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INTRODUCTION

The formation of hypoxia/anoxia and accumulation
of sulfide in bottom waters due to eutrophication, shifts
in climatic forcing, or both has been documented in
freshwater (Effler et al. 1988) and saline lakes (Watts et
al. 2001, Barić et al. 2003), and the coastal ocean
(Seliger et al. 1985, Turner & Rabalais 1994, Malakoff

1998, Naqvi et al. 2000, Weeks et al. 2004, Lavik et al.
2009). In some instances, toxic levels of sulfide mix into
shallower waters via storm events and changes in cur-
rents, leading to increased mortality of organisms due
to long-term deoxygenation of the water column
(Weeks et al. 2002, Luther et al. 2004, Ciglene<ki et al.
2005, Tiffany et al. 2007a). In addition, the formation of
precipitated minerals (i.e. gypsum), elemental sulfur,
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or polysulfides allow for visualization of these events
from the surface (Takeda et al. 1991, Fallesen et al.
2000) and from satellite observation (Weeks et al. 2004,
Tiffany et al. 2007c, Lavik et al. 2009). While affected
coastal ocean regions may be larger in extent,
enclosed environments such as bays, fjords, and lakes
are easier to sample and monitor, and make excellent
candidates for studying the effects of water quality
deterioration on food webs.

The Salton Sea is a large (980 km2), shallow (8 m av-
erage depth), eutrophic, moderately hypersaline (48 to
50 g l–1) lake located in the southern California desert,
USA (see Fig. 1). During a reconnaissance study from
1997 to 1999, the seasonal formation of anoxia and sul-
fide in bottom waters after thermal stratification devel-
oped was documented (Watts et al. 2001). Periodic
wind storms mix oxygen-depleted, sulfide-rich bottom
waters to the surface, causing mass mortality of plank-
ton (Tiffany et al. 2002, 2007a,b), benthic invertebrates
(Detwiler et al. 2002), and fish (Riedel et al. 2002), as
well as the precipitation of gypsum (Tiffany et al.
2007c). Previously referred to as ‘green tides’ (Watts et
al. 2001) and ‘greening events’ (Swan et al. 2007), sul-
fide irruption events in the Salton Sea mainly occur in
late summer to early fall and can be detected and
tracked remotely using satellite imagery (Tiffany et al.
2007c). Although the affects of sulfide irruptions on the
macroecology of the Salton Sea have been docu-
mented, investigations of changes within the microbial
community have not been conducted. Studies of poten-
tial effects on microbial diversity and community struc-
ture in other environments are also lacking (but see
Lavik et al. 2009), and no studies to date have consid-
ered the archaeal component.

We sampled a sulfide irruption event on 3 September
2005 in the Salton Sea that was initially detected by
satellite. Changes in bacterial and archaeal community
structure and diversity as a function of water column en-
vironmental gradients (i.e. sulfide concentration) were
investigated. We postulated that differences in the types
and abundances of microbial taxa would reveal a ‘micro-
bial signal’ within recently up-welled, sulfide-rich bot-
tom waters, thus further distinguishing more recently
mixed water masses from less affected regions. The eco-
logical consequences and cycling of reduced sulfur com-
pounds (i.e. dimethylsulfoniopropionate [DMSP], sul-
fide) by the microbial community during sulfide irruption
events in the Salton Sea are discussed.

MATERIALS AND METHODS

Sample collection and processing. Sampling tran-
sects and station locations were chosen after observa-
tions of large differences in water color were made

from a personal aircraft flying approximately 300 m
above the lake (Fig. 1A). Exact locations and water
depths of each sampling station are given in Fig. 1B
and Table 1.

Water samples for DNA extraction and sulfide
determination were collected at each station using a
5 l Niskin sample bottle. Subsamples (1 l) for DNA
extractions were placed in acid-washed, autoclaved
polypropylene bottles and stored (<4 h) on ice before
gentle filtration onto Sterivex (0.2 µm, Millipore) fil-
ter capsules by peristaltic pump. Prior to Sterivex fil-
tration, water samples were filtered through 20 µm
nylon mesh to remove zooplankters and large pro-
tozooplankton (i.e. ciliates). Water volume (0.3 to
0.9 l) filtered through capsules was dependent on
particulate matter concentration. Following filtration,
excess water was expelled from capsules with empty
sterile syringes, and the capsules were wrapped in
sterile aluminum foil and frozen on dry ice. Capsules
were later (<24 h) transferred to –80°C until DNA
extraction.

