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Bacterial sulfate reduction activity (SRA) was measured in surface sediments and slurries from three
sites in the Great Salt Lake (Utah, USA) using radiolabeled *°S-sulfate. High rates of sulfate
reduction (363 + 103 and 6,131 + 835 nmol cm > d™"') were measured at two sites in the moderately
hypersaline southern arm of the lake, whereas significantly lower rates (32 + 9 nmol cm—> d™") were
measured in the extremely hypersaline northern arm. Bacterial sulfate reduction was strongly
affected by salinity and showed an optimum around 5-6% NaCl in the southern arm and an
optimum of around 12% NaCl in the more hypersaline northern arm of the lake. High densities of

sulfate-reducing bacteria (SRB) ranging from 2.2 x 107 to 6.7 X 10® cells cm ™ were determined by

a newly developed |tracer MPN-technique (T-MPN) employing sediment media and *°S-sulfate.

Calculation of specific sulfate reduction rates yielded values comparable to those obtained in pure
cultures of SRB. However, when using a conventional MPN technique with synthetic media con-
taining high amounts of Fe(II), the numbers of SRB were underestimated by 1-4 orders of mag-
nitude as compared to the T-MPN method. Our results suggest that high densities of slightly to
moderately halophilic and extremely halotolerant SRB are responsible for the high rates of sulfate

reduction measured in Great Salt Lake sediments.
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anoxic hypersaline sediments [25,

30] and in hypersaline photosynthetic microbial mats [4, 6,
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persaline microbial mats with salinities up to 15-21% w/v
NaCl [6, 18, 35]. Whereas many studies have dealt with
ecological and ecophysiological aspects of sulfate reduction
in hypersaline, photosynthetic microbial mats, relatively few
studies have been concerned with sulfate reduction activity
(SRA) in aphotic hypersaline sediments, where active sulfate
reduction has been demonstrated at salinities up to 24-30%
w/v NaCl [19, 39].

Although quite high viable counts of sulfate-reducing
bacteria (SRB) have been reported from hypersaline micro-
bial mats, the numbers of SRB were far too low to account
for the extremely high SRA measured [6, 18]. This suggests
that the use of culture-dependent enumeration techniques
seriously underestimates the population size of SRB in hy-
persaline environments, as previously demonstrated in ma-
rine sediments [11, 17]. As judged from in vitro experiments,
strains of SRB isolated so far from hypersaline sediments and
microbial mats are relative poorly adapted to the high in situ
salinities of their respective habitats [2, 3, 5, 20, 24, 32].
Whether these isolates or other SRB with similar or higher
degrees of halophily and halotolerance are responsible for
the high sulfate reduction rates often measured in hypersa-
line habitats is presently unknown. However, it has proved
difficult to enrich and isolate SRB at extremely high salini-
ties, and this is likely to be reflected in low viable counts,
when SRB from hypersaline environments are enumerated
in synthetic media with conventional MPN methods. Re-
cently, an improved tracer-MPN technique employing sedi-
ment media has been developed in our laboratory

One objective of the present investigation was to apply
this newly developed MPN method for the first time to
hypersaline environments of various salinities. A second ob-
jective was to quantify SRA in these environments and to
investigate the effects of artificially induced changes of sa-
linity and electron donor concentration on SRA. Sediments
from different parts of the Great Salt Lake (Utah, USA) were
chosen for this purpose.

Methods

Samples

Samples of surface sediment and bottom water from the Great Salt
Lake were collected at two sites in the moderately hypersaline
southern arm (Station AS2, Utah Geological Survey code,
40°49'51"N, 112° 15'26"W, and Station 20a on the northern shore
of the Antelope Island causeway, 41°5'25"N, 112°10'36"W) and at
one site in the extremely hypersaline northern arm (Station 27,
right outside Little Valley Harbor, 41°15'6"N, 112°10'36"W). Sedi-
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ment was collected by coring (Site 20a, upper 5 cm) or by Eckmann
dredge (Site AS2 and 27) and stored at 0-5°C in completely filled
glass bottles during transport. Samples of water overlaying the sedi-
ment were collected from all stations.

Sediment Handling

Approximately 500 ml of sediment from each station was homog-
enized anaerobically under a N, atmosphere by combined stirring
and kneading in gas tight plastic bags (Ril-O-Ten) [21] and im-
mediately used for experiments. Subsamples of homogenized sedi-
ment were taken for determination of sediment porosity and for
analysis of porewater concentrations of sulfate and chloride.

