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Abstract

Saline lakes at high altitudes represent an important and
extreme microbial ecosystem, yet little is known about
microbial diversity in such environments. The objective
of this study was to examine the change of microbial
diversity from the bottom of the lake to sediments of 40
cm in depth in a core from Qinghai Lake. The lake is
saline (12.5 g/L salinity) and alkaline (pH 9.4) and is
located on the Qinghai–Tibetan Plateau at an altitude of
3196 m above sea level. Pore water chemistry of the core
revealed low concentrations of sulfate and iron (G1 mM),
but high concentrations of acetate (40–70 mM) and
dissolved organic carbon (1596–5443 mg/L). Total or-
ganic carbon and total nitrogen contents in the sedi-
ments were õ2 and G0.5%, respectively. Acridine orange
direct count data indicated that cell numbers decreased
from 4 � 109 cells/g at the water–sediment interface to
6 � 107 cells/g wet sediment at the 40-cm depth. This
change in biomass was positively correlated with acetate
concentration in pore water. Phospholipid fatty acid
(PLFA) community structure analyses determined de-
crease in the proportion of the Proteobacteria and
increase in the Firmicutes with increased depth. Charac-
terization of small subunit (SSU) rRNA genes amplified
from the sediments indicated a shift in the bacterial
community with depth. Whereas the a-, b-, and g-
Proteobacteria and the Cytophaga/Flavobacterium/Bacter-
oides (CFB) were dominant at the water–sediment
interface, low G + C gram-positive bacteria (a subgroup
of Firmicutes) became the predominant group in the
anoxic sediments. Both PLFA and the sequence data
showed similar trend. The Proteobacteria, CFB, and
gram-positive bacteria are present in other saline lakes,

but the presence of Actinobacteria and Acidobacteria/
Holophaga in significant proportions in the Qinghai Lake
sediments appears to be unique. The archaeal diversity
was much lower, and clone sequences could be grouped
in the Euryarchaeota and Crenarchaeota domains. The
archaeal clones were not related to any known cultures
but to sequences previously found in methane-rich
sediments. Acetate-utilizing methanogens were isolated
from sediment incubations, and a- and g-proteobacterial
isolates were obtained from a water sample from the
lake bottom (23 m). Our data collectively showed that
the observed diversity and shift in the community struc-
ture with depth was correlated with geochemical param-
eters (the redox state and availability of electron acceptor
and donor). Heterotrophic methanogenesis is possibly
a dominant metabolic process in the Qinghai Lake
sediments. These results reinforce the importance of geo-
chemical controls on microbial ecology in saline and al-
kaline lake environments.

Introduction

Saline and alkaline lakes are interesting model systems
for studies on microbial diversity and ecosystem func-
tions in extreme environments. Recent studies have
shown that such environments are highly productive
[30] and have been a valuable source of novel micro-
organisms [39]. Both cultivation and molecular-based
approaches (SSU rRNA gene analysis) have been em-
ployed to reveal diverse bacterial and archaeal commu-
nities over a range of salinity, pH, and temperature.
Various lakes from around the world have been studied,
including Mono Lake in California [28], saline mero-
mictic Lake Kaiike in Japan [34], soda lakes in Mongolia
[60] and Inner Mongolia of China [40], soda lakes in theCorrespondence to: Hailiang Dong; E-mail: dongh@muohio.edu
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Kenyan–Tanzanian Rify Valley [54], saline and alkaline
lakes of the Wadi el Natrun in the Libyan Desert, Egypt,
[22], athalassohaline lakes of the Atacama Desert, Chile
[12], and lakes in Antarctic [62, 70]. Many of these
studies were conducted to understand cycling of carbon,
sulfur, and nitrogen under oxic and anoxic conditions in
diverse environments.

Despite the diverse physical and chemical proper-
ties of the lakes studied, only a limited number of
bacterial groups predominate. The Proteobacteria and
the Cytophaga–Flexibacter–Bacteroides (CFB) group are
commonly dominant in lake waters [12, 22, 28, 54].
All subdivisions of the Proteobacteria (a, b, g, d, and (
subdivisions) have been observed. CFB is recently
recognized as the main bacterial inhabitants of some
hypersaline environments [12]. Demergasso et al. [12]
observed that the relative abundance of the CFB
increased with salinity and concluded that hypersaline
waters apparently constituted an important environment
for CFB and a great natural laboratory for studying the
ecology of this group of bacteria.

