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Introduction

The reaction of reduced inorganic sulfur with organic matter (OM) is known to play a crucial role in C
and S biogeochemical cycles in anoxic environments and in the associated petroleum generation.
Depending on the conditions and the types of reagents involved, the abiotic sulfurization of organic
compounds can induce the formation of a large array of individual and macromolecular organosulfur
compounds (OSC; Sinninghe Damsté and De Leeuw 1990; Amrani 2014), or the reduction of
functionalized biomolecules into their corresponding biomarker hydrocarbons (Hebting et al. 2006). In
both cases, the sulfurization of organic compounds is considered to enhance OM preservation and
potentially lead to the formation of oil source rocks, since OSC and saturated hydrocarbons are
generally more resistant to diagenesis than the original biomolecules.

In addition to diagenetic processes, some OSC can also be biosynthesized by living cells, where sulfur
plays a key role in biochemical functioning and OSC mostly occur as amino acids and proteins. The
microbial transformation of OSC has also been reported but, so far, such reactions have been limited to
aerobic bacteria grown on commercially available OSC substrates (Uthoff et al. 2005), and to in vitro
synthesis using enzyme-catalyzed reactions (Weber et al. 2004).

The geochemical impact of microbial processes involved in S-cycle [such as microbial sulfate-reduction
(MSR)] in sediments and petroleum reservoirs has been thoroughly investigated, but most studies have
focused on S-isotope fractionation (Canfield 2001), or on the degradation potential of the microbial
communities (Aitken et al. 2013). These approaches seem to have set aside the possible coupling
between abiotic and biotic processes likely to occur during the degradation of OM under S-reducing
conditions, and possibly influencing the type of OSC formed, as well as the fate and the diagenetic
stability of OSC. Here, we investigated such a coupling in anaerobic cultures of heterotrophic sulfate-
reducing bacteria (SRB) grown under laboratory conditions on different types of n-alkyl substrates.

Material and Methods

Cultures of four mesophilic strains of hydrocarbon-degrading SRB belonging to the class
Deltaproteobacteria and isolated from oil-polluted sediments were grown in synthetic sulfate-reducing
medium with different types of substrate (octanoate, saturated and unsaturated hydrocarbons, alkanol
or alkanethiol) as sole source of carbon and energy (Table 1). All cultures were incubated under optimal
anaerobic growth conditions (~ pH 7, 30 °C). Cells were harvested after different incubation times (up
to 3 weeks) by filtration on glass microfiber filters.

Part of the filtered cells were ultrasonically extracted using a solvent mixture and the total lipid extracts
(TLE) thus obtained were chromatographed over a packed column of silica gel. This allowed the
residual substrate to be separated from neutral and more polar intracellular and membrane lipids which
were analyzed by gas chromatography-mass spectrometry (GC-MS) following an eventual hydrolysis
step.
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Results and Discussion

The neutral lipid fraction of two out of the four strains of SRB grown on unsaturated hydrocarbons (n-
alk-1-enes), showed the presence of series of long-chains wax esters (WE) and thiowax esters (TWE)
(Table 1), whose distributions depended on the substrate used for growth. These compounds were
identified based on their mass spectral characteristics and comparison with synthetic standard. WE
biosynthesis by aerobic (hydrocarbon-degrading) bacteria has been known for long and intensively
investigated. The report of the natural biosynthesis of WE and TWE in anaerobic (sulfate-reducing)
bacteria is however unprecedented. It is noteworthy that WE and TWE were not produced during
growth of the SRB on octanoate (Table 1), even under N-starved conditions supposed to favor the
intracellular accumulation of WE (Uthoff et al. 2005).

Table 1 Sulfate-reducing bacteria used for the coupling of abiotic and biotic sulfurization processes.

