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The phenomenon of methane seepage in the Black
Sea was discovered in the late 1980s [1]. Since then, the
researchers of the Institute of the Biology of Southern
Seas, National Academy of Sciences of Ukraine, have
pinpointed many hundreds of methane seeps, located
predominantly at the continental slope in the north-
western part of the Black Sea [2]. It was shown in the
1990 expedition on board the 

 

Bentos-300

 

 submarine
laboratory that coral-like carbonate structures, which
may be several meters high, are formed in the anaerobic
zone (at depths more than 160–170 m) of the regions of
methane seepage [3]. The structures are covered with
dense bacterial mats of up to several centimeters thick.
The extremely light isotopic composition of the carbon
found in these bacterial mats (the 

 

δ

 

13

 

ë

 

 value varies
between –75.6 and 

 

–83.3

 

‰ [3]) unambiguously indi-
cates the involvement of methane carbon in the formation
of the microbial biomass. Later, radioisotopic, isotopic–
geochemical, and molecular–biological data substantiat-
ing anaerobic methane oxidation by a community of

 

1

 

Corresponding author; e-mail: aivan@newmail.ru

 

archaea and sulfate-reducing bacteria were presented in
a series of works [4–7]. Moreover, it was shown that the
formation of the carbonate structures in the region of
methane seeps is a consequence of a large-scale micro-
bial process of anaerobic methane oxidation resulting
in the formation and sedimentation of light-isotope car-
bonates [5].

The study of methane seeps was continued in July
2001 using the German habitable apparatus

 

 Jago

 

, capa-
ble of sinking to a depth of 400 m. The aim of our work
was to carry out an in detail study of the process of
microbial methane oxidation and sulfate reduction in
the bacterial mats, as well as to obtain enrichment and
pure cultures of the sulfate-reducing bacteria forming
part of the microbial community developing on the
coral-like carbonate structures. Considering the envi-
ronmental conditions in the region of the Black Sea
methane seeps, the investigation was focused on the
search for psychrophilic and psychrotolerant sulfate-
reducing bacteria active at low temperatures.
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Abstract

 

—A detailed study of the processes of anaerobic methane oxidation and sulfate reduction in the bac-
terial mats occurring on coral-like carbonate structures in the region of methane seeps in the Black Sea, as well
as of the phenotypic diversity of sulfate-reducing bacteria developing in this zone, has been performed. The use
of the radioisotopic method shows the microbial mat structure to be heterogeneous. The peak activity of the two
processes was revealed when a mixture of the upper (dark) and underlying (intensely pink) layers was intro-
duced into an incubation flask, which confirms the suggestion that methanotrophic archaea and sulfate-reducing
bacteria closely interact in the process of anaerobic methane oxidation. Direct correlation between the rate of
anaerobic methane oxidation and the methane and electron acceptor concentrations in the medium has been
experimentally demonstrated. Several enrichment and two pure cultures of sulfate-reducing bacteria have been
obtained from the near-bottom water and bacterial mats. Both strains were found to completely oxidize the sub-
strates to CO

 

2

 

 and H

 

2

 

S. The bacteria grow at temperatures ranging from –1 to 18 (24)

 

°

 

C, with an optimum in
the 10–18

 

°

 

C range, and require the presence of 1.5–2.5% NaCl and 0.07–0.2% MgCl

 

2

 

 · 6H

 

2

 

O. Regarding the
aggregate of their phenotypic characteristics (cell morphology, spectrum of growth substrates, the capacity for
complete oxidation), the microorganisms isolated have no analogues among the psychrophilic sulfate-reducing
bacteria already described. The results obtained demonstrate the wide distribution of psychrophilic sulfate-
reducing bacteria in the near-bottom water and bacterial mats covering the coral-like carbonate structures
occurring in the region of methane seeps in the Black Sea, as well as the considerable catabolic potential of this
physiological group of psychrophilic anaerobes in deep-sea habitats
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MATERIALS AND METHODS

 

Sampling.

 

 Samples of the carbonate structures with
bacterial mats were collected in the zone of methane
seeps at the northwestern shelf of the Black Sea from a
depth of 182–326 m in July 2001, during the interna-
tional expedition on board the research vessel 

 

Professor
Logachev

 

, as part of the GOSTDABS project. The sam-
pling was carried out using a scoop furnished with a
television camera (part of the standard equipment of the
research vessel 

 

Professor Logachev

 

) or a manipulator
on the German habitable apparatus 

 

Jago. 

