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Abstract. Microbial cycling of volatile organic sulfur
compounds (VOSCs), especially dimethyl sulfide (DMS)
and methanethiol (MT), is intensively studied because
these compounds play an important role in the processes
of global warming, acid precipitation, and the global sul-
fur cycle. VOSC concentrations in freshwater sediments
are low due to the balance between the formation and
degradation of these compounds. These reactions occur
for the greater part at the oxic/anoxic interphase of sedi-
ment and water column. In contrast to marine ecosys-
tems, where dimethylsulfoniopropionate is the main pre-

cursor of MT and DMS, in freshwater ecosystems,
VOSCs are formed mainly by methylation of sulfide and
to a lesser extent from the degradation of S-containing
amino acids. One of the major routes for DMS and MT
formation through sulfide methylation is anaerobic
O-demethylation of methoxylated aromatic compounds.
Inhibition studies have revealed that the major part of the
endogenously produced MT and DMS is degraded anaer-
obically by methanogens. The major bacterial groups in-
volved in formation and consumption of VOSCs are de-
scribed.

Key words. Dimethyl sulfide; methanethiol; volatile sulfur compounds; freshwater; sulfur cycle; sediment.

Introduction

The element sulfur occurs in an extremely large variety of
oxidation states (table 1). These range from completely
reduced (oxidation state —2) to completely oxidized
(oxidation state +6). However, only three of these oxida-
tion states are abundant in nature: —2 in the form of
sulthydryl and sulfide, 0 in the form of elemental sulfur,
and +6 in the form of sulfate. These compounds are con-
tinuously converted into each other by a combination of
biological, chemical, and geochemical processes (fig. 1).
The conversions of the inorganic sulfur compounds and
to a lesser extent also those of the organic sulfur com-
pounds are dominated by microbiological transforma-
tions [1 —4]. The combination of these processes results in
the global sulfur cycle (fig. 2). The complexity of the sul-
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Table 1. Various species of sulfur compounds.

Component Appearance Oxidation state
Hydrogen sulfide H,S/HS- -2
Reduced organic mercaptans, carbonyl- -2

sulfur compounds and methylsulfides
Metal sulfides FeS, FeS, -2
Pyretic sulfur (S3) -1
Elemental sulfur S 0
Thiosulfate S,0% +2
Tetrathionate S,0Z +21/,
Dithionite S,05 +3
Sulfur dioxide SO, +4
Sulfite SO3 +4
Sulfate SO7 +6
Sulfur polymers

Polysulfanes H-S,-H (n=1-35)

Polysulfides S (n=1-8)

Organic polysulfanes R-S -R (n=1-35)

Polythionates “0,S-S,-SO; (n=1-22)

Polysulfur S.. (>10%)
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Figure 1. Redox cycle of sulfur.

fur cycle is even higher if one realizes that the cycle
is strongly linked to that of other elements like carbon,
nitrogen, and iron through various biological and
(geo)chemical processes. The major part of the Earth’s
sulfur is deposited in sediment and rocks as gypsum
(CaSO0,) and pyrite (FeS,) and in oceans as sulfate. An-
other large part is incorporated into biomass as S-con-
taining compounds like S-containing amino acids.
Reduction of sulfate and sulfite can be either assimilatory
for the synthesis of organic sulfur compounds or dissim-
ilatory in order to dispose of an excess of reduction
equivalents. The sulfide produced can be either deposited
as metal sulfides, or it can be oxidized to elemental sul-
fur or sulfate. Sulfide can also be methylated both chem-
ically or biologically to (volatile) organic compounds.
The microbial and biogeochemical cycling of these or-
ganic sulfur compounds with special emphasis on volatile
(organic) sulfur compounds [V(O)SCs] in freshwater
systems forms the subject of this review.
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Figure 2. Global biogeochemical cycle of sulfur. All reservoirs are
given in 10" mol S and all fluxes (arrows) in 10'! mol S per year.
R.T. is residence time. This figure is used with permission from
Middelburg [5].

VOSCs in freshwater ecosystems

Global significance of VOSCs

In the global sulfur cycle, VSCs connect the atmospheric
with the terrestrial, oceanic, estuarine, and freshwater
compartments. The global significance of VOSCs
became clear when low but significant amounts of di-
methyl sulfide (DMS) were detected in ocean waters [6].
This led to the general assumption that DMS is the ‘miss-
ing link’ in the global sulfur cycle connecting the ocean
with the atmosphere compartment. Until then, the as-
sumption had been that the sulfur emission from the
oceans to the atmosphere consisted mainly of H,S [7].
Sulfide concentrations in ocean surface water sufficiently
high to confirm its possible role in the global sulfur cy-
cle, however, had never been detected. According to the
new hypothesis, sulfur is transferred as DMS via the at-
mosphere (primarily as oxidation products of DMS) to
terrestrial systems where it is deposited through rain pre-
cipitation (fig. 2) [7]. Since this finding, research on the
microbiology, chemistry, and biogeochemistry of these
organic sulfur compounds has been intensified. In 1987,
a model was proposed [8], which stated that increased
global temperatures will result in an increased produc-
tion of DMS due to a higher primary production of di-
methylsulfoniopropionate (DMSP), an osmolyte in ma-
rine algae and a precursor of DMS, and consequently to
higher atmospheric DMS emission rates (fig. 3). En-
hanced atmospheric DMS concentrations will subse-
quently result in higher atmospheric concentrations of its
oxidation products, which act as cloud condensation nu-
clei. Higher concentrations of these nuclei will result in a
denser cloud albedo, reducing the amount of sunlight that
reaches the Earth’s surface and consequently reducing
global temperature. This drop in temperature is suggested
to cause a decrease in the primary production of DMSP
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Figure 3. Simplified scheme illustrating the processes that link the
biogeochemical cycle of DMS with climate (ccc, cloud condensa-
tion nuclei). This figure is used with permission from Middelburg
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Table 2. Emission rates of V(O)SCs from natural and anthropogenic sources to the atmosphere [2].