Water column profiles. Depth profiles of tempera-
ture, oxygen, and specific conductivity were measured
at 1 m intervals using a YSI 85 meter and submersible
probe. Water samples (40 ml) for sulfide determination
were collected at 2 m intervals. Each sample was col-
lected in acid-washed glass vials containing an equal
volume of sulfide antioxidant buffer (SAOB) solution
(Orion) and placed immediately on ice. Sulfide concen-
trations were determined in the laboratory within 48 h
using a sulfide-specific electrode (Orion) and appropri-
ate standards.

DNA extraction and terminal restriction fragment
length polymorphism (T-RFLP) analysis. Filters were
removed from Sterivex capsules and cut in half using
sterile razor blades and tweezers. DNA extraction from
1 filter half was done using the FastDNA SPIN Kit for
Soil (Qbiogene) according to manufacturer’s instruc-
tions. The second filter half was stored (–80°C) as
archived material. Extracted DNA was further purified
using the Wizard SV Gel and PCR Clean-up System
(Promega) and quantified using PicoGreen.

Archaeal and bacterial community structure was
determined by T-RFLP (Avaniss-Aghajani et al. 1994).
Duplicate 50 µl PCR reactions were prepared and
contained 50 ng template DNA, 0.2 µM forward
primer, 0.2 µM reverse primer, 1× Qiagen PCR buffer,
1.5 mM MgCl2, 200 µM deoxynucleoside triphosphate
(dNTP), 0.2 mM BSA (New England Biolabs [NEB]),
and 2.5 U Taq DNA polymerase (Qiagen). Partial
archaeal 16S rRNA genes were amplified using
labeled (6-carboxyfluorescein [FAM], Eurofins MWG
Operon) universal forward primer 519f (5’-CAG CMG
CCG CGG TAA TWC-3’; Lane et al. 1985), the
archaeal-specific reverse primer 1397r (5’-GTG TGC
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AAG GRG CAG GGA-3’; J. A. Fuhrman unpubl.
data), and the PCR amplification conditions: 3 min

hot start at 95°C, followed by 30 cycles (45 s denatur-
ing at 94°C, 1 min annealing at 57°C, 2 min extension
at 72°C), and a final extension step of 5 min at 72°C.
Partial bacterial 16S rRNA genes were amplified
using the FAM-labeled bacterial-specific forward
primer 27f (5’-AGA GTT TGA TCM TGG CTC AG-
3’; Lane 1991), the universal reverse primer 1392r (5’-
ACG GGC GGT GTG TRC-3’; Lane 1991), and the
PCR amplification conditions: 2 min hot start at 95°C,
followed by 30 cycles (45 s denaturing at 95°C, 45 s
annealing at 55°C, 90 s extension at 72°C), and a final
extension step of 7 min at 72°C. Amplicon sizes
were checked using gel electrophoresis (0.8% aga-
rose, 30 min at 80 V) and visualized after SYBR Gold
(Molecular Probes) staining.

PCR products were quantified (PicoGreen) and
duplicate 40 µl restriction digest reactions containing
50 ng PCR product, 5.0 µl 1× enzyme buffer (20×, NEB),
0.5 µl BSA (10 mg ml–1), and 0.5 U of restriction
enzyme (NEB) were prepared for each sample and
digested for 8 h. Restriction enzymes HhaI, DdeI, and
DpnI were used for Archaea, and HhaI, HaeIII, and
RsaI were used for Bacteria. Digestion products were
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Stn Depth (m) Latitude (N) Longitude (W)

S1 0 33° 28.33’ 115° 55.00’
M1 4
D1 12

S2 0 33° 25.00’ 115° 55.00’
M2 6
D2 12

S3 0 33° 21.58’ 115° 55.00’
M3 4
D3 9

S4 0 33° 20.00’ 115° 55.00’
M4 4
D4 8

S5 0 33° 21.00’ 115° 51.00’
M5 6
D5 12

S6 0 33° 18.00’ 115° 48.00’
M6 6
D6 12

Table 1. Location and water depth of sampling stations

Fig. 1. (A) Map of the Salton Sea showing station locations (s) along 2 transects (dashed line) sampled for water column pro-
perties, microbial community structure, and phylogenetic composition. Background image is a moderate resolution imaging
spectroradiometer (MODIS) Aqua satellite true color image collected on sampling date 3 September 2005. Patches of bright
green-colored water are visible in both basins. Previous studies determined precipitating gypsum particles formed during sul-
fide oxidation change the optical properties of the water, causing distinct, bright green surface water masses to appear within
sulfide-impacted regions. (B) Depth and location of all sampling stations along each transect. Shaded regions in (B) represent the 

