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ABSTRACT: Lake Bosten, a large oligosaline lake in arid northwestern China, has evolved from a
freshwater lake and is influenced by eutrophication processes. Since sediments record past limnic
changes, the analysis of sedimentary bacteria in Lake Bosten may help elucidate bacterial
responses to both salinization and eutrophication. We characterized the intrasystem distribution of
sedimentary bacterial communities between freshwater and oligosaline regions of Lake Bosten
using denaturing gradient gel electrophoresis and 16S rRNA gene clone libraries. Both principal
component analysis and redundancy analysis revealed that salinity was the dominant and pronounced intrasystem factor that shaped the sedimentary bacterial community composition in Lake
Bosten. In total, 349 clones and 185 distinct operational taxonomic units were acquired from 4
clone libraries. Proteobacteria (41.5%) was the most abundant phylum, followed by Bacteroidetes
(13.5%), Chloroflexi (8.9%), Firmicutes (8.6%) and others. The higher bacterial diversities and
proportions of Beta- and Deltaproteobacteria in the oligosaline regions than in the freshwater
region reflected the responses of sedimentary bacteria to increased salinity and nutrient levels.
The scarceness of typical freshwater bacteria, the relatively high percentage (12.3% of total bacteria) of putative sulfate-reducing bacteria and a high percentage of unclassified bacteria in the
sediments all highlight the uniqueness of sedimentary bacterial communities in the early stages of
salinization and eutrophication.
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In inland areas, limnic ecosystems are frequently
used as models for studying the response of aquatic
bacterial communities to dominant environmental
factors, such as salinity (Wu et al. 2006, Jiang et al.
2007, Wang et al. 2011, Tang et al. 2012), nitrogen
and phosphorus levels (Tang et al. 2010) and organic
matter (Fujii et al. 2012). Most of the lakes that have
previously been studied are either freshwater or
saline, and only a few studies have focused on oligo-

saline lakes (Wu et al. 2006, Liu et al. 2010, Tang et
al. 2012). In arid regions of Central Asia, many freshwater lakes have evolved to be oligosaline in the past
30 yr due to climatic change and uncontrolled resource exploitation (Bai et al. 2011). However, the
impact of these environmental changes on bacterial
communities may be accurately recorded in limnic
sediments (Chen et al. 1999). Sedimentary bacteria,
as a result of their high cell abundance (>108 cells
g−1) (Schmidt et al. 1998, Danovaro et al. 2002), play
a crucial role in ecological and biogeochemical pro-
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cesses (Nealson 1997). The characteristics of sedimentary bacteria, including their biomass and community structure, are determined by the variability in
physicochemical and biotic parameters, and can thus
be regarded as representative indicators of environmental change (Zhang et al. 2008). Although salinity
is regarded as one of the most important global
determinants of bacterial communities (Lozupone &
Knight 2007), it is not well known whether increases
in salinity shape sedimentary bacterial communities
in oligosaline lakes.
Lake Bosten, the largest oligosaline lake in the arid
region of China, is representative of an oligosaline
lake that evolved from a freshwater lake (Bai et al.
2011). The freshwater inflows supplied by melting
ice, precipitation and groundwater in the mountainous regions of Tianshan (Xiao et al. 2010) helped
shape the freshwater region of this lake and shift the
salinity gradient from freshwater to oligosaline in this
lake (Tang et al. 2012). Meanwhile, a trophic gradient from oligotrophic to mesotrophic also formed due
to anthropogenic agricultural and tourism activities
(Xie et al. 2011). Such a complex ecosystem is an
ideal model to study the responses of bacterial communities to gradients in salinity and nutrients (Tang
et al. 2012). However, little is known about the responses of sedimentary bacterial community composition (BCC) to increased salinity and nutrient levels in
oligosaline lakes or which bacterial phylotypes are
particularly sensitive to such changes.
To address the aforementioned issues, in the present study, we (1) investigated whether salinity and/or
nutrient levels were the main environmental parameters shaping the sedimentary BCC, by analyzing the
spatial distribution of sedimentary BCC in response
to salinity and nutrient gradients in Lake Bosten, and
(2) identified the dominant bacterial phylotypes that
are sensitive to alterations in salinity and nutrient
levels in sediments. Our results provide a framework
for understanding the sedimentary BCC in oligosaline environments in the arid region of China and
shed light on responses of sedimentary BCC to the
processes of salinization and eutrophication.

average water depth is 7 m, with a maximum depth of
16 m (Sai et al. 2011). Water stratification in the lake
depends mainly on the inflow of meltwater from the
Kaidu River and the outflow through the Kongqi
River which ends in the Tarim Basin (Mischke &
Wünnemann 2006). Sixteen sites across the lake were
chosen for collecting sediment samples on 23 and
24 August 2010 (Fig. 1). Of these sampling sites, Sites
L and M were located near the Kaidu River, which is
an isolated freshwater region. All the other sites were
located in oligosaline regions, which are influenced
by human activities in agriculture or tourism. For example, Sites D and E were near the tourist area of the
Jinsha Shore along the eastern lakeshore. Sites G and
H were influenced by saline and eutrophic irrigation
drainage from the northern lakeshore.