Source Sulfur compound release (Tg year)

SO, H,S DMS DMDS CS, COoSs Total
Oceanic 0-15 38-40 0-1 0.3 0.4 38.7-56.7
Salt marsh 0.8-0.9 0.58 0.13 0.07 0.12 1.7-1.8
Swamps 11.7 0.84 0.2 2.8 1.85 17.4
Soil and plants 3-41 0.2-4.0 1 0.6-1.5 0.2-1.0 5.0-48.5
Burning of biomass 7 0-1 0-1 0.11 7.1-9.1
Volcanoes/fumeroles 8 1 0-0.02 0.01 0.01 9.0
Total 15 16.5-70.6 39.6-45.4 1.3-34 3.8-4.7 2.7-35 78.9-142.6

(in other words DMS). Thus, DMS was considered to be
counteractive to the behavior of greenhouse gases like
methane and carbon dioxide.

Annually, vast amounts of DMS (75 % of total sulfur flux)
and other V(O)SCs (e.g., H,S and COS/CS,, representing
15 and 10% of the total sulfur flux, respectively) are re-
leased into the atmosphere by a combination of anthro-
pogenic, geochemical, and biological processes (table 2).
V(0O)SCs cause environmental problems on local and re-
gional scales. Of major concern is the release of (in)or-
ganic sulfur compounds due to anthropogenic activities
causing the acidification of forests and lakes. Locally,
V(0O)SCs are notorious for their odor problems [9, 10].
Whereas at low concentrations they are important flavor
components (e.g., in beer and cheese), at higher concen-
trations, V(O)SCs are very toxic (table 3). Large amounts
of V(O)SCs are released by composting plants, waste-
water treatment plants [14], and paper and textile indus-
tries [15]. Only a minor fraction of the DMS formed bio-
logically reaches the atmosphere [16]. About 90% of the
DMS produced is degraded by anaerobic and aerobic mi-
crobes before it can be ventilated to the atmosphere. Mi-
crobial conversions therefore effectively control the
fluxes of VOSCs from natural systems to the atmosphere.
Furthermore, combustion of sulfur-containing fossil
fuels contributes to a large extent to the total emission
of SO, into the atmosphere.

The impact of environmental factors on the delicate bal-
ance between VOSC-forming, VOSC-degrading, and
VOSC ventilation processes, however, is not well under-

Table 3. Properties of some volatile sulfur compounds, derived
from Bhatia [11], Suylen [12] and the Merck Index [13].

Compound LD, MAC Odor threshold
(ppm) (ppm) (ppm)

H,S 444 10 8.5-1000

MT 675 0.5 0.9-8.5

DMS 40250 20 0.6—40

DMDS 5 <20 0.1-3.6

Lethal concentrations are expressed as LDs,. MAC, maximal ac-
ceptable concentration; MT, methanethiol.

stood. Since DMS and methanethiol (MT) appear to be
the major VOSCs in most natural systems, the formation
and degradation of these compounds will be discussed in
more detail.

Microbial production of VOSCs

Several mechanisms for the microbial formation of
VOSCs have been identified (table 4). Formation of MT
and DMS has been reported to originate from S-contain-
ing amino acids under both aerobic and anaerobic condi-
tions [17—20]. Methionine is first deaminated and subse-
quently demethylated to a-ketobutyrate, ammonia, and
MT. This degradation of methionine and several methio-
nine derivatives is catalyzed by the commonly occurring
enzyme L-methionine y-lyase. Similarly, S-methyl-cys-
teine is degraded by S-alkylcysteinase resulting in the
formation of pyruvate, ammonia, and MT. Conversion of
S-methyl-methionine mainly results in the formation of
DMS [21], whereas degradation of cysteine results in the
formation of H,S. The MT formed is chemically oxidized
to dimethyl disulfide (DMDS) [2].