Compared to the recent interest in microbial ecology
in the water column of many lakes, the number of
investigations related to lake sediments is low. In this
regard, Antarctic lakes probably represent one of the
best-studied environments. Stackbrandt and Brambilla
[62] compiled the major bacterial groups represented in
the clone library of SSU rRNA genes isolated from
sediments and mat materials of nine Antarctic lakes and
reported that the Proteobacteria and gram-positives were
the two most abundant groups. Duckworth et al. [14]
and Rees et al. [54] reported gram-positive isolates and
clone sequences from waters and soil/sediments in soda
lakes of the Kenyan–Tanzanian Rift Valley. Thus, it
appears that gram-positives may be an important group
in anoxic lake sediments.

Despite these recent findings, microbial ecology in
saline and alkaline lakes at high altitude has not been
investigated except for one study in Chile [12]. The
authors of that paper studied prokaryotic diversity in
waters of athalassohaline lakes of the Atacama Desert,
northern Chile. The lakes are saline (salinity 1–36%),
alkaline (pH 7–9), and at high altitude (800–4140 m).
The authors observed a trend of increasing contribution
(abundance) of CFB with higher salinity and altitude.
The authors, however, did not investigate microbial
diversity in the lake sediments.

Qinghai Lake is a saline (12.5 g/L salinity) and alka-
line (pH 9.4) lake on the Tibetan Plateau. The altitude of
the lake is 3196 m above sea level. Qinghai Lake dis-
tinguishes itself from other lakes by its unique location.
It is located on the northwest margin of the Tibetan
Plateau in the juncture of three climatic systems. The
objective of this investigation was to study microbial
diversity and abundance in such a unique environment.

We performed geochemical and microbiological analyses
on a sediment core (40 cm in length) from Qinghai Lake
and correlated microbial characteristics to geochemistry.
Water geochemistry, sediment mineralogy, and geo-
chemistry were analyzed. Culture-dependent and -inde-
pendent approaches were employed to characterize
microbial diversity. The results indicated that microbial
community structure changed with sediment depth in
the core, and these changes were correlated with the
geochemical characteristics.

Methods

Introduction to Qinghai Lake. Qinghai Lake (36-320–
37-150N, 99-360–100-470E) is a perennial lake located in a
structural intermontane depression at the northeastern
corner of the Qinghai–Tibetan Plateau (Fig. 1). It is
located in a juncture in the confluence of East Asian
monsoon moisture that originates from low latitudes and
the cold, dry polar airflows from the Siberian high pres-
sure. The lake has an area of 4300 km2 and lies within a
catchment of limestones, sandstones, and shales [25].
The average water depth is 19.2 m, and the maximum is
28.7 m. The altitude of the lake is 3196 m above sea level
(masl), and the surrounding mountains rise to above
5200 masl. The evaporation of the lake (õ1400 mm/year)
is in excess of mean annual precipitation (õ400 mm/
year), resulting in the development of a saline lake with
salinity of 12.5 g/L [58]. Qinghai Lake is the largest in-
land saline lake in China and possesses a continuous se-
dimentary sequence at least to the Pliocene period
(5 million years). It is a natural archive of environmental
changes and stores abundant information about the his-
tory of climatic change, especially climatic variation, ve-
getation succession, tectonic activity, glacial effect, and
their connection with global change.

Figure 1. Location map of Qinghai lake in northwest China.
Qinghai Lake is a perennial lake located in a structural intermon-
tane depression on the northeastern corner of the Qinghai–Tibetan
Plateau. Courtesy of Chinese Academy of Sciences.
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Study Site and Sampling Rationale. Recent
seismic survey [1] suggests that Qinghai Lake consists
of northern and southern subbasins separated by a nor-
mal faulting horst in the middle of the lake. The northern
subbasin is apparently disturbed by a few active faults,
whereas the southern one shows relatively simple struc-
ture and continuous stratigraphic sequences implying a
stable depositional environment. Approximately 700-m-
thick unconsolidated sediments were detected.