Sample collection and physicochemical analysis
The temperature, pH, dissolved oxygen (DO), salinity and total dissolved solids (TDS) of the lowest
layer of water overlying the sediments were measured in situ using a YSI 6600 Multi-Parameter Water
Quality Sonde. Surface sediment (0 to 5 cm) samples
from all sites were collected using a 1/16 m2 Petersen
grab sampler and stored in a refrigerated container
with ice bags until analysis. All analyses were conducted within 24 h of sampling. Aliquots of sediment
samples were stored at −80°C for bacterial cell counting and DNA extraction. Interstitial water from the
sediment samples was collected by centrifuging
samples at 1000 × g for 5 min and then used to determine the concentrations of chloride (Cl−) and sulfate
(SO42−) with an ICS 2000 Ion Chromatography sys-

MATERIALS AND METHODS
Sampling sites
Lake Bosten (86° 40’−87° 26' E, 41° 56’−42° 14’ N)
spans 55 km from east to west and 25 km from north
to south, covering an area of ~1100 km2 (Mischke &
Wünnemann 2006). Over the course of a year, the

Fig. 1. Location of sampling sites in Lake Bosten, northwestern China
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tem (Thermo Scientific). The total organic carbon
(TOC) in the sediment samples was determined
using the standard K2Cr2O7 oxidation-reduction titration method, the total nitrogen (TN) was determined
by the standard Kjeldahl method, and the total phosphorus (TP) was colorimetrically determined after
HClO4-H2SO4 digestion, using the standard ascorbicacid method (Lu 1999).

Bacterial cell counting
The bacterial cell-counting protocol was modified
from Martins’s method (Martins et al. 2009). Aliquots
of the stored sediment samples were first freezedried. Next, the freeze-dried sediment samples (1 g)
were each fixed in 5 ml 4% formaldehyde for 2 h, centrifuged at 10 000 × g for 5 min, washed with 5 ml PBS
buffer (10 mM NaH2PO4 [pH 7.2], 120 mM NaCl and
10 mM sodium pyrophosphate) and centrifuged again
as above. The reprocessed samples were stored in a
mixture of 5 ml PBS buffer and 5 ml 100% ethanol at
−20°C. To separate the bacteria from the sediment
particles, aliquots of the reprocessed samples (5 ml)
were sonicated for 90 s at 30 W with a 5 s pulse mode
and then allowed to rest for 5 min to precipitate the
sediment particles. One microliter of the sonicated
sample was then gradually diluted to 1:2500 with sterile water in sequential 10-fold dilutions. Aliquots of
5 ml of the diluted samples were stained for 10 min in
a glass filtering cylinder (Millipore) with 4’, 6-diamidino-2-phenylindole (final concentration of 5 mg l−1)
(Porter & Feig 1980, Gao et al. 2007). After 10 min, the
stained sample was filtered through a 0.2 µm poresize polycarbonate filter (Millipore) and washed
briefly with sterile water. The filtered membrane was
mounted on a slide and observed with a Zeiss epifluorescent microscope (Carl Zeiss). For each filter, 20
fields were photographed randomly over the entire
filter and counted manually. The final bacterial cell
counts were calculated per gram of dry sediment.

