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Several low-molecular-weight sulfonates were added to microbial mat slurries to investigate their effects on
sulfate reduction. Instantaneous production of sulfide occurred after taurine and cysteate were added to all of
the microbial mats tested. The rates of production in the presence of taurine and cysteate were 35 and 24 M
HSⴚ hⴚ1 in a stromatolite mat, 38 and 36 M HSⴚ hⴚ1 in a salt pond mat, and 27 and 18 M HSⴚ hⴚ1 in
a salt marsh mat, respectively. The traditionally used substrates lactate and acetate stimulated the rate of
sulfide production 3 to 10 times more than taurine and cysteate stimulated the rate of sulfide production in all
mats, but when ethanol, glycolate, and glutamate were added to stromatolite mat slurries, the resulting
increases were similar to the increases observed with taurine and cysteate. Isethionate, sulfosuccinate, and
sulfobenzoate were tested only with the stromatolite mat slurry, and these compounds had much smaller effects
on sulfide production. Addition of molybdate resulted in a greater inhibitory effect on acetate and lactate
utilization than on sulfonate use, suggesting that different metabolic pathways were involved. In all of the mats
tested taurine and cysteate were present in the pore water at nanomolar to micromolar concentrations. An
enrichment culture from the stromatolite mat was obtained on cysteate in a medium lacking sulfate and
incubated anaerobically. The rate of cysteate consumption by this enrichment culture was 1.6 pmol cellⴚ1 hⴚ1.
Compared to the results of slurry studies, this rate suggests that organisms with properties similar to the
properties of this enrichment culture are a major constituent of the sulfidogenic population. In addition,
taurine was consumed at some of highest dilutions obtained from most-probable-number enrichment cultures
obtained from stromatolite samples. Based on our comparison of the sulfide production rates found in various
mats, low-molecular-weight sulfonates are important sources of C and S in these ecosystems.
phytoplankton (7), and sulfolipids can be major biomembrane
constituents in microscopic algae (56, 57), cyanobacteria (2,
26), diatoms (1), and bacteria (24). Sulfonate-containing exopolymers may be present in benthic diatoms and support the
gliding motility of these organisms, like suggestions made for
bacteria (25). Taurine (2-aminoethanesulfonate) is present in
marine diatoms (34) and zooplankton (9), presumably as a
major osmolyte. The intracellular concentration of these compounds typically exceeds 0.2 M, which could easily explain the
occurrence of sulfonates in the estuarine environment. Similarly, cysteate (alanine 3-sulfonate) is one of the oxidation
products of cysteine residues in proteins (55, 60), and isethionate (2-hydroxyethanesulfonate) has been found in marine
algae (31). Clearly, many different sources contribute to the
pool of low-molecular-weight sulfonates in the marine environment.
Taurine is one of the several amino acids that are readily
bioavailable in marine sediments (48). In addition to being
used for anabolic purposes, amino acids are catabolized by
microbes. Under anoxic conditions, this occurs through fermentation and, more importantly, sulfate reduction (8, 51, 61).
The nitrogen-containing sulfonates taurine and cysteate can
also be utilized by sulfate-reducing bacteria (SRB) (27, 28,
42–44). Previously, most workers have focused on using amino
acids as electron donors, but recently Lie et al. (44) demonstrated that in an SRB strain isolated from a salt marsh both
carbon and the sulfur moiety are catabolized. After cleavage of
the carbon-sulfur bond, the sulfite that is presumably generated can be reduced to sulfide. Other low-molecular-weight
sulfonates, such as isethionate, also support growth of a variety
of SRB (41, 42, 44).
Microbial mats, including microbial mats associated with salt