 

Immediately
after being lifted on board the vessel, 2-cm

 

3

 

 portions of
bacterial mat samples were placed into 10-ml glass
flasks completely filled with hydrogen sulfide–contain-
ing near-bottom water and closed with gas-tight stop-
pers made of butyl rubber.

 

Radioisotopic studies.

 

 The rates of the microbial
processes occurring in the bacterial mats were deter-
mined on board the vessel with the radioisotopic
method, using 

 

14

 

C-methane, 

 

14

 

C-acetate, 

 

14

 

C-bicarbon-
ate, and 

 

35

 

S-sulfate. In order to perform the determina-
tion, 0.2 ml of labeled 

 

14

 

C-methane (4 

 

µ

 

Ci), 

 

14

 

C-bicar-
bonate (10 

 

µ

 

Ci), 

 

14

 

C-acetate (20

 

µ

 

Ci, methyl group–
labeled), or 

 

35

 

S-sulfate (10 

 

µ

 

Ci), as well as the neces-
sary amount of unlabeled methane, was injected into
the bacterial mat samples through the rubber stoppers
with a syringe. The samples were incubated in a refrig-
erator at 

 

7–8°ë

 

 for 4–6 h. When the incubation was
completed, the samples were fixed with 0.5 ml of a sat-
urated KOH solution or 1 ml of 25% glutaraldehyde.
The samples into which the fixing solution was intro-
duced before the addition of the labeled substrate
served as controls. The samples were further treated at
a stationary laboratory according to the technique
described in detail previously [8, 9].

 

Obtaining enrichment and pure cultures of sul-
fate-reducing bacteria.

 

 The primary detection of cul-
tivated sulfate-reducing bacteria in the bacterial mat
and near-bottom water samples was carried out on
board the vessel on the day of sampling by means of the
SRB-BART

 

TM

 

 (biodetector for sulfate-reducing bacte-
ria) system (Droycon Bioconcepts Inc., Regina, SK,
Canada, S4S 5H4). For this purpose, the sample to be
studied (1 cm

 

3

 

 of the mat or near-bottom water) was
introduced into a plastic test tube containing a weighed
portion of an anhydrous nutrient medium, and the cul-
tures were incubated in the refrigerator at 

 

7–8°ë

 

 for
10–15 days. Darkening of the originally colorless com-
mercial medium occurred in case of the development of
sulfate reduction.

The work was continued at the stationary laboratory.
The method of end-point dilutions in a liquid medium
was used to determine the cell numbers and obtain
enrichments of the sulfate-reducing bacteria. An inocu-
late aliquot (0.5 ml of the contents of the positive test
tubes) was introduced with a sterile syringe into a Hun-
gate tube with an anaerobic mineral medium for marine
bacteria [10] supplemented with lactate (10 mM), ace-

tate (10 mM), or butyrate (10 mM), and a series of
sequential dilutions was prepared in the same medium.
For some samples, inoculations into media with propi-
onate (10 mM) or sodium benzoate (5 mM) and meth-
anol (10 mM) were made. The tubes were incubated at
4, 10, 16, 21, and 

 

28°ë

 

. The development of the sulfate-
reducing bacteria was judged from the hydrogen sulfide
increment in tenfold dilutions during the subsequent
24 months.

Pure cultures from single colonies were isolated
from a solid medium according to the modified method
of dilutions in a deep agar layer [11] to avoid the long-
term effect of increased temperatures on the bacteria.
The culture purity was controlled microscopically and
by inoculating the medium that contained 0.1% yeast
extract, 0.1% tryptone, and 0.1% glucose.

 

The study of cell morphology.

 

 The morphology of
the microbial cells was studied in living and fixed prep-
arations under a Jenaval light microscope equipped
with a phase-contrast device at a 1500

 

×

 

 magnification.
The cell size was determined in the middle of the sta-
tionary phase of culture growth with an ocular screw
micrometer.

 

Analytical methods.