The separation of Qinghai Lake into two subbasins is
also reflected in mixing dynamics of water column and
resulting vertical distribution of geochemistry. Overall,
the northern subbasin, because of input of a major river
in the northwest and strong northwest wind, is more
dynamic, and the entire water column is well mixed in
summer. The southern subbasin is relatively quiet, and
water stratification occurs seasonally. A previous study
shows stratification of dissolved oxygen in the water
column in the eastern depression of the southern
subbasin with a relatively long water column (õ23 m)
[58]. We selected our sampling site at approximately 15
km north of a fishing station called Erlangjian for easy
access (Fig. 1) and potential of stratified water column.
This site was one of the sites selected for drilling 700-m
cores by International Continental Drilling Program in
the summer of 2005.

Field Measurements and Sampling of Lake Water.

Field measurements and sampling of lake water were
conducted in August of 2003 on a large boat. The water
depth was 23 m at the sampling location. A submersible
pump was used to continuously pump lake water from a
given depth (every 2 m from the lake surface to the
bottom) to a large bucket to facilitate measurement and
sampling. The following parameters were measured with
YSI DO, pH, and conductivity probes: pH, temperature,
conductivity, salinity, and dissolved oxygen. Field
colorometric Hach kits were used to measure soluble Fe
(Fe2+), sulfide, sulfate, phosphate, nitrite, and nitrate
concentrations. Because of homogeneity of the measured
parameters along the vertical water column, only four
depths at 0, 4, 10, and 23 m were sampled for further
analyses back in the laboratory. The four water samples
were used for cultivation, cations, anions, and dissolved
and total organic carbon (DOC and TOC) analyses in the
laboratory following published protocols [44].

Sediment Core Collection and Processing. Four
sediment cores of 50 cm in length and 8 cm in diameter
were collected from the same sampling site (Fig. 1) with a
gravity drop-coring device. The cores were cased inside
polyvinyl chloride tubing that had been sterilized with
alcohol. Once the cores were brought up to the boat, they
were immediately capped. Cores for cultivation were

kept at 4-C, and those for SSU rRNA gene analysis were
frozen in dry ice. In less than 1 week, the cores were
taken to China University of Geosciences in Beijing and
were stored in a _20-C freezer (for those originally stored
in dry ice) and a refrigerator (for those originally stored
at 4-C). Within 1 month, the cores were shipped to
Miami University. Because all four collected cores were
the same in color, grain size, and mineralogy, only one
core was selected for geochemistry and microbiology
work. The selected core was dissected inside a glove box
(Coy Laboratory Products, Ann Arbor, MI), and the
external layers were carefully removed using sterile tools
to avoid possible contamination. Subsamples were taken
every 2 cm starting from the top of the core to a depth of
40 cm. Because of the loss of some material, only 19
subsamples were recovered. The bottom sample was
labeled as QLS40 (i.e., Qinghai Lake sediment from
depth 40 cm). The sediment subsamples were stored
inside airtight Balsch tubes.

Pore water was collected for cultivation and geo-
chemistry by centrifugation of the individual sediment
subsamples. Upon return to the glove box, pore water
samples were separated from the sediments and pre-
served for geochemical analyses using protocols similar
to those used for lake water samples [44]. The sediment
subsamples were stored anaerobically in airtight Balsch
tubes until the time of analyses. The sediment subsam-
ples and their corresponding pore water were subjected
to geochemical and microbiological analyses. Geochem-
ical analyses included pore water chemistry (dissolved
oxygen, pH, cation, anion, dissolved organic carbon, and
acetate), sediment mineralogy, sediment organic carbon
and organic compound, sediment total nitrogen, and
bioavailable phosphorous. Microbiological analyses in-
cluded direct and colony-forming unit (CFU) counting,
enrichment and cultivation with various media, phos-
pholipid fatty acid (PLFA) analysis, and sequence
determination of the SSU rRNA gene sequences.