Media for Most Probable Number (MPN) Counts of SRB

Enumerations of SRB were performed by two different MPN tech-
niques at two different medium salinities for each station. The
MPN techniques used were a conventional MPN count (normal
MPN or N-MPN), in which the presence of SRB in MPN tubes was
evaluated by the formation of black precipitates of ferrous sulfide,
and a new radiotracer-based MPN technique (tracer MPN or T-
MPN) employing media containing in situ sediment [36].

N-MPN enumerations were performed in iron-rich synthetic
minimal media (Medium N6, N12 and N26, respectively) supple-
mented with a mix of organic electron donors known to be im-
portant substrates for SRB in saline sediments. The media were
prepared essentially as described by Widdel and Bak [38] and con-
sisted of (per liter): NaCl, 60, 120, or 260 g (N6, N12, and N26,
respectively); MgSO, - 7 H,0, 13, 52, or 90 g (N6, N12, and N26,
respectively); KCI, 2.5, 6, or 10 g (N6, N12, and N26, respectively);
NH,C], 2 g; KH,PO,, 0.5 g; CaCl, - 2 H,0, 0.2 g; MnCl, - 2 H,O,
0.04 g; trace element solution (TES3) [14], 2 ml; resazurin, 0.5 mg.
The media were made anoxic, autoclaved, and dispensed into an-
oxic Hungate tubes as described previously [36]. The following
medium constituents were subsequently added from anoxic sterile
stock solutions to obtain the final enumeration media (final con-
centrations per liter): FeCl, - 4 H,0, 0.2 g NaHCO,, 2.5 g
Na,S,0,, 35 mg, and vitamins (solution 6, 7, and 8 of Widdel and
Bak [38]), 1 ml of each. A mixture of sodium salts of acetate,
propionate, butyrate, and lactate were added as electron donors (4
mM each). The pH of the media was finally adjusted to the in situ
pH (see Table 1) by addition of NaOH.

The sediment media for tracer MPN enumerations were pre-
pared according to Vester and Ingvorsen [36] by mixing one vol-
ume of sterile homogenized in situ sediment (autoclaved twice on
two successive days) with two volumes of sulfate-free synthetic
medium. Sulfate was omitted in order to increase the sensitivity of
the tracer MPN-technique. The synthetic sulfate-free media were
prepared as media N6, N12, and N26, respectively, with the modi-
fication that MgSO,, - 7H,O was replaced by MgCl, - 6H,0 (10, 40,
or 70 g L' ; Medium T6, T12, and T26, respectively). The sediment
media were not amended with any synthetic energy sources.

For enumeration of SRB at Station 20a and AS2 (low salinity),
media N6, N12, T6, and T12 were used, whereas media N6, N26,
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Table 1. Characteristics of the three study sites from the Great Salt Lake

Salinity® Sulfate )
(% NaCl w/v) (mM) Porosity
pH, (ml cm™), Water depth

Study site Water® Sediment? Water® Sediment? water® sediment (m)
Station 20a 11.5 11.6 75.4 14.4 8.0 0.83 0.2

SA®

Station AS2 12.5 12.3 75.7 93.5 8.0 0.73 8-10
SA®

Station 27 27.0 27.4 202.1 208.7 7.5 0.64 3-5
NA?

? SA, southern arm of the Great Salt Lake; NA, northern arm
® Calculated from concentrations of chloride

€ Water overlaying the sediment

4 Sediment porewater extracted by centrifugation

Té6, and T26 were employed for Station 27 (high salinity). When
using medium T6, the final salinity of the MPN medium increased
depending on the salinity of the sterile in situ sediment used for
preparing the medium. The final salinities of medium T6 were thus
around 8% w/v NaCl (Station 20a and AS2) and 10% NaCl (Station
27).