 

 The growth of significantly
enriched nutrient cultures and pure cultures was
recorded by a direct cell count. The hydrogen and carbon
dioxide present in the gas phase, as well as the 

 

ë

 

2

 

–ë

 

4

 

fatty acids, were assayed by gas chromatography [12].
Soluble sulfides and the free hydrogen sulfide content
were determined by the colorimetric method, using

 

N

 

,

 

N

 

-dimethyl-1,4-phenylenediamine chloride [13].

RESULTS

 

The rates of biogenic processes.

 

 Anaerobic meth-
ane oxidation was revealed in all the bacterial mat sam-
ples studied (Table 1). The experiments used near-bot-
tom water sampled by the 

 

Jago 

 

apparatus in immediate
proximity to the methane seeps at a depth of 226 m. The
methane content in this water was about 80 

 

µ

 

l/l. The
addition of 1.5 

 

µ

 

l/l of [

 

14

 

C]methane to the experimental
flask barely altered the methane content in the sample.

The addition of different amounts of unlabeled
methane to the incubation flasks led to a substantial
change in the methane oxidation rate. As follows from
the data listed in Table 1, methane oxidation by the bac-
terial mat community was significantly activated at a
methane concentration of 160 

 

µ

 

l/l and higher. There-
fore, further experiments exploring the stimulation of
the process of methane oxidation were performed at a
methane concentration of 320 

 

µ

 

l/l.
The distribution of [

 

14

 

C]carbon in the methane oxi-
dation products (Table 1) showed that the bulk of the
methane was oxidized to carbon dioxide. The biomass
and soluble organic matter incorporated no more than
25% of the methane carbon consumed.

Figure 1 shows the dynamics of methane con-
sumption. It can be seen that the rate of methane oxi-
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dation was virtually constant over the first 12 h of
incubation and then decreased.

In a number of earlier publications [2, 4, 5] it was
noted that the bacterial mats are pink in color. However,
viewing the video records made with the 

 

Jago

 

 appara-
tus, as well as the observers’ reports, showed that the
bacterial mats on the carbonate structures are character-
ized by a layered structure. The external layer of the
bacterial mats directly in contact with the seawater
appears to be quite a dense black formation. The thick-
ness of this external layer did not normally exceed
0.5 cm. A looser layer, of an intense pink color, occurs

at a deeper level. The thickness of this layer changed
depending on the size of the structure and could reach
several centimeters. In the lowermost mat layer, the col-
oration became paler due to the appearance of a large
amount of carbonate granules, of which the structure is
formed.

We staged a series of experiments to investigate the
rate of anaerobic methane oxidation in the different lay-
ers of the microbial mats (Fig. 2). The highest rate of
methane oxidation was recorded in samples composed
of a mixture of the black and pink mat layers. Taken
separately, the black and pink layers were characterized
by a lower intensity of methane oxidation.

Along with the investigation of the rate of methane
oxidation, the rate of sulfate reduction was determined
using [

 

35

 

S]sulfate (Fig. 3). The lowest activity was
recorded in the lower pink layer of the bacterial mats.
The maximum rate of sulfate reduction was revealed in
the samples in which the dark surface layer and the
intensely pink layer immediately underlying it were
present simultaneously. The addition of 1 ml of unla-
beled methane to the incubation flasks led to a sharp
increase in the rate of sulfate reduction (Table 2).

We attempted to measure the rates of autotrophic
and aceticlastic methanogenesis in the microbial mats.
However, in short-term experiments (10–20 h of incu-
bation), weak aceticlastic methanogenesis with a rate
not exceeding 0.01 nl/(cm

 

3

 

 h) was recorded only in sin-
gle samples.

 

The occurrence of sulfate-reducing bacteria in
the samples of near-bottom water and bacterial
mats on the carbonate structures.

 

 Along with the
determination of the rates of microbial processes, sul-
fate-reducing bacteria were revealed in the bacterial
mats by inoculating the nutrient media. As early as the
third day of incubation of the tubes containing a com-
mercial medium, bacterial growth was noted in some of
them. The most active development of sulfate-reducing
bacteria occurred in the tubes into which the upper,
dark-colored, part of the bacterial mat was introduced.
After 15 days of incubation, bacterial sulfate reduction
was revealed in all of the samples studied. Five tubes with
considerable sulfide formation (Table 3) were selected for
a detailed study of the microbial population.

 

Obtaining enrichment and pure cultures of sul-
fate-reducing bacteria.

