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Sulfate-reducing bacteria (SRB) play a major role in the coupled biogeochemical cycling of sulfur and
chalcophilic metal(loid)s. By implication, they can exert a strong influence on the speciation and mobility of
multiple metal(loid) contaminants. In this study, we combined DsrAB gene sequencing and sulfur isotopic
profiling to identify the phylogeny and distribution of SRB and to assess their metabolic activity in salt marsh
sediments exposed to acid mine drainage (AMD) for over 100 years. Recovered dsrAB sequences from three
sites sampled along an AMD flow path indicated the dominance of a single Desulfovibrio species. Other major
sequence clades were related most closely to Desulfosarcina, Desulfococcus, Desulfobulbus, and Desulfosporosinus
species. The presence of metal sulfides with low �34S values relative to �34S values of pore water sulfate showed
that sediment SRB populations were actively reducing sulfate under ambient conditions (pH of �2), although
possibly within less acidic microenvironments. Interestingly, �34S values for pore water sulfate were lower than
those for sulfate delivered during tidal inundation of marsh sediments. 16S rRNA gene sequence data from
sediments and sulfur isotope data confirmed that sulfur-oxidizing bacteria drove the reoxidation of biogenic
sulfide coupled to oxygen or nitrate reduction over a timescale of hours. Collectively, these findings imply a
highly dynamic microbially mediated cycling of sulfate and sulfide, and thus the speciation and mobility of
chalcophilic contaminant metal(loid)s, in AMD-impacted marsh sediments.

Salt marshes exhibit high primary production rates (1, 101)
and form biogeochemical “transition zones” for nutrient pro-
duction, transport, and cycling between terrestrial and coastal
marine environments (41, 66, 100). These zones also serve to
reduce the flux of potentially toxic metals in contaminated
groundwater to estuaries (12, 99, 106). Both functions depend
strongly on microbial activity, especially that of sulfate-reduc-
ing bacteria (SRB) (42, 62, 67). SRB recycle much of the
sedimentary organic carbon pool in marsh sediments (42–44)
and indirectly inhibit production of the greenhouse gas meth-
ane (37, 71). They can restrict the mobility of dissolved con-
taminant metals by inducing precipitation of poorly soluble
metal sulfides, and studies have examined their use in con-
structed wetlands to bioremediate acid mine drainage (AMD)
and other metalliferous waste streams (11, 35, 40, 46, 50, 76,
90, 94, 104). However, the high acidity and metal concentra-
tions inherent to AMD can inhibit SRB growth (15, 88, 98),
and preferential growth of iron- and sulfur-oxidizing bacteria
over SRB has been observed in some treatment wetlands (39).

For natural salt marshes, 16S ribosomal nucleic acid- and
phospholipid fatty acid (PLFA)-based analyses have shown
that SRB commonly comprise a significant fraction of the
microbial community (13, 24, 31, 34, 51, 58). Studies of salt
marsh dissimilatory sulfite reductase genes (dsrAB), a highly
conserved functional phylogenetic marker of prokaryotic sul-

fate reducers (49, 57, 102, 103, 107), have revealed both novel
and deeply branching clades (3). Studies of mining-impacted
sites at pH 2.0 to 7.8 (5, 7, 39, 70, 72, 77, 84), of soils and
geothermal settings at a pH of �4 (55, 68), of metal-contam-
inated estuaries at pH 6.8 to 7.2 (65), and of hypersaline lakes
at pH 7.5 (56) further outline the distribution and tolerance of
specific groups and species of SRB under geochemically strin-
gent conditions. Other findings point toward the existence of
deltaproteobacteria in environments at a pH of �1 (10), al-
though it is unknown if these include SRB. SRB diversity in
salt marshes under long-term contamination by AMD has not
been well investigated. Such studies may provide useful infor-
mation for bioremediation projects in estuarine environments,
as well as general insights into relationships between SRB
physiology and the geochemistry of AMD.

We studied the diversity of SRB, based on phylogenetic
analysis of recovered DsrAB gene sequences (�1.9 kb), in
natural salt marsh sediments of the San Francisco Bay im-
pacted by AMD for over 100 years. Sulfur isotope ratio and
concentration measurements of pore water sulfate and metal
sulfide minerals provided information about the spatial and
temporal extent of active bacterial sulfate reduction (BSR) in
sediment cores taken from specific sites along an AMD flow
path. Collectively, the results revealed a tidal marsh system
characterized by rapidly cycling bacterial sulfate reduction and
sulfide reoxidation associated with oscillating tidal inundation
and groundwater infiltration.

