene (lq): +114.2; §H4(CHg)o, mxylene (lg): +108; GH5(CoHs), ethylbenzene (Ig): +130;
C1oHg, naphthalene (c): +201.0;1gH10, phenanthrene (c): +268.3; GHmethane (g)—50.3; GsH14, hexane (Iq):

—3.8; GgH1g, octane (Ig): +6.41; ggH34, hexadecane (Ig): +52.

Free energy of formationA(G(}, in kd/mol) of iron oxides used in the presented equation: FegOtd)ric hydroxide
(amorphous)=—699;«-FeO(OH), goethite (c)-488.6; FeCQ, siderite (c),—666.7.

AG? values were taken from Dean 1992, D’Ans Lax 1983, Ehrenreich et al. 2000, Stumm & Morgan 1981, Thauer et
al. 1977.

For adequate comparison of the energetics of the indicated reactiGifé;values have to be related to the same number

of electrons transferred. Hence, the values for denitrification and iron (lll) reduction must be multiplied by 1.6 and 8,
respectively, resulting in free energy changes per 8 mol electrons (viz. per 1.6 moN®8 mol Fe, respectively).
Alternatively, comparison oA GY-values may be achieved by relating values to one mol electrons transferred. Further-
more, the actual concentrations of reactants and products in a habitat or a cultivation system have to be considered, which
may result in free energy changes different from the indicate?’ values.

2Most equations and energy values are given for amorphous ferric hydroxide (ferrihydrite); for comparison, one equation
(example of toluene) is also given with geothite as a crystalline and energetically less favourable electron acceptor.
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frequently observed. After the demonstration of tolu- Benzene
ene degradation in anoxic microcosms (e.g., Grbi
Galic & Vogel 1987; Kuhn et al. 1988), pure cultures Under anoxic conditions benzene is usually less read-
of iron(lll)-reducing (Lovley et al. 1989; Lovley & ily degraded than toluene and some other alkylben-
Lonergan 1990), denitrifying (Dolfing et al. 1990; Zzenes. Benzene oxidation has been documented in
Evans et al. 1991; Schocher et al. 1991, Fries et natural or enriched bacterial communities with nitrate
al. 1994), and sulfate-reducing bacteria (Rabus et al. (Burland and Edwards 1999), ferric iron in the pres-
1993; Beller et al. 1996) were readily shown to grow €nce of a chelator (Rooney-Varga et al. 1999), or
with toluene as the only organic substrate; most of Sulfate (Lovley etal. 1995; Phelps et al. 1998) as elec-

these cultures were directly isolated with toluene. In a tron acceptors, or under conditions of methanogenesis

syntrophic co-culture of a sulfate-reducing bacterium
with Wolinella succinogeneis sulfate-free medium,
oxidation of toluene was achieved by coupling to the
reduction of fumarate, iron(lll) or nitrate yielding suc-
cinate, iron(ll) or ammonia, respectively; interspecies
electron transfer was assumed to occur via hydrogen
or an organic redox component (Meckenstock 1999).
A phototrophic bacteriumBlastochloris sulfoviridis
strain ToP1, assimilates toluene (and@naerobic-
ally with light as the energy source (Zengler et al.
1999a). Some of the denitrifiers enriched and isol-
ated with toluene (strains T and Td15) were shown
to grow also withm-xylene. Other denitrifying strains
(mXyN1, M3) and a sulfate-reducing strain (mXyS1)
were directly isolated from enrichment cultures with
m-xylene. Sulfate-reducing strain oXyS1 was isol-
ated witho-xylene (for references see Table 2). Other
alkylbenzenes utilized by pure cultures of denitrify-

ing bacteria are ethylbenzene, propylbenzene and the

aromatic monoterpengy-cymene. An alkylbenzene
that is obviously very slowly degraded sxylene;
degradation has been observed in enriched bacterial
communities (Edwards et al. 1992; Haner et al. 199
Chen and Taylor 1997), but not so far in pure cultures.
Anaerobic degradation of 1,3,5-trimethylbenzene and
1,2,4-trimethylbenzene was shown in enrichment cul-
tures utilizing NO as electron acceptor (Haner et al.
1997).

The majority of isolated strains of denitrifying

bacteria that degrade alkylbenzenes is of freshwater

origin and belongs to th&zoarcus-Thauerhranch of
the g-subclass of Proteobacteria. However, toluene-
degrading denitrifiers were also isolated from marine
habitats; these strains affiliated with tlieor y- sub-
class (Zengler, Llobet-Brossa, Nadalig, Dinh, Widdel,
unpublished). The toluene-utilizing phototropB,
sulfoviridisis a member of the-subclass.