approximate location of the lake bottom
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purified and concentrated (Montage PCR Centrifugal
Device, Millipore), quantified (PicoGreen), and diluted
to an equivalent DNA concentration. Products were
run in duplicate on an ABI PRISM 3100 Genetic Ana-
lyzer (Applied Biosystems) at the Genomics Tech-
nology Support Facility (GTSF) at Michigan State
University. Electropherograms were analyzed using
GeneScan v. 3.1 software (Perkin-Elmer).

T-RFLP statistical analysis. Terminal restriction frag-
ment (TRF) peaks ≥50 fluorescent units (e.g. above
background), and constituting ≥0.5% of total sample
peak area, were manually aligned by comparison to an
internal size standard. Duplicate T-RFLP profiles were
compared and non-replicated TRF peaks were
removed from further analyses. Replicated TRF peak
areas were averaged and relative peak areas of each
TRF were determined by dividing individual TRF peak
areas by total sample area (based on replicated TRF
peaks only).

Microbial community structure patterns were evalu-
ated using hierarchal cluster and non-metric multi-
dimensional scaling (NMDS) analysis (Clarke 1993).
Hierarchal cluster analysis was performed on TRF rel-
ative abundance and presence/absence data using the
Bray-Curtis (BC) similarity index and flexible-beta
linkage (β = –0.25; McCune et al. 2002). NMDS is an
ordination technique that plots samples as points in
low-dimensional space, while attempting to maintain
the relative distances between points as close as possi-
ble to the actual rank order of similarities between
samples. Thus, sampling stations with similar commu-
nity structures are plotted closer together in ordination
space. A stress factor is calculated for each NMDS
ordination and indicates how well plotted configura-
tions of sample distances agree with original rank
orders calculated from the similarity matrices. NMDS
analysis of T-RFLP profiles was performed using previ-
ously calculated BC indices for TRF relative abun-
dances.

Relationships between microbial community struc-
ture and environmental variables were examined
using the BEST procedure (Clarke & Warwick 2001),
which calculates modified Spearman rank correlation
coefficients (ρs) between NMDS configurations and
Euclidean similarity matrices of all possible environ-
mental variable combinations. Sulfide concentrations
were log-transformed before calculating Euclidean
similarities, whereas dissolved oxygen and tempera-
ture values were not transformed. Cluster analysis was
done using XLStat (AddinSoft SARL) and all NMDS
calculations were performed using PRIMER v. 6.0
(Primer-E).

Clone libraries and phylogenetic analysis. Archaeal
and bacterial 16S rRNA gene clone libraries were con-
structed from 2 stations (S5 and M6) that differed in

community structure (e.g. T-RFLP patterns) and envi-
ronmental condition (e.g. sulfide concentration). PCR
conditions and primers used for cloning were the same
as those used for T-RFLP. PCR products were cloned
using the PCR CloningPlus Kit (Qiagen), and blue/
white screening of cloned plasmids was done using
Luria-Bertani (LB) agar plates containing 100 µg ml–1

ampicillin, 80 µg ml–1 X-gal, and 50 µM Isopropyl-β-D-
thiogalactoside (Teknova). Picked transformants were
grown overnight in 1.6 ml LB broth containing 0.075
mg ml–1 ampicillin, and plasmid DNA was extracted
using the QuickClean 5M Miniprep Kit (GenScript)
according to manufacturer’s instructions. Approxi-
mately 500 ng of plasmid DNA was sequenced at the
University of California Berkeley DNA sequencing
facility using T7/M13 sequencing primers. Average
partial archaeal and near full-length bacterial se-
quences were 890 and 1374 nucleotides, respectively.

A dominant (76% in Stn S5 and 100% in Stn M6)
archaeal phylotype was present in both clone libraries.
Therefore, additional cloning and sequencing from Stn
M6 was done using a second primer set, 8f (5’-TCC
GGT TGA TCC TGC C-3’) and 1492r (5’-GGC TAC
CTT GTT ACG ACT T-3’) (Sørensen et al. 2004b),
using the PCR amplification conditions: 3 min hot start
at 94°C, followed by 30 cycles (45 s denaturing at 94°C,
45 s annealing at 58°C, 3 min extension at 72°C), and a
final extension step of 5 min at 72°C. PCR products
were cloned and sequenced as previously described
and had an average length of 1450 nucleotides.