MATERIALS AND METHODS

Site description, sampling, and preliminary geochemical analyses. Stege
Marsh, in the eastern central San Francisco Bay, consisted of tidal mudflats
pre-1959 (see Fig. S1 in the supplemental material). From 1897 to 1970, the area
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received sulfuric acid from pyrite ore processing, mercury from explosive blasting
cap manufacturing, and lead from paint production. Pyrite “cinders” containing
high concentrations of As, Cd, Cu, Pb, Zn, and Hg have oxidized to several
meters depth (95, 96). The cinders in the “AMD ponds” and tidal sloughs were
deposited as meters-thick and centimeters-thick layers, respectively. The present
study was conducted from late August 2002 to early September 2003, before and
after dredging of the AMD pond. Three sites were hand cored at low tide along
an AMD flow path (see Fig. S1B in the supplemental material) by using a
stainless steel, hand-push coring device with sterilized 6-cm-diameter clear plas-
tic inner sleeves. The first site (WSMA) was located within the western-most
AMD pond prior to partial dredging of contaminated sediments by the site
owner, the second within the upper tidal slough (WSMD), and the third within
the lower tidal slough (WSMF), just above the intersection with a larger tidal
channel (see Fig. S1B in the supplemental material). AMD pond sediments were
resampled roughly 2 months after dredging (WSMO) and represented an “acid
sulfate soil” setting. “Grab” samples were obtained from pyrite cinders exposed
at the surface (see Fig. S1D in the supplemental material). All samples were
transported to the lab at 4 to 10°C for processing within 4 to 5 h of recovery. Each
core was bisected lengthwise, with one half archived at �80°C for mineralogical
and water analyses and the other used for whole-community DNA extraction.
Sediment total concentrations of As, Cd, Cu, Pb, Zn, and Hg from the AMD
pond (prior to dredging) are shown in Table 1; most values exceeded regulatory
standards by up to several orders of magnitude (32). Surface waters measured
with a field pH meter and probe (Thermo Fisher Scientific, Waltham, MA) in
both the western and eastern AMD ponds (see Fig. S1 in the supplemental
material) exhibited pH values ranging from 1.8 to 3.1. pH values at depth within
sediments were measured using a GeoProbe (Salina, KA) and coring instrumen-
tation (95, 96). Total dissolved sulfide was measured with a portable spectro-
photometer (Hach Co., Loveland, CO), using the method of Cline (21), in waters
obtained from sediments via centrifugation and filtration through 0.2-�m-pore-
diameter syringe filters (Terumo, Tokyo, Japan; Millipore Corp., Billerica, MA).
Salinity values were calculated from field electrical conductivity and temperature
data (74).

DNA extraction. Subsamples of sediments (�1 g [wet weight]) were taken at
�1-cm intervals from the undisturbed center of one half of each core and
homogenized manually with a sterile plastic spatula. Replicate �1-g subsamples
were taken from homogenized sediments for genomic DNA extraction, using a
PowerSoil DNA extraction kit (Mo Bio Laboratories, Inc., Carlsbad, CA), and
aliquots of DNA were pooled from replicate extracts at roughly equivalent
concentrations, as determined both visually by comparison to concentration
standard markers in 1% agarose gels and by spectrophotometric analysis at 260
nm (Bio-Rad Laboratories, Inc., Hercules, CA), for PCR amplification (Thermo
Hybaid Sprint; Thermo Fisher Scientific, Inc., Waltham, MA). We estimated that
total DNA recoveries were 5 to 10 times lower from AMD pond sediments than
from either of the tidal sloughs, on the basis of comparisons of sediment-
extracted DNAs to the DNA concentration and size reference standards (In-
vitrogen, Carlsbad, CA).

PCR amplification. Full-length (�1.9 kb) dsrAB sequences were amplified
from community DNA samples by using an equimolar mix of forward primers

DSR1F, DSR1Fa, DSR1Fb, DSR1Fc, and DSR1Fd and reverse primers
DSR4R, DSR4Ra, DSR4Rb, DSR4Rc, and DSR4Rd (107). Control amplifica-
tions were performed using DNA from Escherichia coli and PCR reagents only
(negative control) or actively growing Desulfovibrio desulfuricans (positive con-
trol). PCR was performed using Platinum Taq Hi-Fidelity DNA polymerase
(Applied Biosystems, Foster City, CA). Thermal cycling was performed using a
hot start protocol of 95°C for 2 to 4 min followed by 30 cycles of denaturing at
94°C for 40 s, annealing at 50°C for 40 s, and extension at 68°C for 1.5 min. Final
extension reactions were carried out for 7 min at 68°C. PCR products of �1.9 kb
were excised from 1% agarose gels and purified using a MinElute gel elution kit
(Qiagen Corp., Valencia, CA). Excised DsrAB genes were ligated into pGEM-T
Easy vector (Promega, Stoughton, WI) for transformation of One-Shot chemi-
cally competent cells (Invitrogen Corp., Carlsbad, CA). Vector inserts were
sequenced using modified T7 (5�-GTAATACGACTCACTATAGGGCGAATT
GGG-3�) and standard M13R forward and reverse primers, respectively (MWG-
Biotech, Inc., High Point, NC). Amplification of 16S rRNA genes was also
performed, and the methodology and results can be found in the supplemental
material. All PCR controls gave the expected results. All sequencing was per-
formed at the DNA Sequencing Facility of the University of California,
Berkeley, CA.