Strain Growth substrate Wax ester Thio wax ester Disulfide dimer
production production production

C14-Cy7 n-alk-1-enes Yes Yes Yes
Strain A Cy6 alkan-1-ol Yes Yes No
Ci6 alkan-1-thiol Yes Yes Yes
Octanoate No No No
Strain B Ci6 n-alk-1-ene, Yes Yes Yes
Octanoate No No No
Strain C Ci15-Ci6 n-alk-1-enes No No Yes
Strain D Ci15-Ci6 n-alk-1-enes No No Yes

Surprisingly, unlike WE, the length of the alkyl chain of all TWE formed from a given n-alkene
substrate was systematically the same than that of the substrate, whereas the acyl counterparts of TWE
showed variable chain lengths similar to that of cellular fatty acids (Fig. 1). This suggested that part of
the substrate, or of an activated derivative, was sulfurized during incubation, yielding a sulfurized
intermediate that was condensed with different fatty acids to form TWE (Fig. 1). The additional
detection of dialkyl disulfides (Table 1) formed by dimerization of the alkene substrates attested for
abiotic sulfurization reactions occurring during culture incubation. This is noteworthy given the

generally low reactivity of isolated double bonds toward direct sulfurization under aquatic conditions
(Amrani 2014).
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Figure 1 Proposed pathways for the coupled abiotic and biotic formation of sulfurized microbial lipids
during growth of SRB on n-alkyl substrates. Dashed lines indicate abiotic reactions; solid lines indicate
biotic reactions.

Alkanethiols were not detected in any lipid extract obtained during growth on n-alkenes suggesting that
such OSC either were not the sulfurized intermediates involved in TWE biosynthesis, or were
immediately trapped into TWE following their formation. This latter hypothesis was shown plausible
when an alkylthiol was used as a growth substrate for the SRB. Indeed, this type of OSC could be
metabolized into cell constituents including series of WE and TWE (Table 1) but, as for n-alkene
substrates, all TWE exhibited the same alkyl chain than the thiol used for growth (Figs. 1 and 2).
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Figure 2 GC-MS trace of the wax esters (WE) and thio wax esters (TWE) formed during growth of SRB
on Cy6 alkan-1-thiol. ? = unidentified.

The possibility that an oxidized form of n-alkenes has constituted the organic substrate for inorganic
sulfur addition during the aforementioned incubations with n-alkenes was also tested by growing SRB
cells on n-alkanol. Alcohols and fatty acids are poorly prone to abiotic sulfurization but their oxidation
intermediates, i.e. aldehydes, are considered important organic substrates for sulfurization in the
environment (Amrani 2014). When grown on n-alkanol as sole source of carbon and energy, the SRB
strains produced a whole series of WE but no TWE, indicating that none of the aforementioned
oxidation forms of n-alkene (i.e., n-alkanol, n-alkanal and n-fatty acid), that were produced
intracellularly during substrate assimilation (as attested by WE formation), was involved in the biotic
production TWE.

Taken together, our results show that in addition to being used as carbon and energy sources by the
SRB, part of the n-alkyl substrates can be sulfurized (by reaction with biotically-produced sulfides)
inducing the formation of a (yet to be identified) S-derivative which then served as sole building block
for TWE biosynthesis by condensation with the different cellular fatty acids (Fig. 1).

Conclusions and possible implications

We here demonstrate that abiotic and biotic sulfurization processes can concomitantly occur during the
degradation of OM by MSR, and that sulfurization of OM can lead to the formation of OSC that, in
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return, can potentially fuels MSR. It can thus be envisaged that, in some circumstances, MSR can 1)
counterbalance the apparent recalcitrance of OSC formed abiotically by metabolizing them further into
cell biomass and/or other less recalcitrant OSC and, 2) decrease the content in OSC (and thus increase
the quality) of the preserved OM/oil. The biogeochemical importance of such processes still needs to
be evaluated.

In addition to the enlargement of the panel of interactions that can occur during OM diagenesis in
hydrocarbon-containing anoxic sediments and oil reservoirs, our study opens up new perspectives on
mechanistic aspects involved in the sulfurization under natural conditions of organic compounds that
are supposed not reactive with inorganic sulfur species.
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