DNA extraction and denaturing gradient gel
electrophoresis (DGGE) analysis
DNA was extracted from 0.25 g freeze-dried sediment using a PowerSoil® DNA Isolation Kit (MO BIO
Laboratories), as described by the manufacturer, and
diluted to a final volume of 50 µl.
PCR amplification for DGGE was carried out using
the 16S rRNA gene specific primer 341F, with a 40 bp
GC-clamp attached to its 5’ end, and the reverse
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primer 518R (Muyzer et al. 1993). PCR was conducted with 1× PCR buffer, 0.6 mM dNTPs, 1.5 mM
MgCl2, 0.1 µM of each primer, 2.5 U rTaq polymerase
(TaKaRa) and sterilized water in a final volume of
50 µl. The PCR conditions were as follows: denaturation at 95°C for 5 min; 35 cycles of 45 s at 94°C, 45 s
at 55°C and 1 min at 72°C; a final extension step of
5 min at 72°C. Triplicate PCR products for each sample were mixed and loaded onto an 8% polyacrylamide gel (acrylamide/bis-acrylamide: 37.5:1) in 1×
TAE buffer (40 mM Tris, 20 mM acetic acid and 1 mM
EDTA, pH 8.0) using a denaturing gradient ranging
from 35% to 55% (100% denaturant contained 7 M
urea and 40% deionized formamide). Electrophoresis was performed at 100 V and 60°C for 18 h with a
DGGE-2001 system (C.B.S. Scientific). Next, the gel
was stained with a 1:10 000 dilution of SYBR Green I
solution (AMRESCO) for 30 min and then rinsed with
Milli-Q water. The gel image was photographed with
an Omega 10 Gel image analysis system (UltraLum).

16S rRNA gene clone library construction
Four bacterial 16S rRNA clone libraries were constructed for sediments taken from Sites D, G, L and N
(Fig. 1). These sites were chosen based on the Shannon-Wiener index (H ’) values of the DGGE-binary
matrix data, which showed that the H ’ values were
relatively higher at these selected sites in comparison
to other sites in the same clustering group. 16S rRNA
gene sequences were amplified from extracted environmental DNA samples using the eubacterial forward primer 27F (5’-AGA GTT TGA TCM TGG CTC
AG-3’) and the universal reverse primer 1492R (5’GGT TAC CTT GTT ACG ACT T-3’) (Newton et al.
2006). The PCR reaction mixture was the same as
that in PCR for DGGE (see above). PCR was performed under the following conditions: denaturation
at 95°C for 5 min; 30 cycles of 94°C for 45 s, 52°C for
90 s and 72°C for 1 min; an additional 10 min of final
extension at 72°C.
Triplicate PCR products for each sample were
mixed and loaded onto a 1% agarose gel. The target
band was excised for each sample, and the gel fragments were purified with an AxyPrepTM Gel Extraction Kit (Axygen Biosciences) following the manufacturer’s instructions. Purified PCR products were
each cloned into pMD® 19T vectors using the pMD®
19T Vector Kit (TaKaRa), according to the manufacturer’s instructions. The plasmid containing the
ligated PCR product was then transformed into
Escherichia coli Top 10 supercompetent cells and
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incubated at 37°C by shaking at 150 rpm for 1 h in an
incubator. The incubated cells were then spread onto
prepared solid Luria-Bertani (LB) medium plates and
grown at 37°C for 16 h. Randomly selected white
colonies were incubated at 37°C for 8 h in liquid LB
media to increase the yield of the plasmid DNA,
respectively (Sambrook & Russell 2001). The incubated liquid media samples were each then reamplified with the PCR program described above using the
primers RV-M (5’-GAG CGG ATA ACA ATT TCA
CAC AGG-3’) and M13-47 (5’-CGC CAG GGT TTT
CCC AGT CAC GAC-3’) to verify the insert sizes and
discard false positive clones.

16S rRNA gene sequence analysis
Sequencing was conducted using an automated
3730 DNA capillary sequencer (Applied Biosystems).
All partial 16S rRNA sequences were edited manually using the software BioEdit Sequence Alignment
Editor (v.7.0.5.3) (Hall 1999) and examined for chimeric artifacts using the software Mallard (v.1.02)
(Ashelford et al. 2006). The chimeric sequences were
excluded from further analysis, and the remaining
sequences were then blasted with the most similar
16S rRNA sequences from GenBank. The Ribosomal
Database Project II (RDP II; http://rdp.cme.msu.edu/)
classifier was used to assign taxonomic identities to
our 16S rRNA sequences. When the sequence similarity was ≥ 95%, which is the value corresponding to
the separation of genera (Ludwig et al. 1998), the
sequences were categorized as belonging to a member of the same genus as the most similar clone in the
NCBI database. Sequences that had similarities to
the closest clones or strains that were < 95% were
labeled as ‘unclassified’.
To examine the phylotypes of the available sequences in more detail, all of the available sequences
in each clone library were first aligned using the software program Clustal X 1.83 (Thompson et al. 2002).
Each alignment was then analyzed using the nucleic
acid sequence distance matrix program (DNAdist,
v.3.66) (Felsenstein 1993), and the output of this program was subsequently analyzed with DOTUR
(Schloss & Handelsman 2005) to compute the OTUs,
Chao 1 richness estimator (Chao1), Shannon index
(H) and coverage index (C ). Coverage was calculated
with the equation C = [1 − (n1 /N)] × 100, in which n1
is the number of single-occurrence phylotypes within
a library, and N is the total number of clones in the
library. Estimators were calculated using a genetic
distance level of 0.03.