Cloning and phylogenetic analyses. Clone sequences were screened by partial
gene analysis, using BLAST (2) and the dsrAB pure culture database published
by the University of Vienna’s Department of Microbial Ecology (107 [http://www
.microbial-ecology.net/]). DNA sequences of �1.7 kb were individually and man-
ually aligned in ARB EDIT4 (69) against both pure culture and manually im-
ported published dsrAB sequences from previous studies (3, 4, 20, 27, 30, 56, 65,
68, 81, 107). A composite consensus phylogenetic tree (Fig. 1) for all full taxo-
nomically unique dsrAB sequences was synthesized from multiple trees con-
structed in the ARB software environment (69), using FITCH and PHYLIP
protein maximum likelihood algorithms on inferred amino acid sequences of
�582 positions. All percent sequence similarity values for full DsrAB genes were
derived from consensus tree branch lengths. All clone sequences were tested for
chimerism by comparative partial-sequence tree positioning (45). Fewer than 2%
of all sequences were suspected to be chimeric, and these data were discarded.
Additional checks for full-sequence protein similarity to known dsrAB-encoded
amino acid sequences were performed using the Swiss Institute for Bioinformat-
ics Swiss-Prot database, and all full sequences were manually inspected for highly
conserved siroheme binding sites (103). Only one putatively nonfunctional dsrAB
sequence was found in this manner, and this sequence was discarded. Clone
sequences were classified into operational taxonomic units (OTUs) by using the
public software package DOTUR (89), with a lower cutoff of 97% amino acid
sequence similarity and a furthest-neighbor algorithm. Among 120 clones se-
quenced, 22 of 24 obtained full sequences were classified as unique OTUs. The
remaining 2 full sequences and 106 partial gene sequences were grouped within
these OTUs on the basis of full sequence analysis by DOTUR or because of
partial sequence similarity by BLAST algorithms against the University of
Vienna dsrAB database. OTUs were named after the first recovery of an included
clone sequence and therefore may not be unique to the site (or enrichment
culture) from which that sequence originated (e.g., WSMA38 was recovered

TABLE 1. Metal concentrations in western Stege Marsh

Sample location Depth
(cm)

Total concn (ppm or ppb)a

pH
As Cd Cu Pb Hg Zn

AMD pond (predredge) 0 1,020 2 193 37 1 517 3.1
20 746 3 745 289 28 945 4.8
40 1,330 44 1,640 1,240 166 5,000 6.1

Upper tidal slough 0 1,400 23 85 70 3 300 6.9
20 110 9 320 72 40 710 7.6
40 4 3 15 7 0 28 7.8

Lower tidal slough 0 23 7 93 80 1 260 7.4
20 190 10 500 140 22 1,300 8.2
40 17 4 200 84 40 410 8.7

Main channel 0 5 5 10 3 0 30 8.5

a Typical upper range values, as determined by whole-sediment acid digestion and inductively coupled plasma optical emission spectroscopy (ICP-OES) or inductively
coupled plasma mass spectrometry (ICP-MS) analysis (or cold-vapor atomic fluorescence spectrometry �for Hg�). Values for all sites are given as ppm, except for the
“main channel” values, given in ppb.

4820 MOREAU ET AL. APPL. ENVIRON. MICROBIOL.



from both the AMD pond and the upper tidal slough). 16S rRNA gene cloning
and sequencing were also performed, and the results are discussed in the sup-
plemental material. All full gene sequences were subjected to rarefaction and
coverage analysis by use of DOTUR (see Fig. S2 in the supplemental material).
Results from 16S rRNA gene phylogenetic analysis are presented as a consensus
maximum likelihood tree (see Fig. S3 in the supplemental material).

Culture. Inocula for SRB culture were derived from pyrite cinders (WSMC)
and AMD pond sediments resuspended in site water. SRB enrichment cultures
were established from both types of inocula, using DSMZ410 (brackish Desul-
fovibrio) medium (www.dsmz.de) amended with lactate, pyruvate, fumarate, pro-
pionate, or hydrogen with acetate and CO2. SRB cultures were also grown in
either �1.2 M NaCl (WSMX dsrAB sequences) or 132 �M Cu(II) (WSMU
dsrAB sequences). For the latter, a copper toxicity assay medium (MTM) (88)
was substituted for DSMZ410 medium and modified to include �1 mM FeSO4.
All cultures were incubated in the dark at �25°C in 120-ml glass serum bottles
(Bellco, Vineland, NJ) containing �50 ml of medium under either a 100% N2 or
80% H2–20% CO2 headspace and crimp sealed with aluminum caps over butyl
rubber septa. Cells from positive growth enrichments were transferred to ana-
erobic 1.5% (wt/vol) agar roll tubes for attempted SRB species isolations. Se-
lected colonies were picked individually with sterile glass pipettes for transfer to
liquid culturing medium for further dilution to extinction and attempted isola-
tion. Subsamples of the final positive growth dilution were stained with 4�,6-di-
amidino-2-phenylindole (DAPI) and evaluated by epifluorescence microscopy
for their degree of morphological variability. Cultures that exhibited �90%

morphological uniformity were further tested for species-level purity via PCR
amplification and cloning of amplified DsrAB genes.