Enumeration of SRB by MPN Counts

Normal MPN (N-MPN) and tracer MPN enumerations (T-MPN)
were carried out essentially as described by Vester and Ingvorsen
[36]. A small fraction of the homogenized sediment from each
station was diluted 1:1 with anoxic in situ bottom water to create a
slurry, which subsequently served as inoculum for triplicate 10-fold
MPN dilutions. After inoculation, carrier free >°SO,>” (Isotope
Laboratory, Rise, Denmark) was injected into each T-MPN tube to
a final radioactivity of 20 kBq ml™" sediment medium. All tubes
including sterile blanks (one for each dilution series) were incu-
bated in the dark at 30°C. During incubation, N-MPN tubes were
monitored for formation of black FeS precipitates. At the end of the
incubation period, 4 ml of sediment medium was withdrawn from
T-MPN tubes and injected into 4 ml 20% (w/v) zinc acetate and
frozen. The frozen samples were subsequently distilled using the
single-step chromium reduction method to separate total reduced
inorganic sulfur (TRIS) from sulfate [10]. Finally, the radioactivity
of the TRIS fraction and of the sulfate fraction was measured by
liquid scintillation counting (Packard, Tri-Carb, CA 2200). Tubes
were considered to be positive for the presence of SRB if more than
0.1% of the added radiolabeled sulfur was recovered from the TRIS
fraction. Calculation of MPN values and standard errors were per-
formed using a computer program [13]. A Student ¢-test was used
to determine whether the MPN values obtained differed signifi-
cantly [8].

Measurement of Sulfate Reduction Rates in Sediments
and Slurries

Sulfate reduction in raw and substrate amended sediments was
measured as follows. Sediment (4 ml) was anaerobically transferred

to 20 ml sterile serum vials containing 2 glass beads (diameter, 3—4
mm) and sealed under a nitrogen atmosphere. After 2-3 h of pre-
incubation at 30°C, carrier-free >*S sulfate was injected to obtain a
radioactivity of approximately 50 kBq cm™ sediment in each vial.
The effects of adding common growth substrates of SRB on sulfate
reduction rate were tested at all three stations. Acetate, propionate,
and lactate were each added at a final concentration of 8 mM,
butyrate at 4 mM, and molecular hydrogen (purity of 99.999%) as
50% v/v of the headspace. All incubations were carried out in the
dark at 30°C, using incubation times ranging from a few hours to
5 weeks. Incubations were stopped by adding 4 ml of an anoxic
20% zinc acetate solution to each experimental vial. The vials were
subsequently stored at —20°C for 1-2 weeks, until distillations were
performed by the single-step procedure described in the preceding
section. Sediment from Station AS2 was also distilled by the two
step procedure of Fossing and Jorgensen [10] in order to separate
the acid volatile sulfur (AVS; amorphous iron sulfides plus dis-
solved sulfide) and chromium reducible sulfur (CRS; elemental
sulfur and pyrite) fractions. Sulfate reduction rates were calculated
according to Jergensen [16]: SRR =a - (A +a)™' - [SO,>7] -+ -
1.06, where a is the radioactivity in the TRIS fraction, A is the
radioactivity of the sulfate fraction, [SO,*"] is the concentration of
sulfate (nmol cm™), ¢ is the incubation time (days), and 1.06 is a
correction factor for the expected isotope fractionation. All sulfate
reduction rates were calculated as the mean of at least four repli-
cates.

The effect of major salts on sulfate reduction activity was tested
in dilute slurries, which were prepared by mixing 1 volume of
sediment slurry (made as 1:1 dilution of sediment with sterilized
anoxic in situ water) with 4 volumes of anoxic synthetic minimal
medium containing different amounts of NaCl, MgCl,, and KCl.
The synthetic media were prepared by mixing a sodium chloride-
free medium (medium NO) with an extremely hypersaline medium
(N30) in different proportions in an anaerobic glove chamber.
Medium N30 contained (per liter) NaCl (300 g), MgCl, - 6H,0
(100 g), and KCI (11.5 g), whereas medium NO did not contain any
of these salts. Except for these major salts, media NO and N30 were
identical to media N6, N12 and N26. Sediment slurries were pre-
incubated at 30°C in dinitrogen outgassed anaerobic culture tubes
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Table 2. MPN-counts (SRB cm™) obtained from Great Salt Lake sediments after 4 months of incubation at 30°C

T-MPNP< N-MPN°¢
Medium Medium Medium Medium Medium Medium

Locality T6 T12 T26 N6 N12 N26
Station 20a 4.8 x 10® 4.8 x 10%* 4.6 X 107# 5.5 X 10°*,#
(SA)*
Station AS2 4.8 x 10™* 2.2 x 10%* 4.6 x 10°* 4.6 x 10™*
(SA)®
Station 27 2.2 X 107*# 4.6 x 10™# 2.9 x 10°*# 5*#
(NA)®

2 SA, southern arm; NA, northern arm

® The final salinities of the T-MPN media after mixing with sterile in situ sediment were approximately 8 and 12% (Station 20a and AS2) and approximately

10% and 26% (Station 27).