Sequence ends were trimmed and edited using
Sequencher v. 4.7 (Gene Codes, Ann Arbor, MI), and
checked for chimeras using Mallard (Ashelford et al.
2006) and Bellerophon (Huber et al. 2004). Suspect
sequences were removed prior to further analysis.
Phylotypes (≥97% sequence similarity) were deter-
mined using DOTUR (Schloss & Handelsman 2005). A
single representative sequence of each phylotype was
included in the alignments. Edited sequences were
compared to previously deposited sequences using the
RDP v. 10 Seqmatch (Cole et al. 2009) and NCBI’s
BLASTN (Altschul et al. 1990) online tools. Multiple
sequence alignments of closest-matched isolate, envi-
ronmental sequences, and clone sequences from the
present study were performed using CLUSTAL_X v.
1.81 (Thompson et al. 1997).

Neighbor-joining (NJ) trees of archaeal and bacterial
sequences, with the Jukes-Cantor nucleotide substitu-
tion correction and 1000 distance bootstrap replicates,
were constructed using PAUP* v. 4.0 beta 10 (Swofford
2003). Phylogenetic trees were exported and edited
using TreeView v. 1.6.0 (Page 1996). Phylogenetic
trees were also constructed using maximum parsimony
(HKY85 model) and maximum likelihood methods, and
resulting tree topologies were similar to those gener-
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ated using NJ methods (trees not shown). Clone library
coverage was calculated using Good’s index (C), and
richness (SChao1) and rarefaction curves were calcu-
lated using DOTUR.

Identification of bacterial TRFs. Putative phyloge-
netic identities of dominant bacterial TRFs were deter-
mined by in silico digestion of clone sequences with
HhaI using Sequencher v. 4.7 and matching observed
TRFs from T-RFLP profiles using the program TRiFLe
(Junier et al. 2008). A length discrepancy cut-off value
of ≤2 nucleotide base pairs was applied to all matches.
The relative abundance of bacterial phylogenetic
groups at each station was estimated by dividing
matched TRF peak areas by the sum of all matched
TRF peak areas.

Nucleotide sequence accession numbers. 16S rRNA
gene sequences were deposited in the GenBank data-
base under accession numbers FJ656253 to FJ656258
(Archaea) and FJ973577 to FJ973603 (Bacteria).

RESULTS

Water column properties

Sampling stations were easily distinguished by
comparisons of water temperature and sulfide con-
centration (Fig. 2). Except for 2 stations (S6 and D2),
stations with high sulfide concentration also had simi-
lar water temperatures (Fig. 2). In contrast, evidence
of daily warming was found at stations with low sul-
fide concentration, with slightly higher temperatures
being found in surface waters. Dissolved oxygen con-
centration and specific conductivity varied little by

station, with an increase in oxygen concentration
being found only at some stations (see Tiffany et al.
2007c for profiles).

Microbial community structure patterns

A total of 24 to 36 archaeal and 60 to 106 bacterial
TRFs were recovered from sampling stations using 3
different restriction enzymes. Cluster and NMDS pat-
terns were similar among restriction enzymes and
therefore only results from HhaI are presented. A dom-
inant archaeal TRF that comprised 39 to 91% of rela-
tive peak area was recovered from all samples. The
relative abundances of other archaeal and bacterial
HhaI TRFs were distributed relatively evenly, with
most TRFs accounting for ≤6% of total relative peak
area. Cluster analysis revealed that stations with simi-
lar sulfide concentration had similar community struc-
ture, and similarity values between and within main
sample groupings were similar between both micro-
bial groups (Fig. 3). NMDS ordination patterns closely
followed cluster analysis results (Fig. 4). Two-dimen-
sional NMDS ordinations were well supported, indi-
cated by low stress values for both microbial groups,
and sample configurations were best correlated with
sulfide concentration (Fig. 4).

Phylogenetic diversity

A total of 126 archaeal and 53 bacterial clones were
sequenced and classified from 2 sampling stations.
Only 6 archaeal phylotypes were identified using 2
primer sets, and rarefaction analysis indicated the
majority of estimated diversity was recovered (Fig. 5).
In contrast, a total of 27 bacterial phylotypes were
identified from both libraries, but coverage and esti-
mated richness values of individual bacterial clone
libraries indicate stations were under-sampled (Stn S5:
C = 61%, SChao1 = 28; Stn M6: C = 40%, SChao1 = 46).
Rarefaction analysis of combined bacterial libraries
also indicated expected richness was higher than was
recovered by sequencing efforts at the species (97%
similarity) level, but a large fraction of sequences at the
phylum level (80% similarity) were recovered (Fig. 5).