Dilution series culturing (22) was also conducted to estimate in situ SRB cell
densities in pyrite cinders and acid pond sediments. Pyrite cinder- or sediment-
derived inocula were injected through butyl rubber septa into anaerobic deep
agar tubes of DSMZ410 medium in a dilution transfer series, similar to the
approach used for attempted isolations from enrichment cultures, but following
the “deep agar tube” enumeration method of Postgate (82). CFU within agar
“plugs” were counted and multiplied by the dilution factor to obtain estimates of
in situ SRB cell densities.

Isotope measurements. Sediment splits from each depth and each core were
dried overnight at �60°C to permit crushing to a fine powder. Splits were neither
disaggregated nor agitated prior to drying so that exposure of reactive surface
areas of acid-volatile sulfides (AVS) to oxidation to elemental sulfur (14) was
minimized. Between 1 and 2 g of each powdered sample was processed by an
AVS and chromium-reducible sulfide (CRS) extraction-distillation method (16).
CRS extractions also recovered any small amounts of elemental sulfur produced
during the initial drying of sediment splits. Sulfur recovered from each fraction
(as Ag2S) was weighed and compared to initial powdered weights to estimate the
concentrations of AVS and CRS recovered from each depth. A small amount of
the sulfur isotope ratio standard NBS123 (http://www.nist.gov/) was subjected to
this extraction process to test the efficiency of sulfur recovery with respect to
mass conservation and/or isotopic fractionation. All acid extractions were per-
formed at the Department of Geology of the University of California—Davis.

FIG. 1. Consensus maximum likelihood tree of inferred dsrAB translated amino acid sequences. Numbers of amino acid sequences used for
each alignment are shown after each clone/species name. The asterisk indicates the dominant sequence found in all dsrAB environmental clone
libraries constructed in this study.
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Pore waters were removed from each 4-cm interval of sediments (10-cm
intervals in the AMD pond core due to the increased specific yield of pore water
in the coarser cinders) from a replicate set of core splits by centrifugation and
decanting (6,000 � g for 5 min, three times). Solutions extracted from each
segment varied from 10 to 40 ml in volume (except for AMD pond sediments,
which yielded 5- to 8-ml samples). Extracted solutions were centrifuged at
10,000 � g for 10 to 15 min per segment to collect remaining fine particles as
pellets to be added to DNA extractions. Supernatant subaliquots of 1 ml were
exposed dropwise to 4 M acetic acid until CO2 evolution ceased and then were
mixed with 1 ml of 1 M BaCl2 to precipitate aqueous sulfate as barite for sulfur
isotopic analysis (79). Barite samples were dried overnight at �60°C and crushed
into fine powders. Sulfate in acid pond and tidal slough surface waters was
processed in the same way. Remaining solutions for each depth were split for
duplicate analyses of sulfate concentration by ion chromatography (Dionex
Corp., Sunnyvale, CA). Sulfur isotopic analyses were conducted at UC Davis and
UC Berkeley, using GV Micromass continuous-flow–isotope ratio mass spec-
trometers (CF-IRMS) preceded by elemental analyzers. International Atomic
Energy Agency (IAEA) S-1, S-2, and S-3 standards (for 	34SV-CDT values [see
Table S1 in the supplemental material]) were used for external and internal
calibration. 	34S values are reported in parts per thousand, or per mille (‰),
relative to Vienna-Cañon Diablo troilite (V-CDT) (28). Each standard’s com-
position was determined as an unknown by three-point calibration to two other
standards plus a well-characterized proxy (	34SV-CDT 
 5.6‰ � 0.1‰). All
uncertainty values represent 2 standard deviations from the mean.

Nucleotide sequence accession numbers. The dsrAB sequences were deposited
in GenBank (9) under accession numbers GU288599 to GU288620.

RESULTS

Typical pH values of surface waters across western Stege
Marsh ranged from 2.1 to 5.6 in the AMD pond and from 5.6
to 7.2 and 7.6 to 8.6 in the upper and lower tidal sloughs,
respectively. After dredging, the AMD pond area (acid sulfate
soil) exhibited consistently lower pH values, ranging from 1.8
to 3.4. Total surface water AVS concentrations ranged from
�3 �M in the AMD pond and acid sulfate soil to 4 to 5 �M in
the upper and lower tidal sloughs. Pore waters obtained from
depths of �4 cm yielded little dissolved sulfide (i.e., �3 �M).