(Grbic-Galic & Vogel 1987; Kazumi et al. 1997). De-
gradation in a pure culture could not be demonstrated
so far, even though benzene is usually included in
substrate tests of anaerobic bacteria that degrade other
aromatic hydrocarbons such as toluene.

Polycyclic aromatic hydrocarbons

Anaerobic degradation of naphthalene and in some
instances of phenanthrene has been measured in mi-
crobial communities in soil or sediment under con-
ditions of denitrification (Mihelcic & Luthy 1988;
Al-Bashir et al. 1990) or sulfate reduction (Coates et
al. 1996; Langenhoff et al. 1996; Coates et al. 1997;
Bedessem et al. 1997; Zhang & Young 1997). Cell
suspensions of several aerobically isolafeseudo-
monasspecies were reported to degrade naphthalene
and other polycyclic aromatic hydrocarbons provided
as a mixture, with concomitant reduction of nitrate
(McNally & Lueking 1998). From a sulfate-reducing
enrichment culture growing with naphthalene as the

Ionly organic substrate, a pure culture was isolated
5 and shown to degrade the aromatic hydrocarbon com-

pletely to carbon dioxide (Galushko et al. 1999).
16S rRNA gene analysis revealed close relationship
to a sulfate-reducing bacterium that utilizesxylene
(Harms et al. 1999a) and a molecular clone retrieved
from a sulfate-reducing enrichment culture with ben-
zene (Phelps et al. 1998).

In comparative degradation studies with sediment
and methylnaphthalenes under conditions of sulfate
reduction, only 2-methylnapththalene was degradable
within an incubation time of 2 months and yielded an
enrichment culture (Widdel, unpublished).
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Species and/or strain Hydrocarbon Doubling fime  Dissimilatory growth ~Specific rate of hydrocarbon Reference for strain
metabolized [h] yield on hydrocarbon degradation isolation

[g dry mass per mol  [nmol mint mg—1]P

hydrocarbon

dissimilated]
Denitrifying bacteria
Thauera aromaticd172 Toluene Toluene, 6 Toluene,lllg Toluene, 20-59°, 14 Anders et al. (1995)
Thauera aromatica 1 Toluene Toluene, 103 Toluene,dixfﬁ Evans et al. (1991)
Azoarcussp. strain T Toluenen-xylene Toluene, 60 Toluene, 5-19, 1549 Dolfing et al. (1990)
Azoarcus tolulyticugol4 Toluene Toluene, 4.3 Toluene, 49.6 Toluene, 56" Zhou et al. (1995)

Azoarcus tolulyticug d15
Strain ToN1

Strain EbN1
Azoarcussp. strain EB1
Strain PbN1

Strain mXyN1
Strain T3
Strain M3
Strain pCyN1

Strain pCyN2
Strain HxN1
Strain OcN1
Strain HAN1

Ferric iron reducing bacterium
Geobacter metallireducer3S15

Sulfate reducing bacteria
Desulfobacula toluolicdol2
Strain PRTOL1
Desulfobacterium cetonicum
Strain oXyS1

Strain mXyS1
Strain NaphS2
Strain Hxd3
Strain Pnd3

Strain TD3
Strain AK-01

Toluenem-xylene
Toluene

Ethylbenzene, toluene Ethylbenzene, 11

Ethylbenzene

Ethylbenzene,
propylbenzene
Toluenem-xylene
Toluene
Toluenem-xylene

p-Cymene, toluene,

p-ethyltoluene
p-Cymene
Alkanes (g-Cg)
Alkanes (§-Cp2)
Alkanes (€4—Cp0)

Toluene

Toluene
Toluene
Toluene
Tolueney-xylene,
o-ethyltoluene
Toluenanxylene,
m-ethyltoluene,
m-cymene
Naphthalene
Alkanes (&—Cpp),
1-hexadecene
Alkanes (ﬁ—C]j),
1-hexadecene
Alkanes (g-Cyp)
Alkanes (g3—Cyg)

Ethylbenzene, 14

p-Cymene, 12 p-Cymene, 71

p-Cymene, 16 p-Cymene, 65

Hexane, 11 Hexane, 65

Hexadecane, 161

Toluene, 27 Toluene, 29
Toluene, 36

o-Xylene, 75

m-Xylene, 55

Naphthalen#70 Naphthaleney39
(Stearate, 26)

Hexadecane, 72

Ethylbenzene, 114

Ethylbenféne, 18
Ethylbenzeflé, 60

p-Cymene~30&-K

p-Cymene, 30-35K

Toluere! 6
Toluene, 35-40

Naphthalene, 3-4

Hexadecane, I4.8 Hexadecane;20°"