In marine, estuarine, and salt marsh systems, formation
of MT and DMS originates mainly from the degradation
of DMSP, an osmolyte in many algae, dinoflagellates,
coccolithophores, and halophilic plants species [22—25].
DMSP can be degraded to acrylate and DMS by DMSP-
lyase [26]. This cleavage has been demonstrated for sev-
eral aerobic and anaerobic bacteria [22, 26—34], phyto-
plankton [25, 35—39], flowering plants [22, 40], and ma-
rine fungi [41]. Alternatively, DMSP can be aerobically
or anaerobically demethylated to form 3-methylmercap-
topropionate [30, 42—48]. Subsequently, this compound
can be either demethiolated, resulting in the formation of
MT and propionate, or demethylated, resulting in the for-
mation of 3-mercaptopropionate [48, 49]. The latter com-
pound can be further degraded both aerobically and
anaerobically [42, 43, 48].

Another commonly occurring mechanism of DMS for-
mation is the reduction of dimethylsulfoxide (DMSO).
Significant amounts of DMSO (1-200 nM), which prob-
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VOSCs in freshwater ecosystems

Table 4. Microbial mechanisms for VOSC degradation and production.

Mechanism Reaction
VOSC formation
DMSP cleavage DMSP —  acrylate + DMS
MMPA demethiolation MMPA —  acrylate + MT
S-amino acid degradation S-AA —  HS/MT/DMS + AA
DMSO reduction lactate + DMSO —  DMS + acetate
Sulfide methylation
detoxification HS-+ R-CH, - R, +MT
MA degradation HS-+ R-CH, - R, +MT
MT + R-CH, — R,+DMS
DMDS oxidation/reduction DMDS «— > 2MT
VOSC degradation
Oxidation DMS/MT + O, —  MT+ CH,0 — CO, + SOZ
DMS/MT + O, - CO,+8,0%
Phototrophic oxidation DMS/MT —  DMSO
Oxidation to DMSO DMS + 0O, —  DMSO
Denitrification DMS/MT + NOj — N,+CO,+S0F
Methanogensis DMS/MT —  CH,+CO, +HS-
Sulfate reduction DMS/MT + SO;- —  CO,+HS-

MA, methoxylated aromatic compounds; DMSP, dimethylsulfoniopropionate; MMPA, methylmercaptopropionate; S-AA, sulfur-contain-
ing amino acids; AA, amino acids; MA, methoxylated aromatic compounds; DMSO, dimethylsulfoxide; R, variable residue, group, or com-

pound; DMDS, dimethyl disulfide.

ably originate from marine phytoplankton, have been
found in ocean surface waters [50]. DMSO-reducing ca-
pacity was found to be widespread among aerobic and
anaerobic bacteria, plants, and animals [51-53]. How-
ever, the relevance of DMSO reduction as a source of
DMS in situ remains unclear.

Reduction of DMDS can also give rise to MT formation.
From incubations with sediment slurries amended with
DMDS, Kiene et al. [54] concluded that DMDS is re-
duced to MT. Subsequently, MT is metabolized to
methane. Drotar et al. [55] and Larsen [56] showed that
MT is also formed by methylation of sulfide by various
bacteria from different habitats. This methylation, which
is mediated by sulfide-dependent thiol methyltrans-
ferases, is probably a detoxification pathway for sulfide
and appeared to be restricted to aerobic microorganisms.
Methylation of MT resulting in the formation of DMS by
these organisms was not observed.

Several authors have observed formation of MT and
DMS during degradation of methoxylated aromatic com-
pounds and concluded that this is caused by the methyla-
tion of sulfide and MT [57-60]. Differences in lag
phases between marine (2—3 days) and freshwater sedi-
ments (no clear lag phase) before MT or DMS started to
accumulate suggest that these methoxylated aromatic
compounds are especially important precursors for MT
and DMS in freshwater systems. Various anaerobic bac-
teria performing sulfide-mediated O-demethoxylation,
which results in VOSC formation, have now been isolated
from various habitats (table 5). In contrast to other previ-
ously isolated homoacetogenic bacteria, which transfer
the methyl groups of methoxylated aromatic compounds

to CO to produce acetate [61, 68], these organisms can
also use sulfide and MT as the methyl group acceptors,
resulting in the formation of MT and DMS, respectively
(fig. 4, table 5) [69, 70]. The hydroxylated aromatic
residue obtained after demethylation is degraded via the
phloroglucinol pathway to acetate or a combination of
acetate and butyrate (fig. 4) [69]. Since methoxylated
aromatic compounds are degradation products of lignin,
a highly abundant biopolymer on earth, this mechanism
for VOSC production is likely to be important in fresh-
water systems that are generally more organic rich than

i XH XCH, i O xu XCHJ f 0 XH XCH, f o
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Figure 4. Pathway of 3,4,5-trimethoxybenzoate degradation by
Holophaga foetida strain TMBS 4. The sequential demethylation of
3,4,5-trimethoxybenzoate is followed by the degradation of the hy-
droxylated residue via the phloroglucinol pathway. X may represent
OH, SH, or SCHj;. Question marks indicate reactions that have not
yet been elucidated. This figure was used with permission of Kreft
and Schink [69].
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Table 5. Characteristics of bacteria performing anaerobic methylation of sulfide and homoacetogenesis during degradation of syringate

and 3,4,5-trimethoxybenzoate.