Phylogenetic trees for sedimentary Alpha-, Beta-,
Gamma- and Deltaproteobacteria were constructed
using the Molecular Evolutionary Genetics Analysis
(MEGA) software package (v.5.0) (Tamura et al.
2011). Node support was assessed by generating and
summarizing 1000 bootstrap replicates, and evolutionary distances were computed using a JukesCantor model.

Statistical analyses
A principle components analysis (PCA) was conducted to identify differences in physicochemical
parameters, while a redundancy analysis (RDA) (Ter
Braak 1986) was used to examine the influence of
environmental parameters on the sedimentary bacterial community structure. All the environmental
parameters and the DGGE peak area data were
log10(x + 1)-transformed, with the exception of temperature and pH. PCA of physicochemical parameters was conducted with SPSS 16.0 for Windows
(IBM). RDA was conducted with the software
CANOCO 4.5 (Ter Braak & Šmilauer 2002). Environmental parameters were identified by forward selection using the Monte Carlo test, with 499 permutations under the reduced model. Clustering analysis of
the DGGE-binary matrix data was performed using
the GelCompar II software (Applied Maths), based
on Dice distances. In addition, the 4 constructed
clone libraries were compared statistically using the
software ∫-LIBSHUFF (Schloss et al. 2004) to distinguish differences among them.

Nucleotide sequence accession numbers
All bacterial 16S rRNA gene sequences generated
for the present study were deposited in GenBank
under the accession numbers JN104732 to JN105080.

RESULTS
Physicochemical parameters and
bacterial cell abundances
Spatial distribution of the investigated physicochemical parameters in the sediments and overlying
water are shown in Fig. S1 in the Supplement at
www.int-res.com/articles/suppl/a069p123_supp.pdf.
There were significant environmental gradients
from the freshwater region to the oligosaline re-
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gions, as revealed by the lower values of most
physicochemical parameters at the freshwater sites
in comparison with the oligosaline sites. We also
found significant positive correlations among a
number of the environmental parameters. For
instance, sulfate was strongly correlated with chloride (r = 0.817, n = 16, p < 0.001), as was TDS with
salinity (r = 0.999, n = 16, p < 0.001). From the PCA
results, the first PCA component explained 58.6% of
the total variance of the physicochemical parameters, while 71.4% of the total variance was explained by including the second PCA component.
Salinity and TDS contributed more to the first component, while TP contributed more to the second
component. The third component, which accounted
for only 10.3% of the total variance, reflected the
parameters of chloride and sulfate.
Bacterial abundances at different sites ranged from
1.53 × 1010 to 3.77 × 1010 cells per gram of dry sediment, with the abundances at the freshwater sites
(Sites L and M) consistently lower than at the oligosaline sites (Fig. 2). The only significant correlation
between bacterial abundances and physicochemical
parameters was that between the overlying water
DO concentration and bacterial abundance (r =
0.535, p = 0.033, n = 16).
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Fig. 3. According to the marked bands in the gel
image, the H ’ of bacterial communities varied from
2.76 at Site M to 3.55 at Site N. A clustering analysis
of DGGE profiles based on Dice distances indicated
significant heterogeneity in the sedimentary bacterial community structure. We recovered 4 major
groups of sites using a similarity cutoff of 60%.
Groups 1, 2 and 3 belonged to the oligosaline regions, while Group 4 (Sites L and M) was localized to
the freshwater region of the lake. Additionally, there
was a significant Pearson correlation between the H ’
and salinity (Fig. 4).
Our RDA examined the significance of salinity, TP,
DO, sulfate and chloride in relation to the sedimentary bacterial community structure in Lake Bosten
(Fig. 5). These 5 significantly correlated variables
accounted for 56.0% of the sedimentary bacterial
community variance in Lake Bosten. Salinity was the
most important factor and accounted for 15.0% of the
total variance in bacterial community structure (p =
0.006, F = 2.40). Additionally, TP (p = 0.018, F = 2.24),
DO (p = 0.024, F = 2.19), sulfate (p = 0.028, F = 2.14)
and chloride (p = 0.038, F = 1.92) accounted for 12.0,
11.0, 10.0 and 8.0% of the sedimentary bacterial
community variance, respectively.