The sulfur cycle plays an important role in the geomicrobiology of intertidal and coastal sediments (35, 59). In addition
to sulfate, sulfide, and various inorganic intermediates, organosulfur compounds constitute an important sulfur pool as
well (5, 50). In the pelagic marine environment, dimethyl sulfide and methanethiol are thought to be biologically important
species (38) because of their presumed importance in climate
feedback models (11). In addition to these organosulfur compounds, organic polysulfides, which result from chemical reactions of sulfide and low-molecular-weight organic molecules,
probably constitute a significant reservoir, especially in the
benthic environment (40, 46).
The sulfonates are a group of organosulfur compounds that
are commonly found in household and industrial wastewater.
Linear alkyl sulfonates are major constituents of detergents
(58), and the catabolism of these compounds has been well
documented (6, 18) and includes carbon-sulfur bond breakage
pathways (39, 44). Recently, it has been shown that a range of
low-molecular-weight sulfonates are present in the marine environment. A variety of different marine sediments contain
significant amounts of sulfonates, which comprise 20 to 40% of
the organosulfur pool (65). Unfortunately, the composition of
the sulfonate pool was not characterized further in the study of
Vairavamurthy et al. (65). However, several sources of sulfonates have been identified in the marine environment. Sulfonates can be the sole source of sulfur or nitrogen for marine
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marshes and modern marine stromatolites, are typically dominated by a cyanobacterial community near the surface. High
rates of primary production are coupled to high rates of aerobic respiration. High rates of aerobic respiration rapidly deplete O2, and the oxic-anoxic interface is therefore found at a
depth of a few millimeters (66). As a result, a significant part
of the carbon fixed by the cyanobacteria is oxidized by SRB
(36, 68). The maximum sulfate reduction rates (SRR) that
have been reported for microbial mats are high and range from
126 to 270 M h⫺1 in the salt pond mats of Guerrero Negro
(10) and from 13 to 26 M h⫺1 in temperate intertidal mats
(67). Although the level of local production of organic carbon
due to photosynthesis is generally high, sulfate reduction is
generally thought to be carbon limited (21). Modern marine
stromatolite mats have much lower primary production rates
than the rates that have been reported for other microbial mats
(10, 36, 69), and so carbon limitation of the SRB should be
more pronounced in the former mats.
The aims of this study were to investigate whether lowmolecular-weight sulfonates stimulate sulfate reduction in
stromatolite mats and, if they do, to establish the importance
of these compounds as sources of carbon and sulfur. Furthermore, by comparing the effects of these sulfonates on SRR in
a variety of mats, we assessed their importance in biogeochemical cycling of carbon and sulfur.
MATERIALS AND METHODS
Site description and field measurements. The microbial mats associated with
modern marine stromatolites which are found in the Exumas (Bahamas) have
been described in detail previously (54, 69). Briefly, these laminated lithified
structures typically contain a cyanobacterial community that is dominated by
Schizothrix spp. in a 0.5- to 1-mm-thick surface layer which is lithified (layer 1).
Under this is a layer which is a few millimeters thick, is soft (unlithified), and
contains less biomass (layer 2) and then another lithified layer, which is several
millimeters thick and is associated with greater microbial biomass (layer 3).
Under this, soft and hard layers alternate. The other microbial mats used in this
study were Microcoleus-dominated systems; samples of these mats were obtained
from salt ponds (salt contents, 72 and 96 ppt) in Guerrero Negro, Mexico (14),
and an intertidal salt marsh in Stonington, Conn. The mats from the salt marsh
were similar to the mats found in intertidal areas of the North Sea (66, 68).
The stromatolite mats, which were the mats that were investigated in most
detail, were collected in March and August 1998 from a depth of 50 to 75 cm
(mean high water) and were processed immediately. Salt pond samples were
collected in December 1998 and were stored on ice in the dark before experiments were performed. Salt marsh samples were obtained in September 1998
and February 1999, stored on ice, and processed within 1 h.
Porewater samples were collected in situ with 22-gauge needles or were recovered from sectioned cores in the lab by centrifugation (15,000 ⫻ g). The
samples were filtered (pore size, 0.2 m) and frozen until the taurine and
cysteate concentrations were measured by high-performance liquid chromatography (see below).
Microelectrode measurements were obtained at each site, as described previously (69), by using needle electrodes for O2 and HS⫺ (Diamond General, Ann
Arbor, Mich.; Microscale Measurements, Haren, The Netherlands).
We determined the SRR in discrete layers (69). Samples were separated into
layers and kept under air (oxic layers) or an N2 atmosphere (anoxic layers).
Triplicate samples of each layer were incubated with 1 Ci of 35SO42⫺ (carrier
free; Amersham, Chicago, Ill.) under oxic or anoxic conditions for 6 h. Zinc
acetate and freezing were used to stop microbial activity, and after this SRR were
determined by using the single-step reduction method (20). Based on 24-h
measurements of O2 and HS⫺ concentrations (69), diel SRR were calculated by
assuming that 14 h of oxic conditions and 10 h of anoxic conditions occurred in
the top 1 mm, 10 h of oxic conditions and 14 h of anoxic conditions occurred in
the 1- to 3-mm layer, 8 h of oxic conditions and 16 h of anoxic conditions
occurred in the 3- to 5-mm layer, and 24 h of anoxic conditions occurred in the
5- to 10-mm layer.
Most-probable-number (MPN) incubations of SRB were done in the same
layers used for sulfate reduction measurements by employing sterilized seawater
supplemented with a carbonate-buffered lactate-acetate medium (29, 67). Final
scores were obtained after 8 weeks, and population sizes were calculated by using
the method of De Man (15).
Taurine and cysteate concentrations in porewater samples were determined by
high-performance liquid chromatography by using precolumn derivatization with
o-phthalaldehyde and fluorescent detection (49). The detection limit for these
sulfonated amino acids was 50 pM. The hydrogen sulfide concentrations in slurry
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and cell suspension experiments were determined with ion-specific needle electrodes or by the methylene blue method (63).
Laboratory experiments. Slurry experiments were performed with stromatolite
samples by using either bulk sediments (upper 10 mm) or material from layer 3.
For mat samples obtained from the salt pond (salt content, 72 ppt) and the salt
marsh, the upper 40 mm of the mat was used. Samples were homogenized under
an N2 atmosphere, and slurries were prepared by mixing the resulting homogenates with equal volumes of filter-sterilized deoxygenated seawater collected
from the respective sampling sites. The slurries (10 to 40 ml) were incubated in
small, dark polyvinyl chloride vessels that were sealed without a headspace. After
substrate was added, sulfide production was monitored continuously over a 15- to
60-min period with a sulfide needle electrode. The slurries were stirred except
when HS⫺ readings were being obtained. The following substrates were tested:
acetate, lactate, taurine, and cysteate (all three mat slurries); glutamate (salt
marsh and stromatolite mat slurries); and ethanol, glycolate, Schizothrix exopolymer (EPS), isethionate, 2-sulfobenzoate, and sulfosuccinate (stromatolite mat
slurries). The initial substrate concentrations in the slurries ranged from 2 to 15
M (except for EPS, which was added at a concentration of 1.67 g ml⫺1), and
all substrate additions were replicated at least twice. The effect of adding
MoO42⫺ (final concentration, 20 mM) on the sulfide production rates in stromatolite samples was determined in slurries containing acetate, lactate, taurine,
and cysteate. All slurry experiments were carried out at the ambient temperature.
Taurine use was also tested in two or three of the highest positive MPN enrichment cultures obtained from layers 1 and 3.
An enrichment culture was obtained from a piece of the stromatolite mat
(NS8) (69) for which the SRR and MPN were also determined. The inoculum
was incubated in an anaerobic basal salt medium (71) from which SO42⫺ was
omitted and to which cysteate (10 mM) was added as the sole electron donor and
acceptor. Incubation was carried out in Balch tubes under an N2-CO2 (80:20)
headspace. The enrichment culture was transferred approximately 20 times and
served as the basis for cell suspension experiments.
Cell suspension experiments were carried out with cells in the early stationary
phase. A culture was harvested by centrifugation (15,000 ⫻ g, 4°C), washed twice,
and resuspended in medium without substrate reduced with 18 M titanous
chloride. Cells were incubated in serum bottles sealed with butyl rubber stoppers
lined with Teflon. At zero time, each cell suspension received 18, 52, or 154 M
cysteate. Samples were withdrawn every 0.33 to 1 h through the stoppers by using
sterile glass syringes, and sulfide and cysteate concentrations were measured.
The cell densities in these experiments were determined by acridine orange
epifluorescence microscopy (30).
The chemicals used were standard reagent grade. Taurine, cysteic acid, and
isethionic acid were purchased from Sigma Chemical Co., St. Louis, Mo.; sulfosuccinate was obtained from Fluka, Milwaukee, Wis.; and 2-sulfobenzoic acid
was acquired from Aldrich, Milwaukee, Wis.