The dsrAB sequences shown in Fig. 1 were derived from

SRB families Desulfobacteraceae, Desulfovibrionaceae, Desul-
fobulbaceae, and Syntrophobacteraceae; the genera Desulfobac-
terium and Desulfoarculus; and the phylum Firmicutes. Se-
quences from some enrichment cultures were detected in the
marsh sediment clone libraries. The phylogeny of all dsrAB
clone sequences (and their closest relatives) is presented in
Table 2. The site-specific distribution of unique dsrAB clone
DNA sequences (OTUs) of �1.7 kb long (or �582 amino
acids) and representative of the diversity in all sampling sites
and positive growth enrichment cultures is presented in Table
3. Rarefaction and coverage analytical results are presented in
Fig. S2 in the supplemental material and are discussed in the
supplemental material.

Enumeration of cells in deep agar tube dilutions of inoc-
ula derived from cinder and AMD pond sediments yielded
�9.3 � 102 and �2.3 � 102 SRB cells ml�1 sediment slurry,
respectively. These estimates were �7 orders of magnitude
lower than those obtained for tidal slough dilution series.
Fumarate-amended WSMC and lactate-amended WSMX
and WSMU enrichment cultures exhibited SRB growth after
several days to roughly 2 weeks. In cases of increased salin-
ity and dissolved copper concentration, SRB growth was
observed in media containing up to 1.2 M NaCl and 132 �M
Cu(II), respectively. A control culture of Desulfovibrio des-
ulfuricans G20 did not grow in copper concentrations of �16
�M. WSMX and WSMU enrichment cultures contained
both vibrio- and rod-shaped cell morphologies, with an ap-
parent selection for rod-shaped cells as the cultures aged
from several days to 2 weeks. Subsequent attempts to isolate
SRB species from either enrichment medium resulted in
mixed cultures or cocultures only. However, aged enrich-
ment cultures seemed to be dominated, on the basis of
partial gene sequencing, by a single dsrAB OTU (WSMX4)

TABLE 2. Phylogeny of Stege Marsh dsrAB sequences

Clade Cluster OTUa Most related dsrAB sequence(s) (GenBank accession no.) %
Similarity

1 Desulfobacteraceae D18 PIMO2B05 (AY741564), Desulfosarcina variabilis (AF191907) 71
F24 PIMO3C12 (AY741572), Desulfosarcina variabilis (AF191907) 78
D41 Desulfococcus multivorans (U58126) 83
A26 PIMO2D08 (AY741561) 81
A19 VN3 (AY953395) 70
O12 Desulfosalina propionicus PropA (DQ386237) 85
A36 VN3 (AY953395) 67
F8 VN3 (AY953395) 55

2 Desulfovibrionaceae O1 Desulfovibrio fructosivorans (AB061538) 89
O21 Desulfovibrio fructosivorans (AB061538) 83
C6 Desulfovibrio fructosivorans (AB061538) 87

3 Desulfobacterium A18 Desulfobacterium anilini (AF482455) 81
4 Desulfobulbaceae D37 PIMO8H06 (AY741580) 99

F21 PIMO8H06 (AY741580) 81
O13 PIMO3D11 (AY741574) 81

5 Syntrophobacteraceae/Desulfoarculus A38 Sbll-40 (AY167465) 82
D8 Desulfoarculus baarsii (AF334600) 70
F25 Guaymas B01P021 (AY197431) 90

6 Deeper branches O15 VN10 (AY953402) 62
D4 VN10 (AY953402) 68
A21 Sbll-36 (AY167469) 45
X4 Desulfosporosinus orientis (AF271767) 71

a A, AMD pond; C, pyrite cinder enrichment culture (DSM410 amended with �1 mM fumarate); D, upper tidal slough; F, lower tidal slough; O, acid sulfate soils
(dredged AMD pond sediments); U, 132 �M Cu(II) enrichment culture (modified MTM �88�); X, �1.2 M NaCl in DSM410 medium amended with �10 mM lactate.
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most closely related to Desulfosporosinus orientis (Fig. 1;
Table 2).

Pore water sulfate and CRS concentrations as a function of
sediment depth are shown in Fig. 2. Sulfate concentrations in
the AMD pond area increased and remained nearly constant
with depth before and after dredging, respectively. Tidal
slough sulfate concentrations decreased nearly linearly with
depth.

Interlaboratory comparisons of IAEA silver sulfide stan-
dards showed good agreement (see Table S1 in the supple-
mental material). A total of �93% � 1% of an NBS123 test
sample was recovered by acid extraction and gave a 	34SV-CDT

composition of �15‰. The difference from the published
value of 14.3‰ (23) was a result of calibration to the IAEA
standards (28). Results from sample analyses showed large
variability and suggested complex sulfur isotope systematics.
The 	34SV-CDT composition of AMD pond predredging sur-
face water sulfate obtained at low tide was 1.4‰ � 0.1‰,
roughly the same as that of the original pyrite ore from which
cinder deposits were derived (	34SV-CDT 
 1.14‰ � 0.1‰).
The 	34SV-CDT of sulfate from lower slough surface water was
19.9‰ � 0.1‰, which is slightly lower than the generally
accepted value for seawater (�21‰) or the value for seawater
sulfate (22.6‰) calibrated to the IAEA standards used in this
study (25). All sediment and pore water sulfur isotope data
here are reported as 	34SV-CDT, with subscripts indicative of
the sample type (e.g., SO4