 

 Inoculation of the media with
certain organic substrates with aliquots of serial dilu-
tions of the primary cultures (Table 3, 1–5), followed
by cultivation at different temperatures, revealed some
specific features of the population of marine sulfate-
reducing bacteria. On all of the utilizable substrates,
bacterial growth, accompanied by the formation of a
considerable amount of sulfide, was noted at 4 and

 

10°ë

 

. As a rule, the maximum cell number was
recorded at a cultivation temperature of 

 

16°ë

 

. With an
increase in temperature to the next test point (

 

21°ë

 

), the
bacterial numbers decreased, while growth at 

 

28°ë

 

 was
observed only in single tubes. Exceptions to this pattern

 

Table 1. 

 

 Rate of anaerobic methane oxidation in the bacte-
rial mats*

Station no./depth, 
m; coordinates

Amount of unlabeled 
methane introduced, 

 

µ

 

l/l

Methane
oxidation, nl
CH

 

4

 

/(cm

 

3

 

 h)

14/182
44

 

°

 

46.647

 

′

 

 N
31

 

°

 

58.877

 

′

 

 E

Without addition 0.12 (0)**

320 3.23 (2.5)

55/226;
44

 

°

 

46.479

 

′

 

 N
31

 

°

 

59.530

 

′

 

 E

Without addition 0.08 (0)

80 0.33 (6)

160 0.91(15)

320 5.08 (7)

640 15.57 (25)

21/230
44

 

°

 

46.455

 

′

 

 N
31

 

°

 

59.674

 

′

 

 E

Without addition 0.08 (0)

320 4.91 (8)

10/235
44

 

°

 

46.515

 

′

 

 N
31

 

°

 

59.559

 

′

 

 E

320 1.35 (7)

68/326
44

 

°

 

44.112

 

′

 

 N
31

 

°

 

47.309

 

′

 

 E

Without addition 0.10 (0)

320 3.40 (6)

 

  * Determinations were carried out at the stationary laboratory at
the Institute of Microbiology, Russian Academy of Sciences, by
I.I. Rusanov.

** The percentage of methane carbon incorporation into organic
matter is shown in brackets.
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Fig. 1.

 

 Dynamics of methane oxidation in the microbial mats.
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were the sample 1 dilutions in a medium with propi-
onate, in which the bacteria did not develop at a temper-
ature of 

 

16°ë

 

 and incubation at 

 

10°ë

 

 yielded the max-
imum number of sulfate-reducing bacteria, and cultures
in a medium with acetate, where the bacterial number
was 

 

10

 

2

 

–10

 

4

 

 cells/ml at 

 

21°ë

 

 and was lower at other
cultivation temperatures.

The organisms depending on lactate and butyrate for
growth were present in all of the samples at the amount
of 

 

104–106 cells/ml. The sulfate-reducing bacteria using
propionate were revealed episodically, and their num-
ber did not exceed 102 cells/ml. Growth with acetate as
the single source of carbon and energy was very poor
and was insignificantly stimulated by the addition of
yeast extract or Casamino acids (100 mg/l). The first
signs of activity of the sulfate-reducing bacteria (a
hydrogen sulfide increment of 15–20 mg/l) in the ace-
tate medium were observed after five months of incuba-
tion at 21°ë and after nine or more months of incuba-
tion at 28, 10, or 4°ë. Despite its extremely low rate,
sulfide formation continued during the subsequent
months. When media with methanol and benzoate were
used, no significant ç2S increment was revealed in any
of the samples studied despite long-term cultivation
(24 months).

Microscopic studies showed the development of sul-
fate-reducing bacteria whose cell shape was vibrioid or
spiral-like (lactate, ethanol, and formate media), rod-
like (butanol, formate, butyrate, crotonate media),
spherical to lemonlike (propionate medium), or oval
(media with valerate, caproate, and some other sub-
strates). Irrespective of the substrate used, the primary
enrichment cultures revealed a small amount of spiro-
chete-like cells and slightly curved filaments, which
were most probably satellites and appeared to be unsta-
ble during subsequent culture transfers. Spore-forming
bacteria were not prevalent. No cell aggregates or mul-
ticellular filaments typical of the genera Desulfosarcina
or Desulfonema occurred on media containing any sub-
strate. A particularly large morphological diversity was
observed in the formate medium when inoculated with
any of the samples and in the valerate medium when
inoculated with sample 3. Many of the enrichment cul-
tures of the sulfate-reducing bacteria were close in their
cell phenotypes, and, at this investigation stage, we
regarded them as identical. At the same time, others dif-
fered in at least one of the characteristics considered.
Based on preliminary phenotypic identification, 11
enrichment cultures were selected for further study.