RESULTS
Field studies. (i) Stromatolite mats. The highest SRR were
associated with the lithified layer at a depth of 3 to 5 mm (layer
3), for which a diel SRR of 32 nmol cm⫺3 h⫺1 was calculated
(Fig. 1). The organic compound-rich cyanobacterial surface
layer (layer 1) also had a significant SRR (14 nmol cm⫺3 h⫺1)
despite the high concentrations of oxygen that were present in
that layer during the day (Fig. 1). During the night, however,
the depth of O2 penetration was less than 0.6 mm; at this depth
HS⫺ was detected, suggesting that SRB played an important
role in carbon oxidation in the surface layer. The vertical distribution of SRB determined by the MPN method (Fig. 2)
showed that the largest population was in layer 3 at a depth of
3 to 5 mm (2 ⫻ 106 cells cm⫺3), which coincided with the layer
that had the highest SRR. Interestingly, the surface layer (layer
1) also contained a significant viable population of SRB (6 ⫻
104 cells cm⫺3), although it was much smaller than the populations found in deeper layers. However, the cell-specific SRR
were much higher at the surface at a depth of 3 to 5 mm. This
could have been due to underestimation of the SRB population at the surface due to selectivity of the enumeration medium or, alternatively, to overestimation of the SRR at a depth
of 0 to 1 mm. The selectivity of the MPN technique has been
well documented (22, 37), and therefore the values determined
for populations of SRB probably are underestimates. However, modifying the medium to mimic natural growth conditions, including using a carbonate-buffered medium that contained site water, greatly improved the sensitivity (37).
Taurine and cysteate were detected in porewater samples
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TABLE 1. Concentrations of taurine and cysteate in porewater
from different microbial mats
Source of porewatera