Diversity estimators of bacterial communities
Clustering analysis of DGGE profiles
and RDA analysis

OTU identifications, Chao1, H and coverage
values for the clone libraries are summarized in
Table S1 in the Supplement at www.int-res.com/
The DGGE profiles of bacterial community strucarticles/suppl/a069p123_supp.pdf. A total of 185
ture in the sediments of Lake Bosten are shown in
OTUs were acquired from the 349
nonchimeric sequences with a
similarity of ≥97%. In the present
study, the estimated coverage of
each clone library was moderately
high, ranging from 67.0 to 72.0%.
The highest diversity (Chao1 and
H) was at Site D where the sedimentary TP content was the highest among all the investigated
sites, whereas the lowest was
measured at Site L in the freshwater region. ∫-LIBSHUFF was used
to test the significant differences
among the 4 clone libraries. The
clone library at the freshwater Site
L was significantly different from
the other 3 clone libraries at
Fig. 2. Spatial distribution of sedimentary bacterial cell abundances, dissolved
oligosaline sites (see Table S2 in
oxygen concentrations and salinity at the 16 sites investigated within Lake Bosten.
the Supplement).
The values for freshwater Sites L and M are shaded
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A total of 145 Proteobacteriaaffiliated sequences were acquired
from the 4 clone libraries, which yielded 63 unique OTUs (including
Alphaproteobacteria, 8 OTUs; Betaproteobacteria, 13 OTUs; Gammaproteobacteria, 17 OTUs; and Deltaproteobacteria, 25 OTUs) at the identity
level of ≥ 97%. The relative proportions of the 4 proteobacterial classes
from each clone library are shown in
Fig. 6B. Betaproteobacteria and Deltaproteobacteria were the dominant
proteobacterial classes in the 4 clone
libraries, with the relative proportions
of Betaproteobacteria ranging from
Fig. 3. UPGMA dendrogram of DGGE banding patterns based on the Dice
24.4% at Site D to 42.9% at Site N and
similarity coefficient. The cutoff of the similarity level is indicated by the
the deltaproteobacterial proportions
dashed line
ranging from 26.7% at Site D to 46.4%
at Site G. In total, 36.6% of the proTaxonomic identification of
teobacterial sequences were affiliated with Delta16S rRNA gene sequences
proteobacteria, and Betaproteobacteria accounted
for 32.4% of the total proteobacterial sequences.
The relative proportions of the taxonomic affiliaAccording to the phylogenetic analysis of Proteotions of 16S rRNA sequences at the phylum level
bacteria-affiliated sequences in Lake Bosten, some
within each library are shown in Fig. 6A. Proteobacspecific genera-affiliated sequences were identified,
teria was the dominant phylum at all 4 sites, with the
as indicated in Fig. S2 in the Supplement. Alpharelative proportions of 49.5, 35.4 and 55.1% in the
proteobacteria harbored 7 specific genera clusters:
samples from oligosaline Sites D, G and N, respectively, yet with the lowest relative proportion
(25.6%) at the freshwater Site L, in contrast to the
other 3 oligosaline sites.

Fig. 4. Statistically significant linear regression between
salinity and the Shannon-Wiener index (H ’) of the DGGEbinary matrix data. The regression line is solid, and the
dotted lines indicate the 95% confidence intervals

Fig. 5. Redundancy analysis (RDA) of sedimentary bacterial
community structure in relation to the significantly correlated physicochemical parameters in sediments at Sites A to
P of Lake Bosten. DO: dissolved oxygen; TP: total phosphorus;
Sulfate: SO42−; Chloride: Cl−

Dai et al.: Sedimentary bacterial communities in Lake Bosten

129

Fig. 6. Relative proportions of
(A) the identified bacterial
phyla and (B) proteobacterial
classes recovered from the 4
16S rDNA gene clone libraries
constructed from Sites D, G, L
and N of Lake Bosten