Pure cultures of psychrophilic sulfate-reducing
bacteria, designated as strain 3BSr24 and strain
2VSr10, were isolated on media containing n-butanol
(12 mM) and sodium valerate (5 mM) from enrich-
ment cultures that originated from the primary inocu-
lation of the lactate medium with sample 3 and the
butyrate medium with sample 2, with cultivation at
10 and 6°ë, respectively.

Physiology of culture growth. As was shown by
the studies of significantly enriched and pure cultures,
psychrophilic microorganisms formed the basis of the
sulfate-reducing community studied. Most of the cul-
tures were obtained at 4–10°ë, and only three could grow
at 28°ë (Table 4). Even those enrichment cultures that did

B + P

P

B

0 10 20
ng S/(cm3 h)

30 40 50

Fig. 3. Rate of sulfate reduction in different microbial mat
layers. B + P indicates a mixture of the black and pink layers
in equal amounts; P, the pink mat layer; and B, the black mat
layer. The line shows the dispersion in the sulfate reduction
rate values in independent measurements.

Table 2.  Rate of sulfate reduction in the microbial mats

Station no./depth, 
m

Sulfate reduction rate, ng S/(cm3 h)

without methane 
addition

with the addition 
of 1 ml of CH4

14/182 9.6 –

55/226 4.6 42

21/230 25 137

85/295 6.9 –

68/326 102 157

Note: “–” means “no data are available”.

B + P

P

B

0 0.5 1.5 2.51.0 2.0 3.0
µl/(cm3 h)

Fig. 2. Methane oxidation in different microbial mat layers.
B + P indicates a mixture of the black and pink layers in
equal amounts; P, the pink mat layer; and B, the black mat
layer. The line shows the dispersion in the methane oxida-
tion rate values in independent measurements.
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not grow at 4°ë (cultures of 3VSr6 and 4FSr6) were capa-
ble of sulfate reduction at this and even lower temperatures
(the minimal temperature tested was −1°ë), and, with an
insignificant increase in the cultivation temperature (to
6–8°ë), weak cell growth did occur. Nevertheless,
despite the capacity of some of the cultures for growth
at 28–30°ë, their growth optimum was considerably
lower (19 and 22°ë for enriched cultures 3VSr6 and
4FSr6, respectively). At 37°ë, neither growth nor sul-
fate reduction were observed.

Chromatographic analysis of the metabolic products
showed that most of the cultures were characterized by
the accumulation of acetate in the medium; no active
utilization of acetate occurred subsequently. These
results should be regarded as preliminary, and are to be

verified in further work with pure cultures of the bacte-
ria studied.

Some specific phenotypic features of the pure
cultures of psychrophilic sulfate-reducing bacteria.
Strain 3BSr24 cells were motile straight or slightly
curved rods with rounded ends, and they stained gram-
positive. While they had an almost constant cell width
(2.2–2.4 µm), their length varied considerably, from 4.6
to 8.1 µm. In some of the cells, gas vacuoles were present.
In the process of sulfate reduction, the bacterium formed
an appreciable amount of extracellular mucous material,
and the medium became more viscous.

The cells of strain 2VSr10 were oval-shaped, mea-
sured 2.6–2.8 × 3.0–4.2 µm in size, and were character-
ized by an absence of motility. The growth of this bac-

Table 3.  Characteristics of the sampling points and bacterial mat samples used to obtain enrichment and pure cultures of ma-
rine sulfate-reducing bacteria

Designation* Sampling site at the northwestern 
shelf of the Black Sea Sample characteristics

1 Station 38; depth, 235 m Bacterial mat from the carbonate structures occurring in the hydro-
gen-sulfide–containing zone (H2S, 2–3 mg/l)

2 Station 68; depth, 326 m Near-bottom water from the bathometer, sampled by Jago at a dis-
tance of several meters from the methane seeps

3 Station 68; depth, 326 m Bacterial mat with near-bottom water

4 Station 55; depth, 226 m The same as variant 3

5 Station 85; depth, 295 m The same as variant 4

* Tubes with primary cultures obtained from the samples on a commercial medium and selected for further studies of sulfate-reducing bacteria.