2�, AVS, CRS, etc.).
Sulfur isotope compositions for all other aqueous sulfates

and for CRS are plotted versus depth in Fig. 3. For all but the
AMD pond predredging samples, we observed highly variable
	34S values with depth. Only for samples from depths of �5 cm

for the AMD pond predredging samples and of �20 cm for
upper slough pore waters were 	34SSO4 values obtained that
approached that of seawater. Otherwise, negative excursions in
	34SSO4 (as low as �14.3‰) from that of seawater were ob-
served in the AMD pond postdredging samples and in the
upper and lower tidal sloughs. With the exception of depths
below 10 to 15 cm in the AMD pond predredging and upper
slough samples, 	34SCRS compositions clustered around
�21‰. Exceptions occurred for the AMD pond and acid
sulfate soils at �10- and �20-cm depths, where 	34SCRS be-
came significantly heavier (up to 10‰) and lighter (down to
�51‰), respectively.

DISCUSSION

Within the marsh, pH values varied significantly over rela-
tively short lateral distances along the AMD flow path (see Fig.
S1 in the supplemental material). This pH gradient resulted
from both tidal and groundwater dilution (or buffering by dis-
solved bicarbonate) of the AMD stream. Where AMD pond
sediments were exposed by dredging, pH values ranged from
�2 to �4, independent of the location within this area. Tidal
flooding, however, could have created less acidic and/or oxi-
dizing microenvironments that offered more hospitable condi-
tions for SRB growth (8). The result was most likely a complex
spatial and temporal environment with respect to acidity and
metal concentrations, two primary determinants of SRB spe-
cies distribution and metabolic activity (60, 63, 88). The growth
of SRB detected in the AMD pond (before and after dredging)
may have been restricted to these microenvironments, as ob-
served or inferred by previous studies of oxidizing marine sed-

TABLE 3. Distribution of dsrAB sequences from western Stege Marsh

OTU
No. of occurrencesa

Total no. of
occurrences Group

A C D F O U X

WSMA21 1 1 I
WSMA18 6 1 2 1 10 I
WSMA36 2 1 1 4 I
WSMA19 1 1 2
WSMA38 1 1 2
WSMD37 1 1 1 3
WSMF24 1 1 1 1 4
WSMC6 16 15 14 6 7 58
WSMD18 2 2 II
WSMD41 2 2 II
WSMD4 1 1 II
WSMO13 1 1 2 II
WSMA26 2 8 1 11 II
WSMF8 2 2 III
WSMF21 1 1 III
WSMF25 1 1 III
WSMD8 1 2 3 III
WSMO1 1 1 IV
WSMO12 1 1 IV
WSMO15 1 1 IV
WSMO21 1 1 IV
WSMX4 4 3 7

Total 31 15 35 16 15 4 4 120

a A, AMD pond; C, pyrite cinder enrichment culture (DSM410 amended with �1 mM fumarate); D, upper tidal slough; F, lower tidal slough; O, acid sulfate soils
(dredged AMD pond sediments); U, 132 �M Cu(II) enrichment culture (modified MTM �88�); X, �1.2 M NaCl in DSM410 medium amended with �10 mM lactate.
A total of 120 full and partial DsrAB genes were sequenced.
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iments (48), acidic mine tailings (33, 83), and AMD-treated
permeable reactive barriers (8), until conditions suitable for
broader colonization could be reestablished.

The four sampling sites (AMD pond, acid sulfate soils, and
upper and lower tidal sloughs) contained different but over-
lapping populations of close SRB relatives (Table 3). Although
the detection of some OTUs at multiple sites and times could
simply have reflected recent changes in geochemical condi-
tions, we saw a clear separation of two OTU groups, associated
with the upper (group II) and lower (group III) tidal sloughs.
Although we cannot rule out undersampling of dsrAB diversity
due to PCR amplification bias or undersequencing, our results
showed a wider apparent distribution of Desulfobacteraceae in
both the uncontaminated and heavily contaminated sediments,
while Desulfobulbaceae relatives were less commonly observed.

The clear difference between groups I and IV (present in

pre- and postdredged AMD pond sediments) indicated selec-
tion for different SRB types based on the pH, metal(loid)
concentrations, and salinity associated with each site. The de-
tection of a Desulfosalina relative (O12) supported some de-
gree of selection for halotolerance. Other OTUs (O15, D4, and
A21) related to acidic fen soil SRB clones may represent an
acid-tolerant group with few or no cultured representatives.