Partial 16S rRNA sequence phylotypes (519f–1397r
primer set) matched exclusively to sequences recov-
ered from a clone library constructed from Salton Sea
surface (0 to 1 cm) sediment (Swan et al. 2010), and
only 1 archaeal phylotype was recovered from the
high-sulfide station (Table 2). These sediment clone
sequences were recovered only from surface sediment,
classified within the euryarchaeal Marine Benthic
Group (MBG)-D, and were most similar to environ-
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Fig. 2. Property-property plot of water temperature and log-
transformed sulfide concentration quantified at each station.
Low-sulfide (7.4 to 13.6 µM) stations (d) and high-sulfide
(20.5 to 713 µM) stations (s) are each encircled by an ellipse. 

Station labels are the same as those in Fig. 1B
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mental sequences from methanogenic sediments.
Additional sequencing from the high-sulfide station
(M6) using a second primer set (8f–1492r) revealed
2 additional phylotypes that matched closely to
methanogen sequences belonging to Methanococco-
ides spp. (Orphan et al. 2008), Methanohalophilus spp.
(Orphan et al. 2008), and Methanosarcinales spp.
(Mochimaru et al. 2007) isolated from hypersaline
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Fig. 3. Hierarchical cluster analysis of terminal restriction
fragment length polymorphism (T-RFLP) profiles for (A) Ar-
chaea and (B) Bacteria using relative abundances of terminal
restriction fragments (TRFs). Bray-Curtis similarity index was
used to generate distance matrices and flexible beta
(β = –0.25) for determining linkages. Stations are listed on the
y-axes, and differences in sulfide concentration between 

sample groupings are indicated by shaded areas

Fig. 4. Non-metric multi-dimensional scaling (NMDS) analy-
sis of (A) Archaea and (B) Bacteria community structure,
based on Bray-Curtis similarities calculated using the relative
abundance of terminal restriction fragments (TRFs) obtained
by restriction with HhaI. Corresponding sulfide concentra-
tions are represented as circles in each NMDS plot. Ellipses
encircle sampling groups previously determined by cluster
analysis (see Fig. 2). NMDS topology and stress values from
TRF data generated using other restriction enzymes were
similar (data not shown). 2-D: 2-dimensional, ρs: modified 

Spearman rank correlation coefficient

Fig. 5. Rarefaction curves of phylotype (≥97% sequence simi-
larity) richness for combined bacterial and archaeal 16S rRNA
gene clone libraries from 2 sampling stations (S5 and M6).
Bacterial rarefaction curves at 3 different levels of sequence 

similarity are presented
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microbial mats and deep subsurface water from gas
fields, respectively (Table 2).

Nearly half of bacterial phylotypes (41%) belonged
to the Proteobacteria, and most were similar (>96%
similarity) to sequences of Bacteria capable of utiliz-
ing sulfur compounds for growth (Fig. 6A). Within the
Gammaproteobacteria, 1 phylotype was similar to
Thiomicrospira chilensis (Brinkhoff et al. 1999) and
another grouped with the photoautotrophic purple
sulfur bacteria Marichromatium sp. (Serrano et al.
2009) and Halochromatium sp. Six phylotypes were
phylogenetically associated with the Alphaproteobac-
teria family Rhodobacteraceae (purple non-sulfur bac-
teria), including Maritimibacter alkaliphilus (Lee et al.
2007), Rhodovulum sulfidophilum (Hiraishi & Ueda
1994), and uncultured relatives of Rhodobacter, Ro-
seobacter, and Sulfitobacter genera. Interestingly, the
isolate Maritimibacter alkaliphilus is described as
being strictly aerobic, but the majority of the water
column at all stations was anoxic. Additional phylo-
types matched clone sequences of Beta- and Delta-
proteobacteria.