Stromatolite mat (8–10 mm)

0.545

0.065

Salt pond mat (72 ppt)
Salt pond mat (96 ppt)

0.870
2.340

0.080
NDb

Salt
Salt
Salt
Salt

1.605
1.150
0.200
ND

0.280
ND
ND
ND

a
b

FIG. 1. (A and B) Depth profiles for the SRR (A) and the oxygen and sulfide
concentrations (B) in a modern marine stromatolite mat (NS8) (69) in Highborne Cay, Bahamas. (C) Approximate locations of layers 1 to 4. Open symbols,
values obtained at night (3:30 a.m.); solid symbols, values obtained during the
day (12:30 p.m.); squares, O2 concentrations; circles, sulfide concentrations.
Measurements were obtained in August 1998. Error bars indicate standard
deviations (n ⫽ 3).

obtained from a depth of ca. 8 to 10 mm (Table 1); the concentrations of these two compounds were 0.55 and 0.07 M,
respectively.
(ii) Salt pond mats. The presence of sulfide, as determined
with needle electrodes (data not shown), confirmed that an
active SRB population was present, as reported previously
(10). Cysteate was detected only in the lower-salinity mat (72
ppt) at a concentration of 0.08 M, but the taurine concentrations were much higher and increased with increasing salinity;
the taurine concentrations were 0.87 and 2.34 M in the mats
containing 72 and 96 ppt of salt, respectively (Table 1).
(iii) Salt marsh mats. The MPN analysis of SRB from salt
marsh mats (data not shown) revealed that the population
increased with depth in the upper 25 mm of the mat. At a
depth of 15 to 25 mm, the population size was 2.3 ⫻ 107 cells

marsh
marsh
marsh
marsh

mat
mat
mat
mat

(0–5 mm)
(5–10 mm)
(10–20 mm)
(20–30 mm)