Table 4.  The effect of temperature on the growth of the enrichment and pure cultures of marine psychroactive sulfate-reducing
bacteria (SRB) from the samples of bacterial mats

Sample The SRB cultures 
obtained Cell shape* Substrate

(temperature, °C)**

SRB growth at a temperature (°C) of

4 10 16 21 28 37

1 1HSr5 R H2 + C  (10) + + + + – –

1BtSr5 O Butyrate (10) + + + + – –

1CapSr8 R Caproate (8) + + + – – –

1CrSr5 S Crotonate (10) + + + – – –

1FSr6 R Formate*** (4) + + + + – –

1PSr4 S Propionate (4) + + – – – –

2 Strain 2VSr10 O Valerate (6) + + + – –

3 3HSr6 S H2 + C  (4) + + + – – –

Strain 3BSr24 R Butanol (10) + + + + – –

3VSr6 R Valerate (18) – + + + + –

4 4FSr6 R Formate*** (16) – + + + + –

5 5FSr5 R Formate*** (8) + + + – – –

5EtSr6 V Lactate (10) + + + + – –

Note: “+” denotes occurrence of growth at a particular temperature; “–” denotes absence of growth.
    * The shape of the bacterial cells: R stands for rodlike; O, for oval; V, for vibrioid; and S, for spherical or lemonlike.
  ** The carbon substrate and the cultivation temperature used for the enrichment (or isolation) of sulfate-reducing bacteria.
*** 2 mM of acetate was added as the source of carbon.

O2***

O2***
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Table 5.  Some phenotypic characteristics of the new strains
of marine psychrophilic sulfate-reducing bacteria

Characteristic
New strains

3BSR24 2VSR10

Optimal concentration of salts (%):
NaCl 1.5–2.5 2.0–2.5
MgCl2 · 6H2O 0.07–0.2 0.1–0.3

Optimum pH 7.2–7.4 7.4–7.6
Temperature range (optimum)
for growth, °C

from –1 to 24
(16–18)

from –1 to 18
(10–12)

Temperature range (optimum)
for sulfate reduction interval, °C

from –1 to 30 from –1 to 24

Electron donors:
(H2 + CO2) + acetate ++ ++
formate ++ ++
acetate – –
propionate +– +++
butyrate +++ ++
valerate – +++
caproate +++ –
palmitate ND ++
stearate – ND
crotonate ++ +++
lactate ++ ++
pyruvate ++ ++
malate +– ND
succinate ++ –
fumarate ++ –
ethanol +– ++
propanol – ++
butanol +++ –
alanine +– –
asparagine +– –
glutamate +– –

Electron acceptors:
sulfate* + +
thiosulfate + +
sulfite + +
Fe(III) citrate + –
anthraquinone-2,6-disulfonate + –

Capacity for autotrophic
growth with H2 + CO2

+ –

Note: “+” denotes the presence of a characteristic, “–” denotes
absence of a characteristic, and “ND” means “no data avail-
able”.

        * With sulfate as an electron acceptor, none of the strains oxi-
dized methanol, phenol, benzoate, nicotinate, cyclohexane
carboxylate, glucose, fructose, peptone, or yeast extract.
“+++” denotes rapid culture growth, “++” denotes slow
growth, and “+–” denotes very poor and slow growth with
insignificant accumulation of H2S.

terium was accompanied by the formation of short
chains, irregular aggregates, and cell aggregates
remotely resembling the rosettes of the methanotrophic
bacterium Methylosinus trichosporum. The bacteria
stained gram-negative.

We performed a chromatographic analysis of the
oxidation products formed upon the oxidation of valer-
ate by strain 2VSr6 and the oxidation of butanol,
butyrate, caproate, and crotonate by strain 3BSr24. In
all cases, the only metabolic products were H2S and
CO2; acetate was not accumulated in the medium.
Despite the ability of the bacteria to completely oxidize
organic substrates, acetate failed to support growth.
Some of the phenotypic characteristics of the new iso-
lates (the required mineral composition of the cultiva-
tion medium, the growth pH and temperature values,
the electron acceptors, and the spectrum of the sub-
strates used) are listed in Table 5.