¢ T-MPN = tracer MPN using sediment media, N-MPN = normal MPN using synthetic media
* Significant differences within stations (¢-test P > 0.05) between T-MPN and N-MPN
# Significant differences within stations (¢-test P > 0.05) between MPN counts obtained at different salinities using the same type of medium

(Bellco, 18 x 142 mm) for 2-3 h. Incubations were started by
injection of radiolabeled *>S-sulfate to a final radioactivity of 20
kBq ml™ slurry and stopped after 48 h by injection of 5 ml 20%
(w/v) zinc acetate followed by freezing at —20°C.

Analytical techniques

The concentrations of chloride and sulfate in sediment porewater,
obtained by centrifugation, were determined by suppressed anion
chromatography after appropriate dilution as described previously

[2].

Statistics

The effects of substrate amendments on SRA were tested using a
two-tailed Students t-test on the means of the measured sulfate
reduction rates. The terms “significant” (P < 0.05), “very signifi-
cant” (P < 0.01), and “highly significant” (P < 0.001) were used.

Results
Characteristics of the Study Sites

Some characteristics of the three sampling sites are listed in
Table 1. The two stations in the southern arm (20a and AS2)
both had salinities of around 12% w/v NaCl, whereas Station
27 in the northern arm had a salinity of 27% NaCl. Sulfate
concentrations in the sediment porewater differed between
the three study sites, and in one case (Station 20a) a high
SRA in the uppermost sediment was indicated by a marked
depletion of porewater sulfate (Table 1) and a strong smell of
H,S (the high SRA was confirmed by direct measurements;
see below). The sediment at this station was very soft and

contained high amounts of visible organic debris, further
indicating a high organic content at this site.

Enumeration of Sulfate-Reducing Bacteria

Table 2 summarizes the results from the MPN-enumerations
carried out with sediment from the three sampling sites. All
incubations were carried out for at least 4 months. This was
necessary in order to avoid serious underestimation of SRB
numbers by the conventional MPN-technique (N-MPN),
especially at the highest salinities investigated (data not
shown). Longer incubation periods (up to 12 months) did
not result in higher counts. When using the T-MPN tech-
nique longer incubation periods (up to 10 months) did not
result in higher counts for Station AS2, but the T-MPN
counts for Station 27 increased by one order of magnitude at
the in situ salinity incubation (data not shown). When a
T-MPN experiment was repeated a year later for Station 20a,
using the original sediment sample which had been stored in
the dark at 5°C, an almost identical MPN estimate of 6.7 X
10® SRB cm > sediment was obtained after 4 months of in-
cubation (the corresponding value in Table 2 is 4.8 x 10®
SRB cm ™).

Densities of SRB obtained depended strongly on the cho-
sen MPN-method (N-MPN versus T-MPN) and on the sa-
linity of the enumeration medium (Table 2). The T-MPN
technique thus yielded significantly higher counts (1 to 4
orders of magnitude) as compared to the N-MPN technique,
the largest difference being observed at the site with the
highest salinity (Station 27). At Station 27, the N-MPN and
T-MPN counts both increased by 3 orders of magnitude
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Fig. 1. Time-course experiments of sulfate reduction in homog-
enized sediment samples from the three study sites in the Great Salt
Lake. SA, southern arm; NA, northern arm.

when carried out at a lower salinity (6 and 10% final salinity,
respectively) as compared to counts performed at the in situ
salinity of 27%. Likewise, the N-MPN count at Station 20a
increased by 2 orders of magnitude, if the salinity of the
enumeration medium was decreased from 12% to 6% (Table
2). It is noteworthy that T-MPN counts for Station 20a were
not affected by reducing the salinity of the T-MPN medium.
At Station AS2 no significant differences were observed be-
tween MPN counts obtained at the different salinities for
either of the MPN methods (Table 2).