The salt pond porewater was recovered from the upper 15 mm.
ND, not detected.

cm of sediment⫺3. Porewater samples contained the highest
concentrations of both taurine (1.61 M) and cysteate (0.28
M) in the surface layer (0 to 10 mm). The cysteate concentration was below the detection limit (50 pM) in deeper layers.
The taurine concentrations ranged from 0.2 to 1.6 M and
were similar to the concentrations in stromatolite and salt
pond mats (Table 1). The depth profile of taurine indicated
that consumption of this sulfonate occurred at a depth of 20 to
30 mm.
Laboratory experiments. (i) Sulfide production in slurries.
The depth profiles for O2 and HS⫺ concentrations, MPN measurements, and/or SRR measurements suggested that very active populations of SRB were present in the upper parts of all
of the mats tested. Therefore, the upper 10 mm of the stromatolite mat and the upper 40 mm of the salt pond and salt
marsh mats were used to obtain slurries in which SRB activity
was high. Addition of organic carbon increased the SRR, measured as HS⫺ production, in all mat samples (Table 2). Sulfide

TABLE 2. SRR in microbial mat slurries prepared from marine
stromatolites (Highborne Cay, Bahamas), a salt pond (Guerrero
Negro, Mexico), and a salt marsh (Stonington, Conn.) after electron
donors were addeda
Carbon source

SRR (d[S2⫺]/dt) (M 䡠 h⫺1)
Stromatolite mat
d

Salt pond matb

Salt marsh matc

Acetate
Lactate
Ethanol
Glycolate
EPS
Glutamate
Taurine
Cysteate
Isethionate
2-Sulfobenzoate
Sulfosuccinate

127 (8)
79 (11)
64 (8)
38 (5)
29 (2)
30 (3)
35 (2)
24 (3)
10 (2)
13 (2)
10 (2)

201 (17)
153 (14)
NTe
NT
NT
NT
38 (6)
36 (1)
NT
NT
NT

184 (12)
177 (15)
NT
NT
NT
33 (6)
27 (4)
18 (2)
NT
NT
NT

Endogenous rate

8 (1)

11 (1)

13 (1)

a

FIG. 2. Viable population of SRB as assessed by the MPN method in the
presence of lactate plus acetate for the stromatolite mat described in Fig. 1.
Error bars indicate the 95% confidence intervals.

Taurine concn (M) Cysteate concn (M)

With the stromatolite slurries, experiments were replicated three times for
acetate, lactate, taurine, and cysteate and twice for the other substrates. The salt
pond and salt marsh experiments were replicated twice. In stromatolite slurries,
the presence of MoO42⫺ inhibited HS⫺ production 82, 87, 48, and 21% when
acetate, lactate, taurine, and cysteate, respectively, were added.
b
To account for the reaction of HS⫺ with Fe2⫹, the rates were determined
after preincubation for 10 min.
c
To account for the reaction of HS⫺ with Fe2⫹, the rates were determined
after preincubation for 60 min.
d
Average (standard deviation).
e
NT, not tested.
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FIG. 3. Eadie-Hofstee single-reciprocal plot of cysteate (squares) and taurine (circles) consumption kinetics. Solid symbols, cell suspension data; open
symbols data from slurry experiments. All measurements were obtained with
stromatolite samples (the same samples used for the experiments whose results
are shown in Fig. 1 and 2). The slope is defined by ⫺Km.