DISCUSSION

At the present time, there are a series of studies
available presenting evidence that archaea (ANMI, a
cluster of the subdivision Euryarchaeota) and sulfate-
reducing bacteria (the Desulfosarcina–Desulfococcus
group) are the dominant members of the microbial
community that drives large-scale methane oxidation in
the anaerobic zone of the Black Sea in the regions of
methane seeps [6, 7, 14, 15]. In our experiments, it was
shown by radioisotopic analysis, that the structure of
the microbial mats on the carbonate structures is heter-
ogeneous. The slow rate of anaerobic methane oxida-
tion in the dark upper layer and the results of the direct

experiments with  lead us to suggest that sulfate-
reducing bacteria dominate in this layer. The intensely
pink layer, where the sulfate reduction rate is consider-
ably lower, lies underneath. The pink layer seems to
consist of the biomass of anaerobic methanotrophic
archaea. According to our observations, only the pink
mat portion adjacent to the dark layer should be consid-
ered as active. The underlying mat portion, whose
thickness can sometimes reach several centimeters, is
inactive, and no 14ëé2 or ç35S– formation was noted in
this layer upon incubation with labeled methane and
sulfate.

The layer-by-layer measurement of methane oxida-
tion and sulfate reduction activities showed that the
highest rates of these two processes are recorded when
a mixture of the dark and pink layers is introduced into
the incubation flasks. Thus, direct radioisotopic experi-
ments confirm the suggestion that methanotrophic
archaea and sulfate-reducing bacteria interact closely in
the process of anaerobic methane oxidation. It is possi-
ble that the denser dark layer prevents rapid gas
exchange with the surrounding seawater and contrib-
utes to the maintenance of high methane concentrations
in the zone of its oxidation.

SO35 2–
4
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It should also be noted that the high rate of anaero-
bic methane oxidation was observed only when there
were high methane and electron acceptor (sulfate) con-
centrations in the medium (Table 1). Hence, in natural
habitats, the large-scale processes of anaerobic meth-
ane oxidation should be sought for in methane-enriched
anaerobic zones containing the sulfate ions required for
the development of sulfate-reducing bacteria. The fact
that all the known sites where high rates of anaerobic
methane oxidation are found are situated in methane-
enriched anaerobic water columns or marine bottom
sediments supports this suggestion [16, 17].

In deep-sea habitats, characterized by permanently
low temperatures (2–8°ë), sulfate is one the most
readily available electron acceptors used in the process
of the anaerobic degradation of organic matter. The
high rates of the process of sulfate reduction in situ
allow us to suggest the existence of microorganisms
optimally adapted to these specific conditions. At the
same time, most of the known sulfate-reducing bacteria
are incapable of actively functioning at temperatures
characteristic of anaerobic sea depths (<8°ë) [10]. The
psychrophilic representatives of this physiological
group of microorganisms have been described only in
recent years [11, 18], and their presence in river estuar-
ies and marine arctic sediments has been shown
[19, 20]. The isolated bacteria are represented by four
genera that include six species. They grow in a broad
temperature range (–1.8 to 27°C), with the optimum
being at 7–19°C, and metabolize a wide spectrum of
substrates. Except for the bacterium Desulfofrigus
oceanense, all of the isolates are incomplete oxidizers
whose metabolic end product is acetate.

We obtained microbiological evidence of the exist-
ence of a community of sulfate-reducing microorgan-
isms with a psychrophilic growth potential (below 20°C)
and extensive metabolic abilities in the region of meth-
ane seeps found in the Black Sea at a depth of over
180 m. The psychrophilic and psychrotolerant sulfate-
reducing bacteria adapted to the environmental condi-
tions dominate in the community. This fact is especially
interesting because the mild conditions of the experi-
ments on the primary detection of marine sulfate-reduc-
ing microorganisms (7–8°C) did not exclude meso-
philes, which could be retained in a viable state with sub-
sequent development at more favorable temperatures.