Fries et al. (1994)
Rabus & Widdel (1995)
Rabus & Widdel (1995)
Ball et al. (1996)
Rabus & Widdel (1995)

Rabus & Widdel (1995)
Hess et al. (1997)
Hess et al. (1997)
Harms et al. (1999b)

Harms et al. (1999b)
Ehrenreich et al. (2000)

Ehrenreich et al. (2000)
Ehrenreich et al. (2000)

Lovley & Lonergan (1990)

Rabus et al. (1993)
Beller et al. (1996)
Harms et al. (1999b)
Harms et al. (1999b)

Harms et al. (1999b)
Galushko et al. (1999)
Ackersberg et al. (1991)

Ackersberg et al. (1998)

Rueter et al. (1994)
So and Young (1999a)

If available from literature, doubling times, growth yields and calculated specific rates of hydrocarbon consumption are included. The table does
not include anaerobic bacteria that grow on alkenes and acetylene (see text).
@ Doubling times are usually estimated from the early growth phase; with increasing cell density, hydrocarbon utilizing bacteria tend to exhibit
linear rather than exponential growth (viz. decreasing growth rate).
b Using NbO as electron acceptor Schocher et al. (1991).
¢ Calculated from dissimilatory molar growth yield and doubling time, assuming that 1 g of cells contains 0.5 g protein.
d Determined in cell suspensions.
€ Calculated from Biegert et al. (1996).
f Calculated from Evans et al. (1991).
9 Calculated from Beller & Spormann (1997b).
h Calculated from Chee-Sanford et al. (1996).
i Calculated from Rabus & Widdel (1995).
l Calculated from Ball et al. (1996).
k Calculated from Harms et al. (1999Db).
I calculated from Rabus et al. (1993).
M Calculated from Beller & Spormann (1997).
N Calculated from So & Young (1999b).
© Total growth yield [g dry mass/total hydrocarbon totally consumed].
P Related to mg of cell protein.
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Alkanes Welte 1984) processes. Globally important reservoirs
are gas accumulations in geological strata (Tissot &
Long chain alkanes Welte 1984) and gas hydrates, in particular those in

deep sea sediments (Dillon & Paull 1983; Zatsepina
& Buffett 1997). Often biologically formed methane
dominates. Because of the important role of methane
in the biological carbon cycle and as an atmospheric
trace gas (e.g., Conrad 1995; Petit et al. 1999), its
microbial oxidation has been frequently investigated.
Aerobic methane-oxidizing bacteria are established
genera of prokaryotes. The pathway of methane ox-
idation and assimilation, that is initiated by methane
monooxygenase, has been studied in detail (Dalton
1992). Because of the abundance of methane in al-
most every anoxic aquatic habitat, the possibility of
an anaerobic methane oxidation has been also under
investigation.

First hints on anaerobic methane oxidation came
from biogeochemical investigations in marine sed-
iment, where sulfate acts as the terminal electron
acceptor. Evidence is based on three independent ap-
proaches. First, methane in marine habitats has been
often shown to disappear definitely below the oxic
zone, and the depth profile of the methane concen-
tration exhibits a concave-up curvature indicating an
anaerobic sink (Reeburgh 1976; Barnes & Goldberg
1976; Martens & Berner 1977; Devohl & Ahmed
1981; Alperin & Reeburgh 1984; Hoehler et al. 1994).
A maximum of the sulfate reduction rate in the depth
profile was observed to coincide with the zone of
anaerobic methane depletion (Alperin & Reeburgh
1985; Iversen & Jgrgensen 1985; Reeburgh & Alperin
1988; Hansen et al. 1998). SecordC/1°C isotope
analyses are in favour of an anaerobic methane oxid-
ation. Residual methane in the zone of its anaerobic
depletion is'3C-enriched, indicating biological con-
sumption (Alperin et al. 1988). In addition, inorganic
carbon (CQ, HCQO;, C(%‘) in the zone of methane
depletion was shown to be relatively depletedia
d (Reeburgh 1980, Reeburgh & Alperin 1988; Blair &
Aller 1995); this suggested that carbon dioxide from
the oxidation of isotopically light methane added to
the signature of the isotopically heavier background
of inorganic carbon. Third, after addition afC-
labeled methane to anoxic marine sediment cores or
slurries, formation of radioactive carbon dioxide could
be measured (Reeburgh 1980; Iversen & Blackburn
1981; Alperin & Reeburgh 1984, 1985; Iversen &
Methane, which can be regarded as the first memberJgrgensen 1985; Hoehler et al. 1994; Hansen et al.
of the homologous series of alkanes, is formed by 1998). The rates of anaerobic methane oxidation cal-
microbial (Ferry 1993) and biogeochemical (Tissot & culated from the biogeochemical data were usually