Several phylotypes matched non-proteobacterial lin-
eages, including Chlorobi (green-sulfur bacteria), Bac-
teroidetes, Firmicutes, Chloroflexi, and Actinobacteria
(Fig. 6B). Members of these groups are known to uti-
lize reduced sulfur compounds or are often abundant
in anoxic marine and saline lake sediments. Two
cyanobacterial phylotypes were more similar to Syne-
chococcus spp. sequences detected in the Red Sea
(Fuller et al. 2003) and ocean waters (e.g. isolate
WH8101) than one previously reported from the Salton
Sea (Carmichael & Li 2006) (Fig. 6C).

Microbial composition patterns

Relative abundance estimates of phylogenetic
groups based on matched TRF abundances or clone
library frequencies were similar at both stations where
cloning and sequencing was done (S5 and M6),
whereas differences in abundances of some groups
were found (Fig. 7). Actinobacteria, Gammaproteobac-
teria, and Chlorobi were all greater in abundance at
high-sulfide stations than low-sulfide stations.
Cyanobacteria were the most abundant phylogenetic
group at most stations (19 to 47%), followed by Bac-
teroidetes and Alphaproteobacteria (Fig. 8). Strong
trends in abundance changes with depth were not
found between all stations sampled.

DISCUSSION

Community structure and bacterial diversity as a
function of sulfide concentration

Sulfide concentration was found to be correlated with
changes in microbial community structure, which agrees
with previous studies documenting localized shifts in
Salton Sea phytoplankton (Tiffany et al. 2007a) and zoo-
plankton (Tiffany et al. 2002) communities during sulfide
irruption events. While changes in microbial community
structure were correlated with sulfide concentration, sul-
fide levels were relatively high at all stations sampled,
indicating that other irruption events may have occurred
prior to our sampling. A large fish kill (>3 million) was
documented in late August 2005, a few weeks prior to
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Stn Primers Clone name Accession Library Closest match Similarity
no. (%) (%)

Low-sulfide (50 clones)
S5 1 SS_WC_01 FJ656253 76 Unc archaeon SS078 (EU329815) 99

1 SS_WC_02 FJ656254 17 Unc archaeon SS064 (EU329801) 99
1 SS_WC_03 FJ656255 5 Unc archaeon SS078 (EU329815) 91
1 SS_WC_04 FJ656256 2 Unc archaeon SS078 (EU329815) 94

High-sulfide (45 clones)
M6 1 SS_WC_01 FJ656253 100 Unc archaeon SS078 (EU329815) 99

High-sulfide (31 clones)
M6 2 SS_WC_05 FJ656257 54 Unc euryarch ET5_1D11 (EU585965) 97

Methanococcoides spp. (EU585968) 98
Methanococcoides spp. (Y16946) 97

2 SS_WC_06 FJ656258 46 Unc archaeon MOB7-2 (DQ841237) 98
Methanohalophilus spp. (AY290717) 97
Unc Methanohalophilus spp. (EU731575) 96

Table 2. Frequency and closest GenBank database matches to archaeal 16S rRNA gene sequences recovered from the Salton
Sea. PCR primers used for amplification: (1) 519f–1397r and (2) 8f–1492r. Clone names and accession numbers of closest se-
quence matches were identified using the RDP v. 10 Seqmatch and NCBI BLASTN online search tools. Matches to environmental 

sequences and isolates are provided when possible. Unc: uncultured; euryarch: euryarchaeote
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Fig. 6. Phylogenetic relationships between
near full-length bacterial 16S rRNA gene se-
quences from Salton Sea (SS) clone libraries
(boldface, values are clone number), and pre-
viously reported environmental and isolate
sequences of (A) Proteobacteria, (B) non-
Proteobacteria, and (C) Cyanobacteria. Trees
were constructed using the neighbor-joining
algorithm with Jukes-Cantor-corrected DNA
distances. Bootstrap values for Jukes-Cantor
(1000 replicates), maximum parsimony
(1000 replicates), and maximum likelihood
(100 replicates) ≥50 are indicated at nodes
outside and inside parentheses, respectively.
Nodes with (#) indicate bootstrap values
≥95 for all 3 tree-building methods. Scale
bars represent 5% sequence difference, and
Methanococcus fervens was used as the

outgroup. WC: water column
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our sampling. Also, Watts et al. (2001) estimated that hy-
poxic/anoxic conditions could remain in surface waters
of the Salton Sea for several days to weeks after an irrup-
tion event. This is primarily a function of sulfide-rich
(>1 mM) bottom waters acting as source water during
mixing, reduced solubility of oxygen in the warm (30 to
35°C) hypersaline water column (Watts et al. 2001), and
the relatively slow rate of abiotic sulfide oxidation in
saline waters (Millero et al. 1987). Therefore, it is not
possible to separate the factors of sulfide concentration
and hypoxia/ anoxia in causing mortality of plankton,
benthic invertebrates, and fish populations. However, it
was determined in the present study that oxygen con-
centration was less important in explaining differences
in microbial community structure between stations.