Bacterium Products from References
methoxy groups aromatic residue
Acetobacterium woodii acetate not degraded [61]
Sporomusa ovata acetate not degraded [62]
Clostridium thermoaceticum acetate not degraded [63]
Strain SS1 acetate not degraded [64]
Holophaga foetida DMS, MT, or acetate acetate [57]
Sporobacter termitidis DMS, MT, or acetate acetate [65]
Sporobacterium olearium DMS, MT, or acetate acetate [66]
Strain SA2 DMS, MT acetate, butyrate [57]
Parasporobacterium paucivorans DMS, MT acetate, butyrate [67]

marine and estuarine systems. The degradation of lignin
is an aerobic process [71] and these compounds therefore
likely occur in the anaerobic/aerobic interphase.

Microbial degradation of VOSCs

Although VOSCs are produced continuously in the bios-
phere, concentrations in the atmosphere are relatively
constant, which indicates that considerable sinks for
VOSCs must exist. So far, several mechanisms have been
found to result in a consumption of VOSCs in the bio-
sphere. Besides processes like ventilation to the atmo-
sphere, chemical oxidation, and the adhesion to particles
followed by sedimentation or transport to the deep sea,
VOSCs were found to be converted through microbial
degradation [3, 4, 16]. Comparison of the residence times
of the different processes [16, 72] showed that rates of
microbial degradation are high compared to that of the
other processes. Therefore, microbial degradation will
have a dramatic impact on the different fluxes within the
sulfur cycle. Microbial degradation has been demon-
strated to occur both aerobically and anaerobically. A va-
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riety of aerobic microorganisms able to degrade MT and
DMS (and DMSO) have been isolated from sewage treat-
ment plants, marine sediments, soil, and biofilters. The
isolates mainly belong to the genera Thiobacillus, Methy-
lophaga, and Hyphomicrobium [12, 15, 73—81]. The
mechanism for DMS degradation has been elucidated for
several Hyphomicrobium and Thiobacillus strains
[75, 79]. Hyphomicrobium strains also reduce DMSO to
DMS by the action of an NADH-dependent reductase.
DMS is oxidized by a monooxygenase to MT and
formaldehyde. MT is subsequently oxidized by MT oxi-
dase, which results in the formation of formaldehyde, hy-
drogen peroxide, and sulfide (fig. 5). The oxidation of
sulfide yields sulfuric acid. Part of the formaldehyde pro-
duced is incorporated into cell biomass through the ser-
ine pathway. Hyphomicrobia are therefore known as
C,-compound-metabolizing heterotrophs. In contrast to
hyphomicrobia, thiobacilli are generally known to be
chemolithoautotrophs. However, cultivation experiments
revealed that besides sulfide oxidation they are also ca-
pable of oxidation of VOSCs [74, 78]. Oxidation of DMS
also resulted in the formation of sulfide and formalde-
hyde, which are further oxidized to sulfuric acid and car-

G, H0;

o
MT%’ H,S =9 —» —» H,S0,

H,O HCHO
Asgimilation in cell material via
the serine pathway

H,O

o 0
HCHO HCOOH m» co,

NAD" NADH
+H*

MNAD® NADH
+H*

Figure 5. Mechanism for degradation of DMDS, DMSO, DMS, MT, and H,S by Hyphomicrobium S [71]. Symbols: @, DMSO reductase;
@, DMS monooxygenase; @, MT oxidase; @, sulfide-oxidizing enzymes; @, formaldehyde dehydrogenase; @, formate dehydrogenase.

Question marks indicate reactions that have not yet been elucidated.
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bon dioxide. Thiobacillus strains use the Calvin cycle to
fix carbon dioxide. From a tidal sediment, an obligate
methylotroph, Methylophaga sulfidovorans, was isolated
which converted DMS to carbon dioxide and thiosulfate
[76]. This heterotrophic bacterium, which uses the ribu-
lose monophosphate route for carbon assimilation, can
also use sulfide as an additional energy source.
Furthermore, a large variety of bacteria are capable of ox-
idizing DMS to DMSO, provided an additional carbon
source is present [82]. The oxidation is carried out by
monooxygenases that are widespread among animals,
plants, fungi, and bacteria [50, 83]. Further oxidation of
DMSO to dimethylsulfone by haloperoxidases has been
found in several marine microorganisms [84].

Anaerobic degradation of DMS and MT has been mainly
attributed to the activity of methanogens, sulfate-reduc-
ing bacteria, anoxygenic phototrophs, and denitrifying
bacteria [3, 4, 54, 79, 85—87]. Anoxygenic phototrophic
sulfur bacteria, which normally use sulfide as an electron
donor, can oxidize DMS to DMSO with DMS as electron
donor [88, 89]. This mechanism of DMS degradation is
very important in microbial mats of intertidal sediments
where light is abundant during low tide.