The capacity for biological degradation of alkanes
was known for several decades only from aerobic mi-
croorganisms (McKenna & Kallio 1965; Britton 1984;
Bihler & Schindler 1984). There were some early re-
ports on anaerobic oxidation ofalkanes by strains

of sulfate-reducing (Novelli & ZoBell 1944; Davis
and Yarbrough 1966) or denitrifying (Traxler & Bern-
ard 1969) bacteria, but strains were not preserved and
results were later viewed critically or not confirmed
(Swain et al. 1978; Griffin & Traxler 1981; Aeckers-
berg et al. 1991; Monpert 1996). During the past dec-
ade, however, anaerobic oxidationmélkanes, which
served as the only organic growth substrates, was re-
peatedly demonstrated in strictly anoxic, quantitative
growth experiments with pure cultures of novel types
of sulfate-reducing (Aeckersberg et al. 1991; Rueter et
al. 1994; Aeckersberg et al. 1998; So & Young 1999a)
and denitrifying (Ehrenreich et al. 2000) bacteria.
In addition, n-alkane degradation in anoxic bacterial
communities enriched under conditions of denitrifi-
cation (Bregnard et al. 1996; Bregnard et al. 1997),
sulfate reduction (Coates et al. 1997; Caldwell et al.
1998) or methanogenesis (Zengler et al. 1999b; An-
derson and Lovley 2000) has been reported. Degrad-
ation of the isoprenoid alkane, pristane (2,6,10,14-
tetramethylpentadecane), was observed in denitrifying
bacterial populations (Bregnard et al. 1996; Bregnard
et al. 1997). A striking nutritional feature is the dis-
tinct, narrow range oh-alkanes that is utilized by
each individual strain (Table 2); for instance, denitri-
fying strain HxN1 utilized only hexane, heptane and
octane. Similar specialized capacities with respect to
alkane utilization have been observed among aerobic
alkane-degrading microorganisms (Britton 1984).

All sulfate-reducing bacteria with the capacity to
degrade alkanes are members of thsubclass of
Proteobacteria. Two denitrifying strains (HXN1 an
OcN1) belong to thes-subclass, while one denitri-
fying strain (HAN1) belongs to thg-subclass. Strain
HxNZ1 is closely related tzoarcuspecies that utilize
toluene or other alkylbenzenes. However, strain HxN1
is unable to grow with aromatic hydrocarbons.