Sulfate Reduction in Sediments and Slurries

SRA in sediment samples was determined in time course
experiments for each station (Fig. 1). Sulfate reduction at
Station 20a was very high and proceeded linearly (R* =
0.982) during the first 2 days of incubation, after which it
continued at a significantly lower rate probably due to sul-
fate and/or electron donor limitation. After 13 days of in-
cubation more than 99% of the radioactivity added was pres-
ent in the TRIS fraction. The sulfate reduction curve for

Station AS2 was linear (R* = 0.965) up to at least 5 days of
incubation before leveling off, whereas at Station 27 the
progress curve of sulfate reduction was linear (R*> = 0.989)
over the entire 34 days of incubation. Bacterial sulfate re-
duction at Station AS2 and 27 was not limited by sulfate,
since more than 97% of the radioactivity remained in the
sulfate fraction at the end of the experiments (data not
shown). Sulfate reduction rates, as calculated from the initial
slope of the time courses shown in Fig. 1, differed drastically
between the three stations amounting to (mean value + stan-
dard deviation) 32 + 9, 363 £ 103, and 6131 + 835 nmol
cm™ d™! for Stations 27, AS2 and 20a, respectively.

Stimulation of sulfate reduction was investigated by add-
ing different electron donors known to be common sub-
strates for SRB (Fig. 2). The results revealed a considerable
difference in the metabolic responses of the SRB populations
at the three study sites. In the organic-rich sediment from
Station 20a, butyrate was the only electron donor tested that
caused a significant (P < 0.05) albeit small stimulation of
sulfate reduction. At Station AS2, the addition of acetate,
propionate, and butyrate caused a significant stimulation,
whereas lactate and molecular hydrogen caused a highly sig-
nificant (P < 0.001) stimulation of SRA. In the sediment
from Station 27, SRA was significantly enhanced only by the
addition of hydrogen and lactate, and interestingly, SRA was
reduced slightly (although not significantly; P = 0.13), when
acetate was added.

The effect of salinity on sediment SRA is shown in Fig. 3.
The populations of SRB at the two southern arm stations
(20a and AS2) responded very similarly to the imposed
changes of salinity. Thus for both stations, SRA was maximal
at a salinity of 5-6%, corresponding to about half the in situ
salinity (Table 1). Also sulfate reduction rates at Station 20a
and AS2 were progressively inhibited by increasing salinities
(Fig. 3). At the highest salinity tested (25% w/v), a SRA of
only 3% of the maximum SRA was measured at Station 20a
as compared to 13% at Station AS2, indicating a slightly
more halotolerant population of SRB at Station AS2. Like-
wise, the results obtained with sediment from the sampling
site in the northern arm (Station 27) demonstrated the pres-
ence of a sulfate-reducing population, which was metaboli-
cally stimulated, when the salinity was decreased. At this
station the SRA determined at the in situ salinity amounted
to only 20% of the maximal activity at 10-15% NaCl. It is
noteworthy that all salinity-response curves depicted in Fig.
3 showed a weak biphasic tendency, indicating the possible
existence of distinct halophilic subpopulations of SRB at the
three sites.
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Fig. 2. Effect of substrate additions on sulfate reduction activity
(SRA) in homogenized sediment samples from different parts of
the Great Salt Lake. The added substrates are indicated as follows:
Control, no substrates added; H,, molecular hydrogen; Lac, lactate;
Ac, acetate; Prop, propionate; But, butyrate. Standard deviations
are depicted as error bars. Significant stimulation of SRA by addi-
tion of subtrates is indicated on top of the bars; *, significant (P <
0.05); **, very significant (P < 0.01); ***, highly significant (P <
0.01). SA, southern arm; NA, northern arm.

The relative distribution of radioactivity in the acid vola-
tile sulfur (AVS) and in the chromium reducible sulfur
(CRS) fraction was investigated with sediment from Station
AS2. This was done in order to allow for a comparison
between sediment sulfate reduction rates obtained in this
study and those measured previously at the same location
[39]. It was found that the radioactivity in the AVS fraction
constituted (81 + 11)% of the radioactivity present as total
reduced inorganic sulfur (TRIS), where TRIS = AVS + CRS.

K.K. Brandt et al.
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Fig. 3. The effect of salinity on sulfate reduction activity (relative
values) in dilute slurries made from homogenized sediment
samples from different parts of the Great Salt Lake. The results are
showed as means of duplicate measurements with standard devia-
tions depicted as error bars. SA, southern arm; NA, northern arm.