Methanogenic conversion of MT and DMS was first il-
lustrated in lake sediment slurries in which “C-DMS was
converted to '“C-methane and “C-carbon dioxide [3, 4].
Upon addition of chloroform, an inhibitor of the methyl-
transferase reactions in methanogens, production of '“C-
methane was inhibited whereas '“C-carbon dioxide for-
mation was not. From inhibitor studies with marine and
estuarine sediments, Kiene et al. [54] concluded that
methanogenic and sulfate-reducing bacteria competed
for DMS at concentrations lower than 10 pM, while
methanogens dominated DMS degradation at higher con-
centrations. Methanogens reduce DMS to methane and
MT, and the latter is subsequently disproportionated to
methane, carbon dioxide, and H,S (tables 4, 6). The ex-
cess of reduction equivalents released during this dispro-
portionation is used for the initial reduction of DMS. In
this way, 2 mol of DMS are stoichiometrically converted
to 3 mol of methane and 1 mol of carbon dioxide. Several
methanogens able to use DMS have been isolated from
marine, estuarine, and salt lake habitats [54, 85, 90; see
also table 7], but the first DMS-utilizing freshwater strain
was only isolated recently [91]. This isolate was an oblig-
ately methylotrophic methanogen, Methanomethylovo-
rans hollandica, which belonged to a novel genus [91].
With the use of amplified ribosomal DNA restriction
analysis and 16S rRNA gene sequence analysis, this
methanogen was found to be a common inhabitant of
Dutch freshwater sediments [92]. Recently, similar
methanogens were found in Victoria lake (Tanzania) sed-
iment (unpublished observations). Moreover, our studies
have shown that methanogenesis is a major sink for DMS
and MT in freshwater sediments [91, 92]. The initial sug-

VOSCs in freshwater ecosystems

Table 6. Conversion of methanogenic substrates.

AGY
(KJ/mol CH,)

Reaction equations

CO, +4H, - CH,+2H,0 ~130.4
4HCOOH — CH,+3C0,+2H,0 -119.5
4CO + 2H,0 — CH,+3CO0, ~185.5
CH,COOH - CH,+CO, ~36.0
4CH,0H — 3CH,+CO,+2H,0 -106.0
CH,OH + H, - CH,+H,0 ~112.5
4CH,NH, + 2H,0 - 3CH,+CO,+4NH, -76.7
2(CH,),NH +2H,0 — 3CH,+CO,+2NH, -748
4(CH,,N+6H,0 — O9CH,+3CO,+4NH, -75.8
4CH,SH+2H,0  — 3CH,+CO,+4HS -51.0
2(CH,),S +2H,0  — 3CH,+CO,+2H,S -522

gestion was that MT could only be cometabolized by
methanogens in the presence of DMS. However, many of
the DMS-degrading methanogens were later demon-
strated to grow also on MT as sole carbon and energy
source [85, 93, 94]. MT is disproportionated in the same
way as methanol (table 6). Methylated sulfur compounds
have also been found to serve as a sulfur source in several
methanogens incapable of methane formation from them
compounds [90].

Evidence for the possible role of sulfate-reducing bacte-
ria in the degradation of DMS and MT mainly originates
from inhibitor studies with molybdate and tungstate
[19, 86]. These compounds competitively inhibit sulfate
reduction and therefore should be added in equal or
higher amounts than the ambient sulfate concentrations.
This poses no problems for freshwater systems in which
sulfate concentrations are generally below 2 mM. How-
ever, in marine, estuarine, and salt lake systems, molyb-
date concentrations of 20 mM or higher are needed.
Such high concentrations of molybdate also inhibited
methanogenesis in freshwater sediments [95]. Molybdate
and tungstate are also known as cofactors for a number of
enzymes and might therefore also influence the activity
of microorganisms other than sulfate-reducing bacteria.
Moreover, since molybdate forms complexes with sul-
fides it can effectively lower the free sulfide, concentra-
tions and thereby affect the redox potential as well as the
activity of microbes that require sulfide as a sulfur
source. Despite the considerable evidence of the possible
role of sulfate reducers, only one pure culture of a sulfate-
reducing bacterium growing on DMS has been isolated
from a thermophilic digestor [87]. The strain, which be-
longs to the genus Desulfotomaculum, oxidizes DMS to
carbon dioxide forming 2.5 mol of sulfide per mole of
DMS (table 4).

Denitrifying bacteria reduce nitrate or nitrite to NO, N,0O,
and N, using a large variety of compounds including sug-
ars, amino acids, alcohols, and organic acids. So far, only
one pure culture of a denitrifier able to degrade DMS
anaerobically with nitrate as electron acceptor has been



Table 7. Comparison of the main characteristics of DMS-degrading anaerobic microorganisms and some closely related (non-DMS-degrading) methanogens.