was produced without a lag in stromatolite slurries, but the salt
pond and salt marsh slurries required preincubation for 10 and
60 min, respectively. An experiment in which sulfide was added
to autoclaved slurry indicated that a chemical reaction of Fe2⫹
with HS⫺ occurred. This buffering capacity of the slurry for
sulfide may explain the observed lag. In all three mats, HS⫺
production was stimulated the most when acetate and lactate
were added. The rates were 15 to 20 times higher than the
endogenous production rates when acetate was added and 10
to 15 times higher when lactate was added to the slurries. The
rates increased slightly more in salt pond and salt marsh slurries than in stromatolite slurries. Comparable rates were obtained for the stromatolite slurries when slurries containing the
top 10 mm and layer 3 were used (data not shown). Addition
of taurine and addition of cysteate also stimulated HS⫺ production in all of the slurries (Table 2); the rate of HS⫺ production increased 2- to 4.5-fold in the presence of taurine and
1.5- to 3.5-fold when cysteate was added. In both cases, sulfide
was produced without a lag. The relative increases caused by
these substrates were higher in stromatolite and salt pond
slurries than in salt marsh samples. Isethionate, 2-sulfobenzoate, and sulfosuccinate were tested only with stromatolite slurries, in which the increases in HS⫺ production were small
(Table 2). Glutamate added to stromatolite and salt marsh
slurries and ethanol and EPS added to stromatolite slurries
stimulated HS⫺ production to the same extent that taurine and
cysteate stimulated HS⫺ production (Table 2). Also, in the
stromatolite mat slurries, additions of substrates at concentrations ranging from 2 to 15 M resulted in increased rates of
HS⫺ production as the substrate concentrations increased.
Therefore, these observations were used to determine the kinetic effects of substrates on SRR. Saturation curves for acetate, taurine, and cysteate were linearized by using singlereciprocal (Eadie-Hofstee) plots (19). Kinetic indices describe
the rate-limiting activity of the entire SRB community rather
than a single enzyme system. The Vmax and apparent halfsaturation constant (Km) were 170 M h⫺1 and 5.8 M for
acetate (data not shown), 56 M h⫺1 and 8.8 M for taurine,
and 33 M h⫺1 and 7.2 M for cysteate, respectively (Fig. 3).
In the presence of MoO42⫺, HS⫺ production was inhibited,
albeit not completely; after acetate, lactate, taurine, and cysteate were added, the rates of HS⫺ production decreased 82, 87,
43, and 21%, respectively.
(ii) Cysteate utilization. Suspensions of cells from the enrichment culture consumed cysteate immediately when it was
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FIG. 4. Time course of cysteate consumption and sulfide production in a cell
suspension from an enrichment culture from a Bahamian stromatolite. Solid
symbols, cysteate; open symbols, sulfide; circles, control (chemical destruction of
cysteate when 184 M cysteate was added); squares and triangles, microbial
consumption of 154 and 52 M cysteate, respectively. The results obtained when
18 M cysteate was added are not shown.