Discussion
Sulfate Reduction Rates

Sulfate reduction rates in the surface sediments at the three
study sites in the Great Salt Lake differed greatly. By far,
sulfate reduction was most active in the organic rich sedi-
ment at Station 20a, yielding an extremely high SRA of 6,131
+ 835 nmol SO~ cm™> d™! (average value for the uppermost
5 cm of the sediment). Tentatively assuming that all sulfate
reduction at Station 20a occurs at this rate only in the
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sampled uppermost 5 cm of the sediment, this corresponds
to a SRA of 307 mmol SO,*” m™2 d™". Although this value
probably seriously underestimates the true area-based sulfate
reduction rate at this site, it is still among the highest ever
reported for natural environments [6, 30]. It must be
stressed, however, that our >*S-radiotracer incubations were
carried out with homogenized surface sediment (top 5 cm),
and that our results therefore do not represent in situ rates
as precisely as those obtainable by the sediment core injec-
tion method [16], although the two measurements have
been shown to give comparable values for SRA in nonlami-
nated sediments [7].

Significantly lower sulfate reduction rates of 363 * 103
nmol SO,*>~ cm™ d™! were measured at Station AS2. These
rates are approximately twofold higher than those of 175 +
22 nmol SO,*~ cm™ d™' previously reported from a nearby
site at the time when the sediment was covered by a sulfide-
containing fetid brine of about 24% salinity [39]. The dif-
ferent sulfate reduction rates measured is probably best ex-
plained by this change in salinity, although sediment het-
erogeinity or other factors cannot be ruled out either.
Sediment sulfate reduction rates determined in 1980 by
Ingvorsen and by Zeikus [39] were not corrected for the
formation of *°S-CRS, which was negligible, since approxi-
mately 95% of the added tracer was recovered as **S-sulfate
plus *>S-AVS (Ingvorsen, unpublished data). However, in
the present study significant quantities of the *°S-TRIS
(about 19%) were recovered as *>S-CRS at Station AS2 after
a 24-h incubation period. This difference most likely can be
ascribed to changes in the physicochemical characteristics of
the sediment that have occurred after the disappearance of
the dense brine layer in 1991.

At Station 27 in the northern arm, sediment sulfate re-
duction rates of 32 + 9 nmol SO,*” cm™ d™" were measured.
It is noteworthy that sulfate reduction in unamended sedi-
ment from this site was linear for more than a month (Fig.
1, data not shown). To our knowledge, these data represent
the first direct measurements of sulfate reduction in this the
most extreme part of the Great Salt Lake showing that some
of the sulfide present in this sediment [28] derives from
dissimilatory reduction of sulfate.

Sediment sulfate reduction at the three sampling sites
responded very differently to the addition of electron donors
known to be important substrates for SRB in saline sedi-
ments [7, 27, 31, 33]. All electron donors tested significantly
stimulated SRA in sediment from Station AS2 (Fig. 2), in-
dicating that the natural population of SRB was carbon lim-

ited. Results obtained in 1984 from a nearby site during
stratification of the water column (24% NaCl in the bottom
water) showed stimulation by lactate and hydrogen, but not
by acetate [22]. The different responses to acetate addition
observed in the two studies could be due to an extremely low
rate of acetate oxidation by SRB and/or a low number of
acetate-oxidizing SRB in the sediment during the stratifica-
tion period when the bottom water salinity was around 24%
NaCl. There are several reports, that acetate metabolism by
SRB and other anaerobes is severely inhibited at extreme
salinities (above 15-20%), causing acetate to accumulate to
high levels [2, 19, 23, 25, 40].

In the extremely hypersaline sediment from Station 27,
only addition of lactate and hydrogen was found to stimulate
sulfate reduction, whereas acetate, propionate, and butyrate
had no stimulatory effect on the SRA. Indeed, acetate
amendment caused a slight (albeit not significant; P = 0.13)
decrease in SRA (Fig. 2), which may be explained by product
inhibition. It is hence believed that most SRB active in ex-
tremely hypersaline environments are incomplete oxidizers
producing acetate as a major end product [23, 26], and the
huge energetic cost of coping with salt stress probably ren-
ders SRB very susceptible to energetic constraints [26].