Name (type strain) Origin Substrate pH? Temperature (°C)* NaCl (M)? 16S rRNA Reference
sequence®

DMS degrading methanogens

MI. taylorii (GS-16T) Francisco Bay, Oregon, USA (E) Me, Ma, MeS 8.0 (6.0-9.0) 29-37 (4-40) 0.5(0.2-1.4) U20154 [54, 110, 111]

MI. bombayensis (B-17) Arabian Sea, Bombay, India (M) Me, Ma, MeS 7.2 (6.0-8.5) 37 (20-40) 0.5 (0.25-2.0) 020148 [112]

MI. oregonensis (WAL1T) Alkali Lake, Oregon, USA (ASL) Me, Ma, MeS 8.1-9.1(7.6-9.4) 35-37(20-40) <0.5(0.1-1.5) U20152 [113]

Ms. siciliae (T4/MT) Sicily, Italy (M) Me, Ma, MeS 6.5-6.8 (5.8-7.2) 37-40(20-48) 0.4-0.6(0.1-1.5) U20153 [94, 114]

Ms. siciliae (HI3507) Oil well, Mexico (M) Me, Ma, MeS 6.5-6.8 (5.8-7.2) 40(20-48) 0.4-0.6 (0.1-1.5) N.R. [94]

Ms. siciliae (C2J7) Scripps Canyon, California, USA (M)  Me, Ma, MeS, Ac 6.0-7.0 (5.0-8.0) 35(20-45) 0.2-0.6 (0-0.6)  U89773 [115]

Ms. acetivorans (C2AT) Scripps Canyon, California, USA (M)  Me, Ma, MeS, Ac 6.5-7.0(5.5-8.0) 35-40(15-45) 0.1-0.4(<1.0) M59137 [116]

Ms. semesiae (MD1T) Mtoni Creek, Tanzania (MF) Me, Ma, MeS 6.5-7.5(6.2-8.3) 30-35(18-39) 0.2-0.6 (N.R.) AJ012742 [117]

Msa. zhilinaeae (WeNS5T) Bosa Lake, Egypt (ASL) Me, Ma, MeS 9.2 (8.2-10.3) 45 (N.R.) 0.7 (0.2-2.1) —¢ [118, 119]

Msa. zhilinaeae (Z-79367) Lake Magadi, Kenya (SL) Me, Ma, MeS 8.7-9.2(7.8-10.2) 37 (20-48) 0.4 (0.2-2.2) N.R. [120]

Strain MTP4 (MTP4T) Bordeaux, France (SM) Me, Ma, MeS, Ac 6.9-7.6 (6.1-8.0) 30(12-35) 35-400 (35-400) N.R. [85]

Mm. hollandica (DMS1") Dekkerswald, The Netherlands (F) Me, Ma, MeS 6.5-7.0 (6.0-8.0) 34-37(12-40)  0.04 (0-0.4) AF120163 [91]

Closely related (non-DMS degrading) methanogens

Mecc. burtonii (DSM 6242T) Ace Lake, Antarctica (SL) Me, Ma 7.7 (6.7-8.3) 23 (2-30) 0.2 (0.2-0.5) X65537 [121]

Mcc. methylutens (TMA-10")  Scripps Canyon, California, USA (M)  Me, Ma 7.0-7.5(6.0-8.0) 30-35(15-35) 0.4 (0.2-1.0) M59127 [122]

Mhl. halophilus (Z-7982") Shark Bay, Australia (MCM) Me, Ma 6.5-7.4(6.3-8.0) 26-36(18-40) 1.2-1.5(0.3-2.6) N.R. [123]

Mhl. mahii (SLPT) Great Salt Lake, Utah, USA (SL) Me, Ma 7.5 (6.5-8.5) 35 (<45) 2.0 (0.5-3.5) M59133 [124, 125]

Ms. barkeri (MST) Sewage digester, Illinois, USA (D) H,, Me, Ma, Ac 5.0-7.0 (4.0-8.0) 35-42(20-50) <0.2(<0.9) AJ012094 [126, 127]

The origin of inoculum is given by the following symbols: ASL, alkaline salt lake sediment; D, anaerobic sewage digester; E, estuarine sediment; F, freshwater sediment; M, marine sediment;
MCM, marine cyanobacterial mat; MF, mangrove forest sediment; SL, salt-lake sediment; SM, salt marsh sediment. The substrates for methanogenesis: Me, methanol; Ma, methylamines; MeS,
methylated sulfur compounds; Ac, acetate. Abbreviations of taxa: Mcc., Methanococcoides; Mhl., Methanohalophilus; M., Methanolobus; Mm., Methanomethylovorans; Ms., Methanosarcina;
Msa., Methanosalsus. N.R. = not reported.
@ Values given represent the optimum pH, temperature, and salt concentration for growth (ranges given within parentheses).
® Accession number for the GenBank/EMBL database except where mentioned otherwise.

¢ Sequence retrieved from Ribosomal Database Project (RDP: Mha.zhilin).
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isolated from marine sediments [79]. This organism
demethylates DMS, and the resulting methyl groups are
further oxidized to carbon dioxide. Recently, DMS was
observed to be completely degraded in nitrate-amended
freshwater sediment slurries after a long period, but the
responsible organism(s) was(were) not isolated [96].