Methane
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relatively low in comparison to carbon oxidation and The assumption that anaerobic oxidation of meth-
sulfate reduction rates in upper sediment zones with ane is catalyzed by methanogenic archaea or at least
fresh organic input. Often, anaerobic methane oxid- by a phylogenetically closely related group receives
ation rates were betweenx 10°% and 67x 107 much support from microbiologicah situ analysis
mol dm 3 day ! (Reeburgh 1980; Devohl & Ahmed  on the basis of biomarkers and 16S rRNA sequences.
1981; Iversen & Jgrgensen 1985; Alperin & Reeburgh Special isoprenoid lipids and hydrocarbons such as
1985, 1988; Reeburgh & Alperin 1988; Alperin et crocetane (2,6,11,15-tetramethylhexadecane) detected
al. 1988; Hoehler et al. 1994; Blair & Aller 1995). in the zone of methane depletion exhibited an unusu-
However, at a gas seep (Aharon & Fu 2000) or in ally low 3C/*?C-ratio. These markers were assumed
a gas hydrate area (Boetius et al. 2000), sulfate re- to belong to the methane-utilizing anaerobes (Elvert &
duction rates as high as®x 10~ (calculated from Suess 1999; Hinrichs et al. 1999; Boetius et al. 2000);
profile) and 5< 10-2 mol dm3 day ! (directly meas- also, lipid fatty acids attributed to sulfate-reducing
ured), respectively, were attributed to methane as the bacteria were isotopically light. 16S rRNA gene se-
main or only electron donor; this implies that meth- quences retrieved from this zone represent a distinctive
ane oxidation rates at these sites have very similar cluster within theMethanosarcinaleand were tentat-
or the same values (see equation below). The high ively assigned to the methane-oxidizing microorgan-
values of the latter rates are particularly striking if isms (Hinrichs et al. 1999). Whole-cell hybridization
compared to rates of sulfate-reducing bacteria in labor- assays with specific, 16S rRNA-targeted fluorescent
atory cultures. The volumetric sulfate reduction rate probesin marine sediment samples taken above gashy-
in the gas hydrate area is three times higher than drates revealed aggregated consortia of defined types
that in a well-growing culture of a toluene-degrading of archaea and bacteria; they exhibited close rela-
sulfate-reducing bacterium (Rabus et al. 1993). tionships toMethanosarcinalesnd sulfate-reducers
So far, no microorganism has been enriched and of the Desulfosarcinabranch §-Proteobacterid, re-
isolated that can oxidize methane anaerobically with spectively (Boetius et al. 2000). The specific sulfate
an external electron acceptor such as sulfate or nitrate.reduction rate (related to cell dry mass of countable
None of the anaerobic bacteria that degrade higher sulfate-reducing bacteria) that was attributed to an-
alkanes (Table 1) could be grown with methane as aerobic oxidation of methane, was up to 42103
organic substrate. A partial conversion ¥iCH4 to mol g~* day™!. This is within the range of specific
14C0, during methanogenesis but no net oxidation rates of various sulfate-reducing bacteria in cultures
of methane has been measured in cultures of meth-grown under optimum conditions in the laboratory
anogenic archaea (Zehnder & Brock 1979; Zehnder (15— 430x 10~3 mol g~! day~!; Rabus et al. 2000).
& Brock 1980); this finding suggested for the first The free energy yield from anaerobic methane ox-
time the occurrence of a “reverse methanogenesis”. idation with sulfate at realistic activities in marine
Since biologically produced methane, which is typic- sediments is relatively low, as shown in the following
ally used for labeling experiments, may contain traces example (assumed partial reactions and net reaction):
of carbon monoxide as a by-produtiC-methane was
purified from this contaminant and applied to vari- CHy + 3H0 — HCO3 + 4Hp + HT
ous anaerobic microorganisms (Harder 1997). Again,
a partial conversion of methane to €@ithout net
consumption was demonstrated in methanogenic ar- AG = —15.7kJ/mol (1)
chaea. The reaction with the purified methane was
not detectable in cultures of sulfate-reducing and ho-
moacetogenic bacteria. Incubation experiments with
marine sediment led to the conclusion that anaerobic
oxidation of methane is mediated via metabolic inter-
action between archaea and sulfate-reducing bacteria
in a ‘consortium’ (Hoehler et al. 1994; Hansen et al.
1998); archaea were suggested to convert methane to  gym: CH, + Sof( — HCO; + HS™ + H0
CO, and H, followed by scavenge of Hand sulfide
production by sulfate-reducing bacteria.

SO;™ + 4H0 + HY — HS™ + 4H,0

AG = —15.7kJ/mol (2)

AG = —31.4kJ/mol 3)



92

(Values were calculated for conditions as follows: T trations of methanol and methylsulfide even lower).

= 298 K; pH = 7.5; CH partial pressure = POPa; Hydrogen/electron carriers with midpoint potentials

H, partial pressure = 0.12 Pa; %Oconcentration = close to the redox potential calculated above would

2 x 1072 M; HCOj3 concentration = 102 M; HS™ allow kinetically more favourable concentrations for a

concentration = 2« 10~3 M; activity coefficients of transfer of reducing equivalents to the sulfate-reducing

SO;~, HCO; and HS in seawater of 0.1, 0.5 and  Partners.

0.5, respectively.) In addition to the low net free energy change, the
The net free energy change (Eq. 3) has to be sharedhigh activation energy presents another difficulty for

between two partners. For an assumed equa] sharean adequate mechanistic understanding of the anaer-

of the free energy as above, thQ Hartia| pressure obic oxidation of methane. The energy barrier that

would have to be as low as approximately 0.12 Pa has to be overcome during cleavage of a C-H bond

(Corresponding t0 O x 10—9 M dissolved |-i) Such in methane is by 70 kJ/mol hlgher than in the case of

partial pressures have been measured in marine habthe methyl group of toluene. In comparison, the bar-

itats (Scranton et al. 1984; Hoehler et al. 1994). The rier for C-H cleavage at the terminal or subterminal

redox potential £ of 2H*/H5) at this partial pressure ~ carbon of a higher alkane is by 51 and 33 kJ/mol,

and a pH of 7.5 is—0.269 V (relative to standard respectively, higher than for toluene (March 1992).

hydrogen electrode). Further investigations into the anaerobic oxidation of
However, it is presently difficult to reconcile such Methane are expected to reveal new insights into re-

low hydrogen concentrations with the highest spe- action mechanisms as well as into bioenergetic and

cific sulfate reduction rate that has been observed andkinetic principles of bacteria thriving with chemically

attributed to methane oxidation (see above). If the sluggish “low-energy” substrates.