In contrast to the differentiated groups, other OTUs were
detected under highly variable environmental conditions (A19,
A38, C6, D37, and F24). Thus, they appeared to be versatile
SRB which were also resilient to AMD contamination. Fur-
thermore, several clones (groups II and III) represented
relatives of substrate-versatile species such as Desulfococcus
multivorans (105) and Desulfoarculus baarsii (29). These phy-
lotypes occurred on multiple branches of the dsr tree (Fig. 1),
but none belonged to the Desulfovibrionaceae or deeper

FIG. 2. Concentration profiles of pore water sulfate (A) and extractable sulfide minerals (B) with depth for Stege Marsh sampling sites. x axis
uncertainties represent 2 standard deviations from the mean and estimated weighing precisions for sulfate and sulfides, respectively. y axis
uncertainties reflect scales of homogenization of samples obtained from sediment coring.
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branches. OTU F24 was most closely related to Desulfosarcina,
a substrate-versatile, completely oxidizing SRB often identified
in natural and contaminated coastal and marine settings (20,
38, 59, 75, 80, 85, 86). Desulfosarcina was consistently found,
for example, in Plum Island dsr libraries and may be common
to salt marsh ecosystems in general (3, 58). Desulfosarcina spp.
are also capable of oxidizing aromatic hydrocarbons (18) that
contaminate many urban wetlands (54).

Desulfovibrio species are common SRB in coastal marine
sediments (87) and were the dominant group of bacteria de-
tected in this study. OTU C6, the most common dsr sequence
recovered from multiple sites, may represent a highly adaptive
Desulfovibrio species. The closest relative, Desulfovibrio fructo-
sivorans, is known for its unique ability among SRB to oxidize

fructose, a root exudate of the dominant salt marsh grass
Spartina alterniflora (78).

OTU X4, which is most closely related to Desulfosporosinus
orientis, dominated high-salinity enrichment cultures. The
most-concentrated Cu(II)-containing cultures were also dom-
inated by the rod-shaped morphotype and endospores associ-
ated with Desulfosporosinus spp. In contrast, growth of a De-
sulfovibrio desulfuricans G20 control culture was significantly
inhibited by a Cu(II) concentration of �16 �M (88; this study).
Copper tolerance may have been achieved in part by sorption
of Cu2
 to some cells (19, 73). Although it was undetected in
environmental samples, X4 represents a species cultivated
from marsh sediments that exhibits some degree of tolerance
to the copper and salinity concentrations associated with AMD
contamination and periodic desiccation. Furthermore, sulfate
reduction under acidic conditions (pH 3.8 to 4.2) has been
demonstrated for a Desulfosporosinus orientis relative (55).

In contrast to previous findings (49), the 16S rRNA and
dsrAB gene phylogenies of salt marsh whole-community DNA
extracts were inconsistent. Fewer 16S rRNA gene sequences
with known or likely sulfate-reducing closest relatives were
obtained than were dsrAB sequences from the same sediment
samples. For example, no Desulfobulbus, Syntrophobacter, De-
sulfoarculus, or Desulfosporosinus 16S rRNA gene sequences
were detected in samples from which related dsrAB sequences
were successfully recovered. This result supports the use of
dsrAB genes as a measure of SRB diversity in environmental
studies.

Sulfur isotope measurements allowed indirect assessment of
SRB metabolic activity. Negative 	34SCRS values supported a
primary role for SRB in the production of authigenic metal
sulfides. The clustering of 	34SCRS values around �21‰ sug-
gests the dominance of a particular metabolic guild of SRB
species (26), consistent with our detection of a single dominant
dsrAB phylotype (WSMC6, a close relative of Desulfovibrio
fructosivorans). An excursion to lower values in the AMD pond
postdredging (acid sulfate soil) likely reflects a contribution to
sulfur redox cycling from sulfur-disproportionating bacteria
(17). Indeed, vertical stratification of potential oxidants insuf-
ficiently represents a system in which brackish tidewaters and
fresher groundwaters exchange diurnally, especially within
marsh sloughs (97) or where bioturbation can increase sedi-
ment structural complexity (61). Higher 	34SCRS values ap-
proaching or exceeding 0‰ in the AMD pond (predredging)
clearly reflected increased contributions from abiotically
formed pyrite associated with cinder deposits, consistent with
the observed increase in the concentration (wt%) of CRS in
this site at certain depths.