Geochemical Analyses of Lake and Pore Water

Samples in the Laboratory. Cations were analyzed by
direct current plasma emission spectrometry (DCP).
Common anions (F, Cl, Br, NO3, PO4, SO4) were
analyzed by high-performance liquid chromatography
(HPLC) on a Dionex (Sunnyvale, CA) DX500 ion
chromatograph using an IonPac AS14 analytical column
(250 � 4 mm). Acetate concentration was determined
with an IonPac AS11-HC analytical column using 0.3
mM NaOH as the eluent. Samples for DOC were first
filtered through 0.45-mm filters and then acidified to pH
4 to remove inorganic carbon. DOC concentration was
measured as CO2 generated by catalytic combustion
(EPA Method #514.1) using an infrared detector (Shi-
madzu TOC5000A, Columbia, MD) in the nonpurgable
organic carbon mode.
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Geochemical Analyses of Sediments. To identify
mineralogy in the sediments, powder X-ray diffraction
(XRD) patterns were obtained with a Philips PW3040/00
X’Pert MPD system, using CuKa radiation with a variable
divergent slit and a solid-state detector. The routine power
was 700 W (35 kV, 20 mA). Low-background quartz XRD
slides (Gem Dugout, Inc., Pittsburgh, PA) were used. For
analysis, powder samples were tightly packed into the well
of the slides (1/4-in. diameter).

Sediment samples of 0.01–1.0 g in weight were also
analyzed for total nitrogen, total and inorganic carbon,
and bioavailable phosphorous in the STAR lab of the
Ohio State University. Total nitrogen was analyzed with
the combustion method (Dumas method). Total organic
carbon was analyzed with the dry combustion method
and total inorganic carbon with the US EPA method
9060A. These methods are available on-line at http://
www.oardc.ohio-state.edu/starlab/references.htm. Avail-
able phosphorus was analyzed following a previously
published method [36]. Organic compound analyses
were performed at China University of Petroleum
following the method of Xie et al. [76].

PLFA Analyses. The analysis of PLFAs is useful
for evaluating biomass, community structure, and phys-
iological changes in environmental samples. Because
phospholipids break down rapidly upon cell death [72,
74], the PLFA biomass does not contain ‘‘fossil’’ lipids of
dead cells. The sum of the PLFA, expressed as picomoles,
is proportional to the number of cells. The proportion
typically used, 20,000 cells/pmol, is taken from cells
grown in laboratory media (Microbial Insights, Inc.).

The assessment of community structure using the
PLFA method is based on the fact that broad phylogenic
groups of microbes have different fatty acid profiles,
making it possible to distinguish among them [13, 16,
73, 75, 79–81]. The method is also valuable for
estimating physiological status. Toxic compounds or
environmental stress conditions that disrupt the mem-
brane cause some bacteria to make trans fatty acids from
the usual cis fatty acids [24]. Thus, the ratio of trans/cis
fatty acids is a measure of environmentally induced stress
on microorganisms. Many Proteobacteria and others
respond to starvation by making cyclopropyl [24] or
mid-chain-branched fatty acids [71]. Therefore, the ratio
of cy/cis fatty acids is a reflection of the amount of
starvation that microorganisms experienced.

Because of an insufficient amount of sediment
samples, sediment subsamples from 4-cm-depth intervals
were combined for PLFA analyses (i.e., QLS40–QLS38,
QLS30–QLS32, QLS20–QLS22, QLS10–QLS12, and
QLS0–QLS2). PLFAs were analyzed by extraction of the
total lipid [72] and then separation of the polar lipids by
column chromatography [23]. The polar lipid fatty acids
were derivatized to fatty acid methyl esters, which were

quantified using gas chromatography [55]. Fatty acid
structures were verified by chromatography/mass spec-
trometry and equivalent chain length analysis.

Cultivation of Bacterial Isolates from Qinghai Lake

Water. One oxic water sample (dissolved oxygen, õ3
mg/L) from the depth of 23 m was used as an inoculum for
the cultivation of general heterotrophs and/or nitrate red-
ucers. Bacteria were isolated using the following medium
that was approximately 0.5% sodium chloride and pH 9.5.
For possible nitrate reducers, diluted MR2A (DMR2A) was
made as previously described, except that all final concen-
trations were diluted 5-fold [19]. In addition to DMR2A,
for general heterotrophs, a modified Middlebrook 7H9
broth (MMB) was used and contained per liter the
following: 0.5 g sodium acetate; 0.5 g yeast extract; 4.7 g
Middlebrook 7H9 (Difco); 0.5 g casamino acids; 0.5 g
sodium thiosulfate; 10 mL mineral solution; 5 g NaCl. The
mineral solution was the same as that used for DMR2A.