methane concentration approaches zero as in many

anoxic sediments, the concentration of hydrogen as

an intermediate would even become lower. It is true Unsaturated aliphatic hydrocarbons

that the close association between archaea and sulfate-

reducing bacteria would enable an effective hydrogen Alkenes

transfer via molecular diffusion. Nevertheless, even

with an “optimistic” combination of the most favor- Alkenes are more reactive than aromatic hydrocar-

able kinetic parameters reported for cells of sulfate- bons and alkanes and usually not found as constituents

reducing bacteria (for overview see Widdel 1988), viz. of petroleum. It is assumed that the structurally di-

Vmax= 1.9 mol t g1 day T andKy = 0.7 x 106 verse alkenes from living organisms (e.g., Birch &
mol H, I~1, the high rates of methane oxidation cannot Bachofen 1988) are gradually saturated or (in the case
be explained on the basis opfansfer. Thé/iax/ Kim of cyclic compounds) aromatized after burial in sed-

value of 27 x 10° | g1 day ! (as the first-order  iments. Such reactions are part of the geochemical
rate constant at substrate concentrations far belowtransformations (diagenetic and catagenetic processes)
Knm) would yield an oxidation rate (at.® x 10~° that lead to petroleum (Tissot & Welte 1984). Aromat-
mol Hy 1=1) of 2.4 x 103 mol H, g1 day ! or ization of unsaturated cyclic hydrocarbons may be also
0.6 x 103 mol CH; g~* day ! (related to cell dry  biologically mediated, as shown in methanogenic en-
mass). For an explanation of the high rate of anaer- richment cultures that utilized alkenoic monoterpenes
obic oxidation of methane, such as attributed to the and converted them partially tp-cymene (Harder
aggregates, one would have to assume even more fa& Foss 1999). An anaerobic degradation of alkenes
vourable kinetic properties than used in the present containing one or more double bonds has been re-
calculation. Since members of tethanosarcinales  peatedly documented. A methanogenic co-culture has
and Desulfosarcinabranch are metabolically versat- been enriched on fi-hexadecene (Schink 1985a), and
ile, also a transfer of metabolites other thas tday a denitrifying bacterium has been isolated with 1-
be assumed. However, organic compounds known asn-heptadecene as organic substrate (Gilewicz et al.
methanogenic substrates would require concentrations1991). Also, some of the denitrifying and sulfate-
even lower than that of hydrogen to allow reverse reducing bacteria originally isolated with-alkanes
methanogenesis and an approximately equal energyare able to grow with 1-alkenes (Table 2). Squalene,
share of both partners (acetatex 20~ M; concen- an isoprenoid alkene with six isolated double bonds,
was slowly degraded in a methanogenic enrichment
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culture (Schink 1985a). A wide-spread class of natural C) Biochemistry of anaerobic degradiation of

alkenes with documented biodegradability under an- hydrocarbons

oxic conditions are monoterpenes (Hylemon & Harder

1999). Strains of a nutritionally versatile denitrifying The biochemistry of anaerobic degradation of hydro-
bacteriumAlcaligenes defragransiave beenisolated  carbons has been most intensely studied in the case of
with the monounsaturated hydrocarbgnsnenth-1- toluene. Toluene is a relatively water-soluble hydro-
ene, a-pinene, 2-carene, and the diunsaturated hy- carbon (saturated aqueous solution arf@4contains
drocarbona-phellandrene (Foss et al. 1998). The 0.078% [v/v] or 7.3 mM) that can be easily applied
strains also used several other alkenoic monoterpenesn batch cultures (for instance from an inert carrier
including the open-chain compound myrcene that con- phase) and enzymatic assays. Furthermore, toluene-
tains three double bond#. defragransdid not util- degrading anaerobes grow relatively fast such that
ize aromatic hydrocarbons. Two denitrifiers, strains active cell material can be grown sometimes within
pCyN1 and pCyN2, that were isolated with the aro- a few or a couple of days; denitrifiers may reach
matic monoterpene hydrocarbprcymene also util- doubling times of around 6 h.

ized a number of alkenoic monoterpenes (Harms et al.

1999b). Another class of natural alkenes are caroten-

oids without functional groups (e.g3-carotene); in Aromatic hydrocarbons

addition to the conjugated-electron system, some

of these carotenoids contain isolated double bonds or itig| reactions and overall metabolic pathway of
substituted benzene rings. Under anoxic conditions in 51 ene

the dark, carotenoids appear to be highly recalcitrant.