Oxidation of sulfide by microbes in the water column
is likely an important process in the Salton Sea. Analy-
sis of bacterial diversity revealed several lineages
related to various known photoautotrophic and chemo-
autotrophic (i.e. sulfide-oxidizing) groups commonly

found in marine waters and anoxic sediments. Differ-
ences in bacterial diversity between stations could be
explained by examining the physiological adaptations
(i.e. sulfide tolerance) and metabolic requirements of
these various groups. For example, both the gamma-
proteobacterial purple (i.e. Halochromatium sp.) and
green sulfur bacteria (i.e. Chlorobi) were more abun-
dant at high-sulfide stations, whereas the alphapro-
teobacterial purple non-sulfur (i.e. Rhodobacteraceae)
bacteria were more abundant at low-sulfide stations.
Purple non-sulfur bacteria are less tolerant of sulfide
and may not compete well with the more metabolically
flexible, sulfide-utilizing sulfur bacteria in the Salton
Sea (Bryant & Frigaard 2006). In addition, Chlorobi
require light for anoxygenic photosynthesis and com-
pete directly with other phototrophs for this resource,
or with the presence of light-attenuating material. Dur-
ing sulfide irruption events, >90% of phytoplankton
biomass can be lost from the water column, and water-
column mixing brings sulfide into the light-saturated
surface waters, which together may act to stimulate
Chlorobi growth. Little information exists on the sea-
sonal dynamics of bacterial communities in the Salton
Sea, so the abundance and distribution of these groups
when sulfide is not present remains unknown. A
recent study of water column bacteria diversity in the
Salton Sea also found higher abundances of these
groups after a recent fish kill when compared to other
times of year (Dillon et al. 2009).
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Fig. 7. Comparisons between relative abundances of select
bacterial phylogenetic groups quantified by terminal restric-
tion fragment (TRF) matching and clone library frequency 

at 2 sampling stations, (A) S5 and (B) M6

Fig. 8. Relative abundance of bacterial phylogenetic groups
calculated from terminal restriction fragment (TRF) peak area
frequencies at each sampling station. TRFs were putatively
assigned to phylogenetic groups by comparison to expected 

TRFs from 16S rRNA clone library sequences
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Archaeal diversity and the water-column sulfur cycle

Water column archaeal diversity was lower than for
Bacteria, and also lower than archaeal diversity found
in profundal sediments of the Salton Sea (107 phylo-
types out of 271 clones; Swan et al. 2010). Although
differences in community structure between stations
were detected, only 4 phylotypes from 16S rRNA
sequencing were recovered using the same primer set
used for T-RFLP. Therefore, a majority of TRFs that dif-
ferentiated stations were not identified. This discrep-
ancy could be explained by the low abundances of
most archaeal TRFs, the relative dominance of samples
by only a few TRFs, and cloning bias due to lower
archaeal 16S rRNA gene copy numbers. Because
archaeal 16S rRNA gene sequence diversity was lim-
ited, we were unable to further distinguish stations by
clone sequence frequency or matched TRFs as was
done for Bacteria. 16S rRNA gene sequences recov-
ered using a second primer set (8f–1492r) were not
detected by the original primer set (519f–1397r), indi-
cating the potential for discovering additional archaeal
diversity in this environment.

Several potential metabolic roles of Archaea recov-
ered from the anoxic, sulfidic water column are sug-
gested from information from closest-neighbor 16S
rRNA gene sequence matches. Partial archaeal 16S
rRNA sequences recovered using one primer set
(519f–1397r) matched closely (91 to 99%) to Salton Sea
surface (0 to 1 cm) sediment sequences (clones SS078
and SS064) and grouped within the MBG-D, whereas
full-length sequences from the present study matched
(96 to 98%) to Methanohalophilus spp., Methanococ-
coides spp., and Methanosarcinales spp. sequences pre-
viously recovered from hypersaline mats (Orphan et al.
2008), solar salterns (Sørensen et al. 2004a), and other
anoxic, sulfidic environments. Isolates of these metha-
nogenic lineages are obligate methylotrophs that meta-
bolize ‘non-competitive’ compounds such as methanol,
methylamines (i.e. trimethylamine), and methylsul-
fides, including dimethylsulfide (DMS; Oremland et al.
1982, Kiene et al. 1986). DMS is a commonly occurring
volatile sulfur compound often formed via microbial
reduction of DMSP, a precursor compound that is
released by grazed or senescent phytoplankton cells
(Vairavamurthy et al. 1985, Kiene et al. 2000). Signifi-
cant levels of DMSP and DMS have been detected in
the Salton Sea, but were low or undetectable in sulfide-
rich bottom waters and surface waters after a sulfide
irruption event, which could be explained by increased
microbial utilization (Reese & Anderson 2009). No
Methanococcoides spp. isolates are known to utilize
methylsulfides such as DMS and instead utilize com-
pounds such as trimethylamine. One potential source of
trimethylamine in the water column is trimethylamine