Methylocella, Blastochloris, Bacterium Ellin335, Rhodobacter, Magnetospirillum, Roseomonas and Defluviicoccus, of which the genus Methylocella is facultatively methanotrophic (Dedysh et al. 2005). Only
1 OTU was affiliated with Rhodospirillales, which
was unclassified at the genus level (see Fig. S2A).
Five specific genera clusters of Betaproteobacteria
were present in the sediments of Lake Bosten:
Georgfuchsia, Thiobacillus, Burkholderia, Leptothrix
and Rhodoferax (see Fig. S2B). Only the Rhodoferax
cluster belonged to the typical freshwater bacterial
genera (Zwart et al. 2002), accounting for 14.3% and
4.8% of the Betaproteobacteria at the freshwater Site
L and the oligosaline Site N, respectively. As a sulfuroxidizing bacterium (Robertson & Kuenen 2006), the
genus Thiobacillus was dominant at Sites G and N,
with relative proportions accounting for 50.0 and
76.2% of the total Betaproteobacteria, respectively.
Additionally, there were large proportions of unclassified Betaproteobacteria, with proportions relative
to total Betaproteobacteria ranging from 14.3% at
Site N to 81.8% at Site D (Fig. 7A).
For Gammaproteobacteria, 9 clusters of specific
genera were identified: Thiohalocapsa, Marichromatium, Thioalkalicoccus, Methylocaldum, Methylobacter, Steroidobacter, Halomona, Psychrobacter
and Legionella. The dominant genus Psychrobacter
(39.4% of Gammaproteobacteria) was only found
at Site D. Moreover, only 1 gammaproteobacterial
OTU was retrieved from the freshwater Site L (see
Fig. S2C).

Six genera clusters were grouped into Deltaproteobacteria: Desulfobacter, Desulfobulbus, Geobacter, Desulfobacca, Myxobacter and Nannocystis (see
Fig. S2D). Of these, the genus Desulfobacter was
dominant and was found in each library (Fig. 7B).
Four of these genera (Desulfobacter, Desulfobulbus,
Geobacter and Desulfobacca) belonged to the putative sulfate-reducing bacteria (SRB). The sequences
affiliated with these putative SRB accounted for
12.3% of the total bacteria surveyed and were the
dominant members of Deltaproteobacteria, with percentages of 91.7, 76.9, 77.8 and 88.2% for Sites D, G,
L and N, respectively.
In contrast with the 3 oligosaline sites, Bacteroidetes were most abundant at Site L (23.3% of the
total bacteria at Site L) (Fig. 6A). There were 5 genera clusters identified at the freshwater Site L: Flavobacter, Sphingobacter, Cytophaga, Niastella and
Algoriphagus, while only Sphingobacter and Cytophaga were identified at the oligosaline sites (see
Fig. S3A in the Supplement). In addition, 67.4% of
the Bacteroidetes sequences belonged to the unclassified Sphingobacteriales.
Chloroflexi were found in each library, with the
relative proportions ranging from 2.2% at Site L to
16.5% at Site G (Fig. 6A). Caldilinea was the only
identified genus, and most of the Chloroflexi sequences were unidentified at the genus level, with the
relative proportion of > 80.0% in each library (see
Fig. S3B). Similar to the Bacteroidetes group, members of Firmicutes were also most abundant, with a
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Fig. 7. Relative proportions of the
identified genera and the unclassified groups of (A) Betaproteobacteria and (B) Deltaproteobacteria
in the 4 16S rDNA gene clone
libraries constructed from Sites D,
G, L and N of Lake Bosten

proportion of 22.2% of the total bacteria at Site L,
when compared to the other 3 oligosaline sites
(Fig. 6A). Five genera belonging to this group were
identified in our study: Bacillus, Brochothrix, Carnobacter, Clostridium and Eubacter, of which Clostridium was the most abundant genus (see Fig. S3C). In
addition, sequences affiliated with the phyla Chlorobi, Nitrospirae, Planctomycetes and Candidate division were also recovered in all 4 libraries (Fig. 6A).

DISCUSSION
Effects of salinity and nutrients on sedimentary
bacterial community structures
During the past 20 yr, the hydrochemical condition
of Lake Bosten has become the sodium sulfate type,
and the salinity content (or TDS) has been mainly
attributed to the sulfate and chloride sodium salts
present in the lake (Li & Yuan 2002). In the present
study, sulfate and chloride were important parameters that influenced the heterogeneity of sedimentary
bacterial communities in the lake (Fig. 5), and might
be the direct factors influencing certain groups of
sedimentary bacteria. This was also supported by the
relatively high proportion of putative SRB in the
sediments of Lake Bosten. However, salinity is an
integrated variable that reflects the global level of
aquatic dissolved solids concentrations (Lozupone &