B-Carotene did not support growth of methanogenic The biochemical pathway of anaerobic toluene miner-
enrichment cultures (Schink 1985a). It has been re- glization has been studied in the denitrifying bacteria,
peatedly shown that carotenoids with or without func- Azoarcusstrain T, Thauera aromaticaand Thauera
tional groups are preserved in anoxic sediments Overgp. Strain T1 (Biegert et al. 1996; Beller & Spor-
thousands of years (Overmann et al. 1993, and refer-mann 1997a; Beller & Spormann 1998; Heider et al.
ences cited therein). Strong adsorption to a matrix may 1998; Leuthner & Heider 1998; Leuthner et al. 1998;
contribute to the long-term stability of carotenoids in Coschigano et al. 1998; Beller & Spormann 1999;

anoxic sediments. Krieger et al. 1999; Coschigano 1999). The initial re-
action sequence leads from toluene to benzoyl-CoA
Alkynes (Figure 1). Benzoyl-CoA has been recognized pre-

viously as central intermediate in the anaerobic de-
Natural carbon compounds with chains containing gradation of many aromatic compounds (Heider &
C-C triple bonds (e.g., mycomycin) are rare, reactive Fuchs 1997; Harwood et al. 1999). Further metabol-
secondary metabolites that have been detected in somésm of benzoyl-CoA proceeds via reduction of the
fungi and a few other organisms in which these sub- aromatic ring,8-oxidation steps, ring cleavage, and
stances may function as deterrents; these compoundsubsequent mineralization via 3-oxopimelyl-CoA and
are non-hydrocarbons, viz. contain functional groups. glutaryl-CoA.
Alkynes, viz. hydrocarbons with triple bonds, have The first step in the anaerobic metabolism of tolu-
not been detected among natural hydrocarbonsin soilsene is mediated by an unusual enzymatic reaction,
and sediments. It is, therefore, remarkable that anaer-which is the addition of toluene at its methyl group
obic bacteria can be readily enriched with acetylene. A to fumarate to form benzylsuccinate (Figure 1). Free
strict anaerobeRelobacter acetylenicubas beenisol-  benzylsuccinate was reported as a transient interme-
ated that fermented 2 mol acetylene to 1 mol ethanol diate in anaerobic toluene oxidation Iy vitro ex-
and 1 mol acetate (Schink 1985b, Rosner & Schink periments andn vivo isotope trapping experiments
1995). Growth on acetylene was relatively fast, with a in T. aromaticastrain K172 (Biegert et al. 1996).
doubling of 5 to 5.5 h. The natural significance of the Studies on the kinetics of benzylsuccinate formation
capacity for acetylene degradation is unknown. It has from toluene and fumarate izoarcussp. strain
been assumed that the involved enzyme (see below)T showed that thén vitro rate of benzylsuccinate
detoxifies natural alkyne derivatives or nitriles (Schink formation was about 30% of tha vivo rate of tolu-
1985b). ene consumption (Beller & Spormann 1997a). This
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Figure 1. Pathways of anaerobic toluene amekylene degradation in denitrifying bacteria. Only the reactions leading from the hydrocarbons

to benzoyl-CoA (or 3-methylbenzoyl-CoA) are shown in detail. For subsequent reactions of benzoyl-CoA, see Harwood et al. (1999). The
pathways for oxidation of toluene (black structures) amglylene (black structures plus methyl group drawn in gray) involve identical reactions.
Chemical designations (given only for toluene pathway): 1, Toluene; 2, fumarate; 3, benzylsuccinate; 4, succinate; 5, phenylitaconate; 6,
2-carboxymethyl-3-hydroxyphenylpropionyl-CoA; 7, succinyl-CoA; 8, benzoyl-CoA.

observation suggests that this reaction actually repres-from these observations that benzylsuccinyl-CoA is

ents the first step in anaerobic toluene mineralization.
Furthermore E-phenylitaconate (possibly originating
from the CoA thioester) was identified as an oxida-
tion product of benzylsuccinate (Beller & Spormann
1997a). The enzymatic oxidation of benzylsuccinate
to E-phenylitaconyl-CoA and benzoyl-CoA was de-
pendent on the presence of coenzyme A (CoA), did
not require ATP (Biegert et al. 1996) and was signi-
ficantly increased when succinyl-CoA served as the
source of CoA (Beller & Spormann 1998). Recently, a
benzylsuccinate:succinyl-CoA CoA-transferase activ-
ity was detected in toluene-grown cells ®f aro-
matica (Leutwein & Heider 1999). It was concluded

oxidized toE-phenylitaconyl-CoA. A benzylsuccinyl-
CoA dehydrogenase activity was detected whbeG
was overexpressed iB. coli. The BbsG protein was
identified by two-dimensional PAGE as a peptide
that was specifically present in cells @f aromat-
ica grown with toluene as the inducing substrate
(Leutwein & Heider 1999).E-phenylitaconyl-CoA
is proposed to be hydrated to 2-carboxymethyl-3-
hydroxy-phenylpropinyl-CoA, whichundergoes ox-
idation to benzoylsuccinyl-CoA. Subsequent thiolytic
cleavage of benzoylsuccinyl-CoA yields benzoyl-CoA
and succinyl-CoA (Figure 1). As will be shown below,
an analogous pathway is involved in mineralization



of the dimethylbenzenexylene, which is, therefore,
included in Figure 1.