N-oxide, which is abundant in fish tissue (Niizeki et al.
2003) and is reduced by a wide variety of Bacteria com-
monly found in marine and freshwater environments
(Barrett & Kwan 1985). Large (ca. 3 to 5 million) fish
kills that occur due to irruption events could provide
significant amounts of trimethylamine to microbial
communities in the Salton Sea. Another significant
source of trimethylamine is from the breakdown of
glycine betaine, an organic solute accumulated by
halophilic and halotolerant microbes for osmoregula-
tion (Oren 1990). Although archaeal populations de-
tected in the water column may have originated from
resuspended sediment or anoxic bottom waters, we
speculate that the mixing of reduced sulfur compounds
into surface waters during sulfide irruptions may ex-
pand their ecological niche in the Salton Sea.

Potential roles of Cyanobacteria in sulfide irruption
events

The abundance of 16S rRNA gene sequences and
TRFs belonging to Synechococcus spp. suggest this
bacterial lineage was dominant at most stations. Previ-
ous studies of Salton Sea Cyanobacteria also recovered
Synechococcus spp. 16S rRNA gene sequences similar
to marine isolates, and they comprised a significant
fraction of picophytoplankton biomass (Wood et al.
2002, Carmichael & Li 2006). Filamentous types (e.g.
Oscillatoria spp.) were reported to be abundant, and
evidence of an increase in their abundance was docu-
mented during a seasonal study of eukaryotic phyto-
plankton (Tiffany et al. 2007a). Because water samples
collected in the present study were pre-filtered
(20 µm), filamentous and larger-celled Cyanobacteria
may have been excluded in samples used for PCR
amplification. Although sulfide can inhibit oxygenic
photosynthesis, sulfide tolerance of Cyanobacteria is
shaped to some degree by environmental exposure
(Miller & Bebout 2004), and sulfide may also be utilized
during anoxygenic growth, thus contributing to the
oxidation of sulfide in some environments (Luo &
Mitsui 1996). Another consequence of increased Cy-
anobacteria abundance after sulfide irruption events
may be elevated exposure of bird populations to cyan-
otoxins (i.e. microcystins). In addition to fish kills,
numerous bird die-offs have occurred at the Salton
Sea, and their exact causes have not yet been identi-
fied (Reifel et al. 2002). Recently, a Synechococcus sp.
(strain SS-1) was isolated from the Salton Sea that is
capable of producing microcystins (Carmichael & Li
2006). This is the first report of a marine-type Syne-
chococcus sp. producing cyanotoxins, although con-
centrations measured from field samples were not suf-
ficient to elicit acute toxicity in mammals.
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CONCLUSION

The present study documented changes in microbial
communities within the water column as a result of
increased sulfide exposure during a sulfide irruption
event in the Salton Sea. Based on community structure
and composition, samples collected from recently
mixed regions of the lake were easily distinguished
from those less impacted by sulfide-rich bottom waters.
This was surprising since evidence of thermal stratifi-
cation was absent, indicating that the majority of the
lake was well mixed prior to sampling. These sample
distinctions appeared to result from differences in
abundance of several functionally important microbial
lineages. Archaeal diversity was found to be signifi-
cantly lower than bacterial diversity, and the phyloge-
netic diversity of both groups consisted of many lin-
eages capable of utilizing reduced sulfur compounds.
To better understand the importance of these events on
microbial community dynamics, as well as the cycling
of sulfur and sulfur-containing compounds in the
Salton Sea, studies of the activities of these microbial
assemblages are needed.
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Barić A, Grbec B, Ku$vpilić G, Marasović I, Ninãvević 5,
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