In contrast to what was observed at Stations AS2 and 27,
the SRA in the organic-rich sediment at Station 20a was only
slightly affected by the addition of substrates (potential elec-
tron donors for SRB). Despite the extremely high SRA at this
site, the indigenous populations of hydrolytic, fermertative
bacteria were evidently able of supplying these electron do-
nors to the SRB at a non-limiting rate. The time-course
experiment shown in Fig. 1 supports this notion, since vir-
tually all (>99%) radiolabeled sulfate added was reduced
after 13 days of incubation, clearly indicating a surplus of
available electron donor compared to sulfate (electron ac-
ceptor) in this very dynamic anaerobic community. Indeed,
the SRA already started to decrease after 2 days, when 85%
of the labeled sulfate had been transformed into **S-TRIS,
leaving about 2 mM sulfate in the sediment porewater (data
not shown). Sulfate limitation could be the reason for this
decrease in SRA, since half-saturation constants for sulfate
uptake have been reported to be as high as 1-4 mM in some
marine sediments [1, 37]. On the other hand, other inves-
tigators have reported much lower half-saturation constants

(in the micromolar range) for SRA of pure cultures of ma>
rine SRB [14, 15], and at present this discrepancy has not
been adequately solved. However, it should be noted that
because of energetical and physiological constraints, SRB in
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Table 3. Cell-specific sulfate reduction rates obtained from this study

qS0,*” (mol d™" cell™)

T-MPN N-MPN
Locality Medium T6 Medium T12 Medium T26 Medium N6 Medium N12 Medium N26
Station 20a 13 x 107 1.3 x 107 1.3 x107% 1.1 x 1071
Station AS2 7.6 x 1071° 1.7 x 1071° 7.9 x 10713 7.9 x 10712
Station 27 1.5 x 107%° 7.0 x 107142 1.1 x 1071 6.4 x 107°

2 Based on T-MPN value after 10 months of incubation. If based on the T-MPN value after 4 months of incubation, a cell-specific SRA of 7.0 x 107 mol

d™! cell™ was obtained.

hypersaline habitats may have lower affinity for sulfate up-
take than their counterparts in less extreme and relatively
sulfate-poor environments. At Station AS2 sediment sulfate
reduction was limited by the amount of available electron
donor and not by sulfate (Figs. 1 and 2). At Station 27, the
sulfate reduction rate was constant over the entire incuba-
tion period (34 days), indicating the presence of a function-
ally very stable anaerobic degrader community.

MPN Enumerations of SRB

Our results clearly demonstrate that the newly developed
MPN technique employing sediment media and radiola-
beled sulfate is much superior to the conventional MPN-
technique employing synthetic media for enumeration of
SRB in Great Salt Lake sediments (Table 2). It is thus evident
that the most abundant SRB were unable to grow or grew
poorly in the synthetic medium used for N-MPN. Another
explanation could be that a larger inoculum size is needed
for initiation of growth in the synthetic medium as com-
pared to the sediment medium used for T-MPN. The sedi-
ment medium used for T-MPN much more closely mimics
the natural sediment environment, providing surfaces for
attachment and a broad range of natural growth substrates
at low noninhibiting concentrations, this probably being the
reasons for the increased MPN counts obtained by this
method [36]. The difference between counts obtained by
N-MPN and T-MPN was most pronounced (4 orders of
magnitude) at the station with the highest in situ salinity
(Station 27), suggesting that the T-MPN technique is espe-
cially favorable when salt-stressed SRB are to be enumerated.
The inadequacy of N-MPN techniques to estimate popula-
tion sizes of SRB seems to be a general phenomenon, and
especially so when the method is used on SRB from extreme
environments [17, 34]. The T-MPN approach might thus be
the method of choice for enumeration of SRB in extreme

environments such as thermal and/or hypersaline oil wells.
In less extreme environments N-MPN estimates may occa-
sionally approach realistic values [12], although this appears
to be the exception rather than the rule [11, 36].

To validate the efficiency of our MPN-estimations, cell
specific sulfate reduction rates (qSO,>”) were calculated for
each sediment and MPN-technique employed (Table 3). The
qS0,*" values, calculated from the sulfate reduction rates
and the T-MPN estimates obtained in this study, were gen-
erally in the same range (107*° to 107** mol SO,*" cell™* d™")
as reported for pure cultures of SRB [14, 15, 17, 36] (Brandt,
unpublished results). However, the T-MPN counts deter-
mined at Station 27, employing sediment medium of in situ
salinity, still yielded counts somewhat too low as evidenced
by an unrealistically high qSO,*~ value of 7.0 x 107> mol
cell”" d™'. By reducing the salinity of the T-MPN counting
media to 10% NaCl (final salinity), we obtained higher and
more realistic MPN-estimates and consequently lower
qSO,>” values of around 1.5 x 10™'* mol cell ! d™! (Table 3).
The observed inhibitory effect of high salinity on the recov-
ery of SRB by T-MPN at Station 27 could be overcome,
although only to some extent, by increasing the incubation
time (Table 3). Thus, the T-MPN value obtained using sedi-
ment medium containing 26% w/v NaCl increased by one
order of magnitude, when the incubation period was ex-
tended from 4 to 10 months.