Total and CFU Counts in Sediments. To determine
the total number of cells in the sediments, fresh sub-
samples (0.5 g) were prepared and enumerated by the
acridine orange direct count [20] following cell detach-
ment from sediments [7]. To determine the proportion
of cultivable aerobic cells from the total direct counts,
different aliquots of the same sediment subsamples were
diluted with 1.3% NaCl solution (salinity in the lake) and
were aerobically plated onto plates of LB agar, a general
medium with similar salinity as that in the lake. CFUs
were visually counted.

Bacterial Enrichments from Sediments. Anaerobic
enrichments were prepared for the growth of metha-
nogens, sulfate-reducing bacteria (SRB), and Fe(III)
reducers. The medium for the methanogen enrichment
was based on the medium for Anaerobranca gottschalkii
[52]. Cultures were incubated at 37-C and were provided
with 0.5% (w/v) starch or xylan as possible carbon
sources. The headspace was monitored for methane
production by gas chromatography. The quantification
limit was 5 ppm. In those enrichments where methane
was detected, we speculated the presence of starch- or
xylan-utilizing fermenters to produce acetate that was then
used by methanogens. Indeed, the presence of fermentation
products acetate and formate was confirmed by HPLC. To
confirm the presence of acetate-utilizing methanogens, new
enrichments were set up where acetate was the sole carbon
source in the new medium and neither starch nor xylan was
added. A minimal culture medium M1 [35] was used for
the enrichment of iron-reducing bacteria with hydrous
ferric oxide as the electron acceptor and acetate as the
carbon source. The medium for SRB was based on a
previously published recipe for halophilic SRB [48], and
the carbon source was sodium acetate.
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PCR and Sequence Determination of Isolates from

the Lake Water. Cell lysates were made of the isolated
microorganisms from the water sample (23-m depth) for
the polymerase chain reaction (PCR) amplification of the
SSU rRNA genes by boiling cells suspended in Tris–EDTA
buffer for 5 min at 100-C. PCR reactions were treated with
SeqMix (Q-Biogene, Irvine, CA) prior to sequencing
reactions according to the manufacturer’s instructions.
The SSU rRNA gene was amplified with the universal
primers FD1 and 1540r as previously described [77]. The
primer 529r (Escherichia coli number designation) was
used for sequence determination with ET Dye chemistry
(Amersham Pharmacia Biotech Inc., Piscataway, NJ),
and the 529r primer allows for the sequence deter-
mination of approximately the first 500 bp that contain
the V2–V6 region of the SSU rRNA gene sequence.
Sequence determination was performed with a 3100
DNA analyzer, and sequences were compared with
sequences in GenBank. The sequences were checked for
chimeras with Chimera Check and were aligned with
ClustalW. Phylogenetic analyses of partial SSU rRNA
gene sequences were conducted using molecular evolu-
tionary genetics analysis software (MEGA) version 2.1.
Neighbor-joining phylogenies were constructed from
dissimilatory distances and pairwise comparisons with a
Jukes–Cantor distance model.

DNA Isolation, Amplification, Cloning, and Sequence

Analyses of Sediment Samples. Genomic DNA was
extracted from 0.5- to 0.7-g samples of frozen sediment
(_80-C). DNA extraction was accomplished with an
UltraClean Soil DNA Isolation Kit, according to the
recommended procedure by the manufacturer (Mo Bio
Laboratory Inc., Solana Beach, CA). All stocks, working
solutions, and water used for reagents were filtered
through a 0.2-mL filter and were then autoclaved. Plastic
wares were autoclaved (for example, Fisherbrand 1.5-mL
microcentrifuge tubes are autoclavable). The extracted
nucleic acid was then purified with a QIAGEN\ RNA/
DNA Midi Kit (Qiagen Inc., Chatsworth, CA).