The benzylsuccinate synthase reaction is the key
reaction of anaerobic toluene metabolism and of con-
siderable biochemical interest as a means for activ-
ation of aromatic hydrocarbons. Converting the un-
reactive methyl carbon of toluene to a methylene
carbon, which is ing-position to a thioester (as in
benzylsuccinyl-CoA), allows the subsequent oxidation
by conventionalg-oxidation reactions and cleavage
to benzoyl-CoA and acetyl-CoA (Figure 1). The en-
zymatic addition reaction has several novel features
that are unigue in comparison to previously known,
aerobic biochemical activation reactions of aromatic
hydrocarbons. Firstly, enzymatic toluene addition to
fumarate does not involve a net redox reaction. This
is in contrast to all known toluene-transforming oxy-
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tutE  tutF tutD tutG
1kb
bssD bssC bssA bssB
BSS activating l BSS subunit of unknown function
enzyme

BSS subunit carrying a glycyl radical

BSS subunit of unknown function

Figure 2. Organization of the genes encoding benzylsuccinate syn-
thase (BSS) and the BSS-activating enzyme inbsgandtut gene
cluster. The shown arrangement has been foundzoarcusand
Thauerastrains. The functions of the gene products are indicated.

ities of predicted amino acid sequences, the proteins
are postulated to have the following enzymatic
activity: benzylsuccinate:succinyl-CoA CoA trans-

genases, which oxidize the hydrocarbon substrate ferase (BbsEF), benzylsuccinyl-CoA dehydrogenase

(Gibson & Subramanian 1984). Secondly, benzylsuc-

cinate formation represents a unique biochemical reac-

tion to form a new carbon-carbon bond and, thus, dif-
fers from carboxylations, aldolase-type and oxo-acid
lyase-type reactions (Metzler 1977).

First insights into benzylsuccinate synthase were
gained from a genetic approach usiiauerasp.
strain T1 (Coschigano et al. 1998). Later on, Leuth-
ner et al. reported the first biochemical isolation of
benzylsuccinate synthase (BSS) from aromatica
(Leuthner et al. 1998). The native BSS enzyme is an
a2B2y2 heterohexamer and contains a flavin cofactor
(Leuthner et al. 1998; Beller & Spormann 1999). The
three subunits are encoded by the gebesA bssB
andbssG and have a predicted size of 860, 73, and
57 amino acids, respectively (Leuthner et al. 1998).

Genes encoding benzylsuccinate synthase and other
enzymes involved in toluene degradation

(BbsG), phenylitaconyl-CoA hydratase (BbsH), 3-
hydroxyacyl-CoA dehydrogenase (BbsCD), and
benzoylsuccinyl-CoA thiolase (BbsB) (Leuthner &
Heider 2000).

The predicted amino acid sequences of the large
a-subunit of BSS, BssA iff. aromaticaandAzoarcus
sp. strain T, and TutD ifnThauerastrain T1, show
80% identity to each other. The C-terminal part of
BssA shows strong homology to pyruvate formate-
lyase (PFL) and anaerobic ribonucleotide reductase
(NRD). The homology includes a conserved glycine
(at position 828 in BssA) and cysteine (position 492).
Both conserved amino acids have been shown to be
essential in PFL and NRD. As indicated by genetic
complementation studies ifhauerastrain T1, these
two amino acids are also essential for toluene utiliz-
ation (Coschigano et al. 1998). The predicted amino
acid sequences of each tjgjeand y subunit of BSS
show a similar degree of homology to the corres-
ponding sequence in the other microorganisms but

The genes encoding benzylsuccinate synthase asnotto any other protein in public databases. A gene,

well as a putative BSS activase were cloned and
sequenced fronT. aromaticaand Thauerasp. strain
T1 (Coschigano et al. 1998; Leuthner et al. 1998;
Coschigano 1999). The organization of thesand

tut gene cluster is shown in Figure 2. In recent
studies of T. aromatica polypeptides induced un-
der growth conditions with toluene were identified
by one- and two-dimensional PAGE (Leutwein &
Heider 1999). Isolation and analysis of the genes
coding for these polypeptides indicated that