added as the sole electron donor. The use of cysteate coincided
with production of HS⫺ (Fig. 4); 87 to 93% of the sulfonate
sulfur was recovered as HS⫺. All of the substrate was depleted
within hours in cell suspensions that contained 3.5 ⫻ 107 to
5.5 ⫻ 107 cells ml⫺1. The maximum specific rate of cysteate
consumption was 1.6 pmol cell⫺1 h⫺1. The three cysteate concentrations tested (18, 52, and 154 M) were used in the
single-reciprocal (Eadie-Hofstee) plot (Fig. 3). The Vmax and
apparent Km for cysteate utilization were 76 M h⫺1 and 4.8
M, respectively.
(iii) Taurine utilization. Utilization of taurine was tested
with the highest positive dilutions of the MPN series of layer 3;
no consumption was detected in the 10⫺7 dilution, but two of
three 10⫺6 dilution preparations consumed taurine when it was
added at a final concentration of 100 M to medium containing 20 mM sulfate. One of two 10⫺4 dilutions tested from layer
1 also consumed taurine. This implied that at least 10% of the
total SRB population in the stromatolite mat could utilize
taurine.
DISCUSSION
Taurine and cysteate are two of the low-molecular-weight
sulfonates which are rapidly degraded when they are added to
anoxic microbial mat slurries that are producing HS⫺ concomitantly. All microbial mats investigated in this study had high
SRR. The use of low-molecular-weight sulfonates observed in
the slurry experiments was confirmed with an enrichment culture obtained from the stromatolite mat grown with cysteate.
This corroborated previous reports that both taurine and cysteate are enrichment substrates that are used by aerobic (23, 39,
64) and anaerobic bacteria (12, 16), including SRB (41, 43, 44).
The enrichment culture rapidly converted cysteate stoichiometrically to HS⫺ in the absence of sulfate and thus must have
depended on C-S bond cleavage. Some, but not all, of the
MPN enrichment cultures, which were selected by using acetate and lactate as electron donors, were also capable of taurine utilization.
Low-molecular-weight sulfonates are dominant organosulfur species in terrestrial and marine environments (3, 48, 65).
Taurine and cysteate (at nanomolar to micromolar concentrations) were detected in the porewater of a variety of microbial
mats, and the concentrations of taurine were higher when the
salinity was greater. This finding supports the hypothesis that
taurine may be used as an osmolyte by a variety of marine
organisms (9, 13, 33, 34, 47, 53). The observed pool sizes of
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taurine and cysteate may have been small, but the rapid increase in HS⫺ production under anoxic conditions suggests
that the in situ turnover rates were high. Tight coupling of
production and consumption of organic carbon is typical for
microbial mats (66). Traditional substrates, such as lactate,
acetate, and ethanol, clearly stimulated SRR more than the
sulfonates tested stimulated SRR. However, in stromatolite
slurries the rates observed when glutamate, glycolate, and EPS
were added were the same as the rates observed when taurine
and cysteate were added in this system. Interestingly and surprisingly, Schizothrix EPS stimulated sulfate reduction more
than it stimulated aerobic respiration (69). Although the composition of this EPS is not known, it is conceivable that sulfonated residues are part of the polymer matrix. The sulfur
moiety can be a significant part (up to 14% of the total dry
weight) of cyanobacterial EPS (17) and is believed to be associated with sulfate esters. However, due to the use of rigorous
digestion techniques in certain assays, sulfonates could account
for part of the EPS sulfur as well.
The compositions of the SRB populations in sediments
change with depth (37, 67). The changes are determined in
part by the available substrates (21). At the surface of a mat the
substrates are directly derived from cyanobacteria (e.g., glycolate), but at depth they are produced by fermentative organisms (which produce ethanol, lactate, etc.). Similarly, different
populations of SRB are expected when different mats are compared, depending on physicochemical parameters, such as temperature, light, and substrate availability. The SRR in the stromatolite mat is 10 to 20 times lower than the SRR reported for
salt pond mats (10). Despite this difference in SRR, the salt
pond slurries had only slightly higher HS⫺ production rates
than the stromatolite slurries had when traditional substrates
were added and similar rates when taurine and cysteate were
added. A possible explanation for this is that the SRB in the
stromatolite mats are more severely substrate limited, perhaps
due to diffusion barriers (lithified layers) that are present (32).
Alternatively, the stromatolite mats may contain different types
of SRB, which, given the very distinct physicochemical parameters, would not be too surprising. Interestingly, despite the
pronounced differences in SRR, SRB population sizes, etc., all
mat slurries consumed low-molecular-weight sulfonates.
Molybdate is a specific inhibitor of sulfate reduction (52),
and its effect on SRB in slurries when acetate and lactate were
added was as expected (82 and 87% inhibition, respectively).
However, the inhibitory effect of MoO42⫺ was less pronounced
when a sulfonate was added; HS⫺ production with taurine was
inhibited 43%, and HS⫺ production with cysteate was inhibited
21%. A similar effect was noticed by Lie et al. (45) when pure
cultures of a SRB were amended with MoO42⫺ and either
isethionate or cysteate. Molybdate competes with sulfate for
active sites of ATP sulfurylase. If indeed C-S cleavage of sulfonates results in SO3⫺ instead of SO42⫺, as suggested previously (39, 41, 43, 44), production of APS is not required, and
thus, no inhibitory effects of MoO42⫺ are expected. The fact
that some inhibition was observed could be attributed to the
presence of both SO42⫺ and ATP sulfurylase in the slurry,
which should have resulted in some ATP depletion when
MoO42⫺ was added (62) and, perhaps, a lower rate of overall
HS⫺ production. Alternatively, as mentioned above, a significant number of novel S-reducing organisms, which are less
sensitive to MoO42⫺, could be present in the stromatolite mat.
Clearly, the true inhibitory effect of molybdate needs to be
reevaluated, so the use of molybdate in environmental studies
does not lead to misinterpretations, as has been suggested
previously (45, 52, 67).
The use of low-molecular-weight sulfonates in slurries and
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FIG. 5. Michaelis-Menten kinetics for taurine utilization (slurry) and cysteate utilization (slurry and cell suspension). The kinetic indices Vmax and Km were
56 h⫺1 and 8.8 M, 33 h⫺1 and 7.2 M, and 76 h⫺1 and 15.8 M for taurine, for
cysteate in slurries, and for cysteate in a cell suspension, respectively. The
corresponding affinities (Vmax/Km) were 6.36, 4.58, and 4.80 h⫺1 M⫺1, respectively. The Vmax and Km for acetate in slurry experiments (data not shown) were
170 h⫺1 and 5.8 M, respectively, while the affinity was 29.31 h⫺1 M⫺1.