Microbial conversions of VOSCs in situ

The relative importance in the cycling of VOSCs by the
microbial mechanisms mentioned above depends on the
ecosystem. As already mentioned, DMSP is the most im-
portant precursor for MT and DMS in marine and estuar-
ine systems. Because of the complex community struc-
tures in these ecosystems, DMSP and other organic sul-
fur compounds are continuously interconverted. In this
way, highly active mini-sulfur and carbon cycles are real-
ized which are strongly influenced by environmental pa-
rameters like light intensity, temperature, pH, and the
tidal movement of water. In contrast to many of saline
habitats, freshwater systems are less dynamic, more or-
ganic rich, and poor in DMSP [97, 98]. In oligotrophic
freshwater ecosystems, sulfide was found to be primarily
converted to metal sulfides, especially FeS and FeS,,
whereas in eutrophic systems, sulfide was incorporated
into the organic matter chemically and biologically (e.g.
by sulfate reducers) [99]. Because of the higher organic
matter content of many freshwater systems, mechanisms
generating VOSCs from this organic matter, such as the
methylation of sulfide or the production of VOSCs from
sulfur-containing amino acids, are likely to be more im-
portant than formation from DMSP. Most of the data on
sulfur compound cycling in freshwater systems is related
to sulfide and sulfate, but little is known about the micro-
bial cycling of VOSCs [60, 100—104]. Moreover, only a
limited number of microorganisms that produce or de-
grade VOSCs have been isolated from these systems. No
correlation was found between sulfate or chlorophyll
concentration and the concentration of VOSCs in various
freshwater lakes [103]. Depth VOSC profiles showed that
in freshwater sediments, DMS was the main VOSC,
whereas in marine sediments, mainly MT was detected.
VOSC concentrations were highest in or just above the
freshwater sediment, and both VOSC and H,S concentra-
tions decreased dramatically toward the water surface
[60, 103]. The sediment was therefore concluded to be the
major VOSC-producing compartment. The production
and consumption of VOSCs in freshwater sediments ap-
peared to be well balanced [60]. The ventilation of
VOSCs to the atmosphere was found to be dramatically
affected by the height of the water column on top of the
sediment [101—104].

Since methanogens are considered as the major VOSC-
degrading and — producing organisms in the anaerobic

VOSCs in freshwater ecosystems

sediments of freshwater ecosystems [3, 4], this group of
organisms and their metabolic properties will be dis-
cussed in more detail.

Methanogenic conversion of VOSCs

Methanogens are strict anaerobes that form methane as
the end product of their energy metabolism. Phylogeneti-
cally, methanogens belong to the Archaea, which
include several methanogenic lineages [105, 106]. The
methanogens are characterized by a number of specific
properties and a rather unique biochemistry [107, 108].
They exhibit an extreme habitat diversity and have been
isolated from a large variety of anaerobic (micro)habitats
including sediments of marine, estuarine, freshwater, and
(salt) lake origin, digestive and intestinal tracts of animals
and insects, anaerobic waste reactors, geothermal
springs, and hydrothermal vents [109]. Methanogens as a
group have a small substrate spectrum and different
species generally only use one or two compounds [105,
109] (table 6). An exception is the genus Methano-
sarcina, whose members can metabolize the majority of
methanogenic substrates, including methylated sulfur
compounds. Since many of these compounds are prod-
ucts of the degradation of larger (macro)molecules,
methanogens rely on the catabolic activity of other (mi-
cro)organisms in their environment for the continuous
supply of their substrates. During the last 10 years, sev-
eral methanogens have been isolated that are able to con-
vert and grow on MT and DMS (table 7).

Although not studied in detail, methanogenesis from
DMS and MT is likely to occur in a similar way to that of
structural analogs like methanol and methylated amines,
since all compounds are disproportionated to methane
and carbon dioxide. Methanogenesis from methylated
substrates requires methyl group abstraction and subse-
quent methylation of 2-mercaptoethanesulfonic acid
(HS-CoM), followed by conversion of methyl-CoM to
methane with reducing equivalents obtained from the
concomitant oxidation of the methylotrophic substrate to
carbon dioxide [107, 108]. Two different methyltrans-
ferases are involved in this reaction sequence: MT|, a cor-
rinoid-containing enzyme which accepts the methyl
group from the substrate, and MT,, which transfers the
enzyme-bound methyl group to HS-CoM. MT, only ac-
cepts a methyl group when the corrinoid is present in its
fully reduced Co(I) state. Activation of Co(II) or Co(III)
MT, occurs by reductive activation (fig. 6) [128, 129].
During growth on different substrates, MT, and MT,
isozymes with different substrate specificities are pro-
duced [125—128]. In the final step of methanogenesis,
methyl-CoM is reduced by 7-mercaptoheptanoylthreo-
nine phosphate (HS-HTP) to methane, and the het-
erodisulfide of HS-CoM and HS-HTP (CoM-S-S-HTP)
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Figure 6. Mechanism for methanogenic degradation of methylated compounds based on that of methanol degradation by Methanosarcina
barkeri [130—135]. H,SPT, 5,6,7,8-tetrahydrosarcinapterin; HS-CoM, coenzyme M; HS-HTP, 7-mercaptoheptanoylthreonine phosphate;
MT,, methanol: 5-hydroxybenzimidazolylcobamide methyltransferase; MT,, Co methyl-5-hydroxy-benzimidazolylcobamide:coenzyme M
methyltransferase.Question mark indicates a reaction that has not yet been elucidated.