Knight 2007, Wang et al. 2011). Measurements of the
water salinity in Lake Bosten have revealed that most
regions of the lake are oligosaline (Xie et al. 2011).
Although salinity levels in Lake Bosten are much
lower than those in hypersaline lakes (Wu et al. 2006,
Xie et al. 2011), salinity has become an obvious index
of the gradual alteration of this ecosystem. PCA of
the environmental parameters in our study demonstrated that salinity is the dominant factor shaping
the microbial habitats of Lake Bosten.
The freshwater inflow of the Kaidu River shapes
the freshwater region in the western district of Lake
Bosten, which can be seen in the physicochemical
properties of Sites L and M (see Fig. S1). Intriguingly,
the sedimentary bacterial community structures at
Sites L and M grouped together, separated from the
other oligosaline sites (Fig. 3). In addition, the BCC at
the freshwater Site L differed significantly from the
other 3 oligosaline sites (see Table S2). Both the bacterial cell abundances (Fig. 2) and the DGGE based
Shannon-Wiener index (Fig. 4) indicated that bacterial abundances and diversities increase along the
salinity gradient from freshwater to oligosaline. In
the present study, salinity was the most significant
parameter influencing the bacterial community
structures (Fig. 5). These results, combined with a
significant positive correlation between salinity and
the DGGE based Shannon-Wiener index (Fig. 4),
demonstrate the effect of salinity on the sedimentary
bacterial communities, which is consistent with pre-
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vious work conducted on bacterioplankton in Lake
Bosten (Tang et al. 2012).
According to the sedimentary TN, TP and TOC
concentrations in our investigation and based on previous reports on water of this lake (Xie et al. 2011), it
is clear that Lake Bosten is facing a new ecological
crisis — namely, eutrophication. Agricultural wastewater, rich in nutrients, is contaminating the lake
water. These nutrients are deposited in the surface
sediment and contribute to the increase in nutrient
levels throughout the entire lake. In the present
study, TN, TP and TOC concentrations at freshwater
sites were all lower than at oligosaline sites (see
Fig. S1). Moreover, TP was the most significant factor
shaping the sedimentary bacterial communities in
Lake Bosten in the present study (Fig. 5). This is in
addition to its known role in affecting the bacterioplankton distribution in the lake (Tang et al. 2012),
which indicated the response of sedimentary bacterial communities to the nutrients gradient in Lake
Bosten.
Moreover, DO was strongly correlated with bacterial community structures and cell abundances in our
study (Figs. 2 & 5). Oxygen is an important factor for
regulating the metabolic activity of bacteria and is
known to be an indispensible electron acceptor in
many biochemical processes driven by bacteria
(Nealson 1997). In Lake Bosten, the stream flow and
allochthonous inputs of soil particles from the Kaidu
River disturb the water of the freshwater region and
decrease the oxygen concentration in the bottom
water, which was an important reason for the lower
bacterial abundances at the freshwater sites than at
other oligosaline sites.