cell suspensions revealed remarkably similar substrate affinities
(defined as the initial slope of the v-s graph, or Vmax/Km) (Fig.
5). This indicates that organisms similar to the enrichment
culture organisms consume sulfonate in situ. When the maximum rate observed in the slurry is divided by the highest MPN
dilution of SRB that used taurine, the theoretical cell-specific
consumption rates for taurine and cysteate are 35 and 24 pmol
cell⫺1 h⫺1, respectively. Compared to the maximum cell-specific rate observed in the cell suspension (1.6 pmol cell⫺1 h⫺1),
these rates are 1 order of magnitude higher, which is not
atypical for slurry experiments (8). We should emphasize that
the size of the taurine-utilizing fraction of SRB used for this
calculation is only a rough approximation. Clearly, the size of
the population of sulfidogenic organisms that use low-molecular-weight sulfonates needs to be assessed more carefully. Lie
et al. (44) observed that H2 utilization by Desulfovibrio desulfuricans IC1 occurs at a lower H2 concentration (3 ppmv) in the
presence of isethionate as the electron acceptor than in the
presence of either sulfate or sulfite (H2 thresholds, 15 and 8
ppmv, respectively). Similar mechanisms could contribute to
higher rates of HS⫺ production in slurries in which the presence of H2 is conceivable.
Amino acids are important substrates for bacteria in marine
sediments, and several amino acids support SRB growth (8,
27). The importance of sulfonate-containing amino acids for
SRB metabolism seems clear, especially when the HS⫺ production rates on taurine and cysteate are compared with the
HS⫺ production rates on glutamate. In addition to anaerobic
consumption of sulfonates, aerobic degradation was observed
as well; in stromatolite slurries, a rapid change in the oxygen
concentration over time (d[O2]/dt) was observed, and the rates
were approximately one-third the rates observed when acetate
or lactate was added (69, 70). Similarly, methanesulfonate,
another low-molecular-weight sulfonate and a chemical oxidation product of dimethyl sulfide, was also degraded aerobically
by marine methylotrophs (4).
We concluded that low-molecular-weight sulfonates contribute significantly to the substrates that support SRB growth in
microbial mats. The fact that the relative stimulation of the
SRR was much greater in stromatolites could indicate either
that the substrate limitation in these mats was greater or that
a substantially different community of SRB was present or
both. The observation that relatively high concentrations of O2
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are present in the layers which exhibit high SRR for at least
part of a diel cycle (69) and the observation that MoO42⫺ has
a limited inhibitory effect indicate that a more detailed study of
the physiological diversity and the molecular diversity of SRB
is necessary.
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