Although the T-MPN technique yielded much higher and
more realistic MPN estimates as compared to the N-MPN
technique, it is important to note that all MPN methods
inherently tend to underestimate the true number of target
cells due to factors such as clumping and attachment of cells
to particles. The cell-specific sulfate reduction rates calcu-
lated from our T-MPN and SRA data are thus most likely
still too high (probably at least by one order of magnitude),
since it cannot be expected that sulfate reduction rates of
individual cells in many natural environments will generally
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be as high as for pure cultures grown in laboratory media
[12, 29]. This probably holds true especially for the ex-
tremely saline sediments at Station 27 studied in our work.
On the other hand, it could be argued that in some high-
nutrient environments in situ cell specific sulfate reducing
activity may approach values obtained in pure cultures be-
cause of the absence of substrate and product inhibition and
beneficial microbial interactions. Enumeration of SRB by
cultivation-independent methods based on the quantifica-
tion of SRB rRNA or rDNA may provide an attractive alter-
native to MPN techniques. These methods, however, may
also suffer from inherent shortcomings related to reproduc-
ibility, oligonucleotide probe specificity, and uncertainties
concerning genome size, genome copy number, or rRNA-
content per sulfate-reducing bacterium [9, 29].

Salinity and SRB

The populations of SRB in the sediments of the northern
and southern arm of GSL showed the same general response
with respect to SRA, when the salinity was changed artifi-
cially in slurries incubated with **S-sulfate (Fig. 3). Thus at
all three stations, sulfate reduction rates increased when the
salinity was reduced relative to the respective in situ salini-
ties. However, the optimum NaCl concentrations for sedi-
ment sulfate reduction were higher in sediment from the
northern arm (10-15% NaCl) as compared to sediments
from the southern arm (3-9% NaCl). This strongly suggests
that as a whole the population of SRB from the northern
arm was better adapted to high salt concentrations. This
raises the intriguing question of why the more halophilic
types of SRB present in the northern arm (salinity optimum
between 10 and 15% NaCl; Fig. 3) apparently are missing or
at least not dominantly present in the sediments of the
southern arm, where the in situ salinity is presently around
11-14%. So far enrichments and isolations of SRB from the
southern arm of the Great Salt Lake, using media containing
=10% NaCl (w/v), have resulted only in strains exhibiting
optimal growth at 2-5% NaCl. These strains thus display a
salinity—growth response very similar to that observed for
the SRA of the natural populations of SRB at Stations 20a
and AS2 in the southern arm (Fig. 3). The only described
sulfate-reducing bacterium (Desulfohalobium retbaense) iso-
lated so far from an extremely hypersaline environment
(Lake Retba in Senegal containing 34% w/v of total salts)
grows optimally in vitro with 10% NaCl in the medium [24].
D. retbaense hence resembles the natural populations of SRB
from the northern arm of the Great Salt Lake regarding its

growth response to salinity. Interestingly, D. retbaense was
not able to grow in media of the same high salinity as found
in the habitat from which it was isolated. Our MPN data
(Table 2) suggest the presence of a severely salt stressed
population of SRB in the northern arm of the Great Salt
Lake. Thus significantly higher MPN-counts (3 orders of
magnitude) were obtained at Station 27 when the salinity of
the counting media for both T-MPN and N-MPN was re-
duced from 26% to 10% final salinity (Table 2). However,
the biphasic nature of the salinity-response curves found for
dissimilatory sulfate reduction at Station AS2 and 27 might
indicate the presence of subpopulations of SRB having sa-
linity optima around or even above 20% NaCl (Fig. 3).

In conclusion, our data suggest that the high sulfate re-
duction rates measured in sediments of the southern arm of
the Great Salt Lake result from the activity of dense popu-
lations of slightly to moderately halophilic and extremely
halotolerant SRB. Our results further indicate that most of
the SRB present in the northern arm exist under extreme
conditions of salt stress, probably resulting in very low in situ
growth rates. This might indeed be due to the bioenergetic
burden of osmoadaptation as compared to the relatively low
amount of energy liberated from sulfate respiration as re-
cently discussed by Oren [26].
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