by methylcoenzyme M reductase. The heterodisulfide is
then reduced by the membrane-bound enzyme het-
erodisulfide reductase to recover HS-CoM and HS-HTP
(fig. 6). In this reduction step, energy is conserved by the
translocation of protons over the cell membrane
[107, 108]. Compared to methanol, the biochemical path-
way for the conversion of methylated sulfur compounds
is poorly understood. Since cell extracts of methy-
lotrophic methanogens grown on methanol or trimethyl-
amine were unable to convert DMS or MT, these sub-
strates are most likely converted by distinct inducible en-
zymes [93]. Crude extracts of Methanosarcina barkeri
strain MS, prepared from acetate-grown cells, were re-
cently found to be able to convert DMS to methane. The
responsible HS-CoM methylating enzyme contained a
bound corrinoid [134].

In some cases, methylated compounds can also be com-
pletely oxidized by methanogens to carbon dioxide. In
this case, the reducing equivalents formed (hydrogen)
must be removed by hydrogenotrophic microorganisms
like denitrifiers or sulfate/sulfite reducers. This process
is called interspecies hydrogen transfer [135].

In complex systems like sediment slurries, selective inhi-
bition of specific microbes can be very helpful to eluci-
date the metabolic flux of certain compounds. Bro-
moethanesulfonic acid (BES) is a structural analog of
HS-CoM and is a competitive inhibitor of methylcoen-
zyme M reductase [136]. Since HS-CoM and methyl-
coenzyme M reductase are present in all methanogens
and only a few other microorganisms (some methy-
lotrophs and Xanthobacter species), BES acts as a rela-

tively specific inhibitor. Moreover, BES inhibition is in-
dependent of the substrate for methanogenesis due to the
crucial role of methylcoenzyme M reductase in the
methanogenic pathway. In general, inhibition will be im-
mediate, but in some cases, lag phases up to 48 h were
needed to obtain complete inhibition [137]. The concen-
trations of BES required to obtain complete inhibition of
methanogenic bacteria differs strongly, and is generally
higher for environmental samples than for pure cultures
of methanogens [138; B. P. Lomans unpublished results].

Conclusions

Anaerobic methylation of sulfide and MT, and
methanogenic conversion of MT and DMS are the domi-
nant processes in anaerobic cycling of these VOSCs in
freshwater habitats (fig. 7). MT and DMS are mainly
formed in the sediment. The balance between these
processes results in an anaerobic mineralization of
methyl groups. First, sulfide (or MT) receives a methyl
group from methoxylated aromatic compounds (like sy-
ringate and 3,4,5-trimethoxybenzoate) resulting in for-
mation of MT or DMS. The methylated sulfur com-
pounds in turn are converted by methanogens leading to
recycling of sulfide and production of methane. Several
factors that may affect this balance, resulting in higher or
lower fluxes of MT and DMS to the atmosphere, have
been identified. VOSC formation was found to be stimu-
lated by sulfide (in equilibrium with H,S), sulfate
(indirectly), and methyl-group-donating compounds, and
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Figure 7. Cycling of VOSC in anoxic freshwater sediments. For-
mation of acetate from methyl groups occurs under conditions of
low sulfide concentrations through carbonylation (c¢). Formation of
MT and DMS occurs only under conditions of high sulfide concen-
trations since sulfide is required as methyl group acceptor (d). Sul-
fide acting as methyl group acceptor to form MT and subsequently
DMS is generated in the system by sulfate reduction (s), decompo-
sition of organic matter, and degradation of MT and DMS by
methanogenic activity (m). Sulfate can be introduced in the system
by several processes (inlet of sulfate-rich river water, deposition,
and seepage water). MT, DMS, and H,S can be restored or con-
verted in the sediment, or diffuse to the higher aerobic water col-
umn and atmosphere.

was inhibited by free iron. The latter compound results in
precipitation of iron sulfides (fig. 7). VOSC degradation
by M. hollandica was found to be inhibited by sulfide
[91]. Furthermore, the presence of sulfate in the sedi-
ments was found to stimulate VOSC degradation by sul-
fate-reducing bacteria. These findings are very impor-
tant from the ecological point of view since increased
sulfate concentrations in several freshwater ecosystems
caused by the inlet of river water [139] (with the river
Rhine as a good example) into these systems have re-
sulted in higher H,S concentrations in systems which
were iron limited. These higher sulfate and H,S concen-
trations are likely to enhance VOSC formation through
sulfide methylation, and VOSC degradation by sulfate-
reducing bacteria, whereas VOSC degradation by
methanogens is likely to be inhibited. Although more re-
search is needed to be able to predict the outcome of the
combination of these processes, higher fluxes of VOSCs
from sulfide-rich systems toward the atmosphere are
conceivable.
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