Interestingly, most 	34SSO4 values suggested that the tidal
slough sediments exhibited open-system behavior with respect
to sulfate, consistent with an influx of sulfate-depleted ground-
water during periods of tidal retreat. The data suggest that
large quantities of biogenic (isotopically lighter) bisulfide
(HS�) must have been reoxidized chemically or microbially to
produce 	34SSO4 values lower than that of seawater. This ob-
servation is consistent with reports that �95% of biogenic
sulfide is recycled in salt marsh sediments, with roughly half
coming from dissolved S(II) (92). Bacteria such as Thiobacillus
denitrificans are well known to couple the reoxidation of solid-
phase sulfide (FeS) to nitrate reduction (6), thereby extending

FIG. 3. Sulfur isotope ratio profiles of pore water sulfate (A) and
chromium-reducible sulfides (B). }, AMD pond predredging; F,
AMD pond postdredging; f, upper tidal slough; Œ, lower tidal slough.
x axis uncertainties represent 2 standard errors of the mean (2 or 3
replicates), with the exception of the AMD pond predredging and
upper tidal slough CRS values, where the uncertainties represent the
largest value for 2 standard errors of the mean for IAEA standards
obtained during analysis of these samples. y axis uncertainties reflect
scales of homogenization of samples obtained from sediment coring.
For reference, the 	34S value of AMD sulfate is 1.14‰ � 0.1‰, and
the 	34S value of seawater is �21‰.
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S(II) oxidation from the oxic to the suboxic zone in flooded
sediments.

We noted that 16S rRNA gene sequences amplified from
Stege Marsh sediments (see Fig. S3 in the supplemental
material) revealed close relatives of the epsilon- and gam-
maproteobacterial subgroups of Thiomicrospira (note that
the epsilonproteobacterium Thiomicrospira denitrificans was
reclassified as Sulfurimonas denitrificans [93]). This chemo-
lithoautotrophic genus can also couple the oxidization of aque-
ous sulfide to the reduction of nitrate (36), producing inter-
mediate redox-state sulfur species and sulfate (53, 64), similar
to Thiobacillus denitrificans, and Sulfurimonas denitrificans was
the closest relative to several of our 16S rRNA gene clones.
Nitrate concentrations in Stege Marsh varied from 11 to 44
mg/liter in groundwater inputs (47) to below the detection
limits in slough sediment pore waters (�0.5 mg/liter). These
observations collectively suggested that sulfide oxidation cou-
pled to nitrate reduction by anaerobic sulfide-oxidizing bacte-
ria (such as Sulfurimonas) could explain observed trends in
sediment and surface water sulfate and nitrate concentrations.
Recent studies highlight the importance of anaerobic sulfide-
oxidizing bacteria in the oxidative (re)cycling of reduced sulfur
species (91).

The 16S rRNA gene sequence data also revealed a contin-
gent of environmental clones most closely related to Halothio-
bacillus (52) (see Fig. S3 in the supplemental material), a
halotolerant obligate aerobe capable of oxidizing sulfide. We
noted that pore water salinity during high tides typically ap-
proached 42 to 47 mM NaCl, and it increased in some places
to roughly 1.2 M during the lowest tides. These increased
salinity levels are interpreted to have selected for close rela-
tives of Halothiobacillus. Therefore, sulfate concentration pro-
files in the tidal slough sediments reflected a combination of
microbial seawater sulfate consumption (via BSR) and bio-
genic bisulfide reoxidation (both aerobic and anaerobic), with
periodic tidal retreat and groundwater influx.

In contrast, sulfate concentrations in the AMD pond re-
mained consistently higher due to the input of oxidizing cin-
ders, even during the lowest tides. This observation was most
evident in the acid sulfate soil-like AMD pond sediments after
dredging, where cinders and authigenic sulfides were most
exposed to oxidative weathering. Values of 	34SSO4 and
	34SCRS for AMD pond sediments reflected more closed-sys-
tem characteristics, and both seawater sulfate and biogenic
chromium-reducible sulfides evidently contained some isotopic
“contamination,” from AMD-derived sulfuric acid and cinders,
respectively.

In conclusion, phylogenetic analyses of recovered dsrAB se-
quences revealed the association of distinct SRB groups within
the marsh community. Some of these SRB groups appeared
uniquely associated with an environment, while others spanned
geochemical gradients. Both clone libraries and sulfur isotopic
data supported the existence of a metabolically active SRB
community throughout the marsh, including within the most
acidic sediments. More active and resilient SRB species play a
greater role in influencing the linked biogeochemical cycles of
sulfur and chalcophilic metal(loid)s in Stege Marsh and other
brackish wetlands. The efficiency of metal sulfide precipita-
tion is tempered by microbial sulfide reoxidation occurring

on diurnal timescales and mediated by the activities of both
aerobic and anaerobic sulfide-oxidizing bacteria.
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acid mine drainage in bioreactors using sulfate-reducing bacteria: critical
review and research needs. J. Environ. Qual. 36:1–16.

77. Nicomrat, D., W. A. Dick, and O. H. Tuovinen. 2006. Assessment of the
microbial community in a constructed wetland that receives acid coal mine
drainage. Microb. Ecol. 51:83–89.

78. Pakulski, J. D. 1986. Release of reducing sugars and dissolved organic
carbon from Spartina alterniflora Loisel in a Georgia salt marsh. Estuar.
Coast. Shelf Sci. 22:385–394.

79. Paytan, A., M. Kastner, E. E. Martin, J. D. Macdougall, and T. Herbert.
1993. Marine barite as a monitor of seawater strontium isotope composi-
tion. Nature 366:445–449.
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