This work demonstrates the prevalence of psychro-
philic sulfate-reducing bacteria in the near-bottom
water and bacterial mats covering the coral-like carbon-
ate structures occurring in the Black Sea, as well as the
diversity of their phenotypic properties. The pure cul-
tures we isolated, along with the characteristics
described for other psychrophilic isolates, have a num-
ber of novel distinctive features: the capacity for
autotrophic growth with hydrogen; a specific spectrum
of oxidized substrates; the ability to use anthraquinone-
2,6-disulfonate, an analogue of humic acid, as an elec-
tron acceptor alternative to sulfate; and other proper-

ties. These microorganisms are capable of complete
oxidation of various low-molecular-weight substrates
representing a wide spectrum of bacterial fermentation
products, with the formation of hydrogen sulfide and
carbon dioxide as the only end products; thus, they can
provide for the effective mineralization of organic mat-
ter. It should be noted that hydrogen, as well as many
organic compounds such as lactate, propionate, valer-
ate, and some amino acids used by the new isolates for
sulfate reduction, may act as the substrates for sulfate
reduction within marine sediments in situ [21].

However, as far as the real carbon substrates for sul-
fate-reducing bacteria in low-temperature marine habi-
tats are concerned, many problems remain unsolved.
Among other things, the role of acetate under these
conditions has not yet been determined. In marine eco-
systems, acetate is traditionally considered to be the
main substrate, accounting for no less than 70% of all
the sulfate reduced [22]. On the other hand, some
authors [21] emphasize the relationship between the
rate of sulfate reduction and the substrates used for this
process. The inhibitory analysis and radioisotopic stud-
ies we performed allowed us to establish that the impor-
tance of individual compounds varied in different hab-
itats. In estuaries and within marine sediments, where
the sulfate reduction rate is quite high, acetate is not the
dominant substrate, and other sources of carbon and
energy (hydrogen, lactate, propionate, n- and iso-
butyrate, iso-valerate, and some amino acids) play a
significant role in sulfate reduction [21, 22].

Our results on the phenotypic diversity of the sul-
fate-reducing bacteria found in the region of the Black
Sea methane seeps indirectly confirm the point of view
of Parkes et al. [21] (see above) and agree with the data
of other authors who have studied the population of sul-
fate-reducing bacteria in sediments taken from arctic
marine habitats [18–20]. The psychrophilic sulfate-
reducing bacteria (the maximum cell number is
recorded at temperatures below 16°C) that mediate
incomplete oxidation of organic substrates predomi-
nate in the composition of the microbial community
developing on coral-like structures and in near-bottom
water.

The cell number of acetate-utilizing microorgan-
isms is, on average, two orders of magnitude lower than
that of microorganisms using lactate as the substrate.
The maximum cell number and high growth rates are
attained at higher temperatures (21°C). Inoculation of
the nutrient media with the bacterial mat samples failed
to reveal sulfate-reducing bacteria specialized in ace-
tate oxidation and/or capable of its rapid utilization
(similar to the mesophilic representatives of the genus
Desulfobacter and the spore-forming bacterium De-
sulfotomaculum acetoxidans).

Interestingly, in contrast to the psychrophilic iso-
lates from arctic habitats, most of which were isolated
on a lactate medium [18, 19], lactate was not the pre-
ferred substrate for the sulfate-reducing bacteria from
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the region of the Black Sea methane seeps. At the same
time, as is illustrated by this and several other studies,
another substrate, formate, is actively metabolized by
most psychrophilic cultures [11, 17]. Moreover, as is
shown by our observations, it maintains the maximum
morphological diversity in the microbial community
studied. Taking into account these circumstances, as
well as the fact that, from the point of view of the bioen-
ergetics and kinetics of the process, it is formate that is
the most suitable interspecies electron carrier in anaer-
obic methane oxidation [23], this substrate seems to
merit much attention.

The contributions of psychrophilic sulfate-reducing
bacteria to the decomposition of aromatic compounds
and methanol, an important one-carbon substrate, also
remain an unsolved problem. None of the earlier
described [11, 18] or newly isolated (this investigation)
psychrophilic isolates are able to oxidize these sub-
strates for the purpose of sulfate reduction. We suggest
that a correlation of the data on the qualitative and
quantitative composition of the biologically available
sources of carbon with the rate of the process of sulfate
reduction may be useful for revealing the relationships
between substrates and the presence of specific groups
of sulfate-reducing bacteria in permanently cold marine
habitats.

The data presented in this study show that the diver-
sity of psychrophilic sulfate-reducing bacteria is not
limited to the recently described taxa, and a further
search for such bacteria, including those involved in the
process of anaerobic methane oxidation, is undoubt-
edly a promising direction of investigation.
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