Effects of salinity and nutrients on
bacterial community composition
Proteobacteria was the most abundant phylum,
with Betaproteobacteria and Deltaproteobacteria
predominating in all 4 libraries (Fig. 6). Betaproteobacteria are globally distributed in freshwater lakes,
where they numerically dominate the cell biomass
and bacterial types (Zwart et al. 2002, Tang et al.
2010). The presence and dominance of Betaproteobacteria may be related to their ability to quickly
respond to changes in available nutrients, such as
dissolved organic carbon (Newton et al. 2006). In
Lake Bosten, the higher proportions of Betaproteobacteria at the 3 oligosaline sites compared to the
freshwater Site L might be related to the more abundant sedimentary nutrients, including TOC, TN and
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TP, in oligosaline regions (see Fig. S1 in the Supplement). Moreover, Thiobacillus, mostly found in mine
wastewater-contaminated habitats (Fortin et al. 1996,
Robertson & Kuenen 2006), was a dominant genus
that was recovered at the oligosaline sites. This provides additional evidence for the sedimentary bacterial response to the enrichment of pollutants, including nutrients.
In the present study, most of the identified betaproteobacterial clusters were distinct from typical freshwater clusters previously characterized (Zwart et al.
2002), an observation that may be attributed to the
oligosaline environment in Lake Bosten. However,
the low abundance of Alphaproteobacteria, which
are known to be competitive at low nutrient levels
(Pinhassi & Berman 2003), may be attributed to the
high concentrations of nutrients in the sediments
within Lake Bosten.
Gammaproteobacteria are generally more abundant in saltwater environments, such as oceans
(Glöckner et al. 1999, Rusch et al. 2007, Biers et al.
2009) or saline lakes (Wu et al. 2006), than in freshwater environments (Wu et al. 2007, Mueller-Spitz et
al. 2009). Indeed, the majority of the gammaproteobacterial clusters we identified have previously
been sampled from saline environments. For instance, members of the genera Psychrobacter, Steroidobacter and Halomonas, which are often found in
saltwater environments (Bowman et al. 1997), were
recovered in oligosaline regions of Lake Bosten in
our study. Moreover, the higher taxon richness of
Gammaproteobacteria at the oligosaline sites than at
the freshwater Site L supports the bacterial response
to the salinity gradient in Lake Bosten.
Most of the Deltaproteobacteria we identified in
Lake Bosten are affiliated with the putative SRB,
which have been found to exist almost exclusively in
various anoxic environments, such as estuarine and
coastal marine sediments (Purdy et al. 2002), Antarctic marine sediments (Bowman & McCuaig 2003),
saline lake sediments (Koizumi et al. 2004) and freshwater wetland sediments (Ikenaga et al. 2010). Other
studies have suggested that SRB are highly active
and that they participate in anaerobic decomposition
and the transformation of deposited organic matter in
surface sediments (Soltwedel & Vopel 2001, Bowman
& McCuaig 2003). The relatively high percentage of
SRB might be due to the high concentrations of sedimentary sulfate and TOC, which can provide an
ideal habitat for these functional bacteria.
Bacteroidetes were more abundant at the freshwater Site L than at any of the other 3 oligosaline
sites. Site L is located near the mouth of the Kaidu
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River, and the freshwater inflow mixed with large
amounts of particles flows into the western region of
Lake Bosten, while the other 3 sites are in the eastern
district with relatively low turbidity (water turbidity
data not shown). Bacteroidetes is composed of a large
proportion of particle-associated bacteria, which are
especially common in freshwater lakes (Simon et al.
2002, Lemarchand et al. 2006, Tang et al. 2010).
Because of the low hydrodynamic intensity in Lake
Bosten, particles and associated Bacteroidetes were
likely deposited on the surface sediment. Bacteroidetes are thought to play a critical role in freshwater
environments by processing complex molecules into
simpler compounds. Similarly, Firmicutes displayed a
relatively high proportion at Site L, with Clostridium
being the dominant genus. Clostridium is saprotrophic and is usually found in soils (Elshahed et al.
2008). Such a relatively high proportion of saprotrophic bacteria at Site L may be attributed to the soil
particles carried by the inflow of the Kaidu River.
Moreover, the lower relative proportion of Firmicutes
at each of the 3 oligosaline sites is consistent with the
findings of a previous study in the oligosaline Lake
Namco, which is located on the Tibetan Plateau (Liu
et al. 2010).
Numerous 16S rRNA sequences in the present
study could not be identified at the genus level.
For example, most of the Betaproteobacteria-, Deltaproteobacteria-, Bacteroidetes- and Chloroflexiaffiliated sequences were not classified to the known
genera with a similarity level of ≥ 95%. These unclassified bacterial phylotypes may reflect the unique
bacterial communities in this oligosaline lake in the
early stage of salinization and eutrophication and
may even include unknown species unique to these
transitioning environments.
Although there are several other bacterial phyla
that may have participated in various biochemical
processes in the sediments of Lake Bosten, the
heterogeneous distribution of these dominant phyla
between the freshwater and oligosaline regions
revealed the response of the sedimentary BCC to
increases in salinity and nutrient levels, which demonstrates that salinity and nutrients are the most
important factors controlling sedimentary BCC in
oligosaline lakes in the arid region of China.

CONCLUSIONS

imentary BCC in this oligosaline lake. Proteobacteria
was the dominant phylum in Lake Bosten, with the
classes Betaproteobacteria and Deltaproteobacteria
being the most abundant. The responses of the sedimentary BCC to gradients in salinity and nutrient
levels were reflected in both the higher bacterial
diversities and higher percentages of Proteobacteria
in oligosaline regions than in the freshwater region.
The low percentage of typical freshwater bacteria,
the presence of a relatively high proportion of SRB,
and relatively high proportions of unclassified bacteria indicate the unique nature of sedimentary BCC
in this oligosaline lake in the early stages of salinization and eutrophication. Our study has provided
fundamental information about the sedimentary
BCC of the oligosaline Lake Bosten, located in the
arid region of China. This lake can now serve as a
model for future studies examining environmental
changes from freshwater/oligotrophic to oligosaline/
mesotrophic conditions. However, additional studies
of limnic bacterial diversity and their function in aridregion lakes are still needed to better understand the
influences of climatic drought and human activities
on aquatic ecosystems.
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