Purified DNA was used as template for the amplifi-
cation of SSU rRNA genes via PCR according to the
procedure of the Failsafe Kit (Epicenter Communications
Inc., Sausalito, CA). Typical PCR reactions consisted of
10 mM Tris pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 200 mm
each deoxyribonucleotide triphosphate, 0.2 mm each
primer, and 1.25-U FailSafe PCR Enzyme Mix in 50-mL
reaction volume. Bacteria-specific primer sequences
were Bac27F: 50-AGAGTTTGATCMTGGCTCAG and
Univ1492R: 50-CGGTTACCTTGTTACGACTT. The
archaea-specific primer sequences were 21F: TTCYGG
TTGATCCYGCCRGA and Univ1492R: 50-CGGTTA
CCTTGTTACGACTT. The following conditions were
used for bacterial SSU rRNA gene amplification: 30
cycles, denaturing at 95-C for 30 s, annealing at 60-C for

30 s, and extension at 72-C for 2 min. The standard
conditions for archaeal SSU rRNA gene amplification
were as follows: 45 cycles, denaturing at 95-C for 30 s,
annealing at 55-C for 30 s, and extension at 72-C for 2 min.
Amplified SSU rRNA gene fragments were ligated into
pGEM\-T vector (Promega Inc., Madison, WI). The
resulting ligation products were used to transform into E.
coli DH5a competent cells. Environmental clone libraries
were constructed, and randomly chosen colonies per
sample were analyzed for insert SSU rRNA gene sequences.
Plasmid DNA that contained SSU rRNA gene inserts was
prepared with a Qiagen kit. Sequencing reactions were
carried out with a DYEnamic ET terminator cycle sequenc-
ing ready reaction kit (Amersham Pharmacia Biotech Inc.)
using primers Bac27F and Arch21F for bacteria and
archaea, respectively. The SSU rRNA genes were sequenced
with an ABI 3100 sequencer (approximately 600–700 bp).
Forty clones were sequenced for the top (QLS0) and
bottom (QLS40) subsamples, and approximately 25 clones
were sequenced for the other subsamples.

Phylogenetic Analysis. Clone sequences were
manually checked with the sequencer program, and
secondary structure diagrams and the Chimera Check
program were utilized to identify potential chimeras
formed during PCR. The sequences obtained were
compared to the Ribosomal Database Project (RDP-II)
and GenBank for the identification of closely related
sequences. The sequences were aligned with the ClustalW
multiple sequence alignment program (http://clustalw.
genome.jp/) [68]. The aligned sequences were then
manually checked with the MacClade software (version
3.0; Sinauer Associates, Inc., Sunderland, MA). Phylo-
genetic analyses were performed with the MEGA (http://
www.megasoftware.net/). Trees generated with neighbor-
joining and minimum evolution methods were not sig-
nificantly different. Phylogenetic inference and evolu-
tionary distance calculations were made with the distance
Jukes–Cantor model (gamma parameter equal to 2.0).
Bootstrap analysis (500 replicates) was used to obtain
confidence estimates for the phylogenetic trees.

Nucleotide Sequence Accession Numbers. The
sequences determined in this study have been deposited
in the GenBank database under accession numbers
AY937389–AY937396 for the isolate sequences,
AY940493–AY940576 for the bacterial clone sequences,
and AY940577–AY940613 for the archaeal clone
sequences.

Results

Water Chemistry of Qinghai Lake. During our
sampling periods (summer 2003), Qinghai Lake did not
show any stratification in salinity (1.3% throughout the

H. DONG ET AL.: MICROBIAL DIVERSITY IN QINGHAI LAKE 69



water column), pH (9.4), or conductivity (18,000–21,000
mS/cm), but water temperature slightly decreased from
17-C at the surface to 14-C at the bottom (23-m water
depth). Dissolved oxygen also showed a slight gradient,
from 6 ppm at the surface to 3 ppm at the bottom. Water
chemistry measured by Hach kits in the field indicated
that reduced chemical species [iron(II), sulfide, nitrite,
ammonium] were nondetectable. Laboratory DCP analyses
determined concentrations of major cations (mg/L): Na+

(6018 T 195), Mg2+ (701 T 27), K+ (138 T 12), Ca2+ (9 T 1),
and total Fe (2 T 1). The standard deviations represented
averages of four samples throughout the entire water col-
umn and reflected vertical variations of the cations. HPLC
analyses determined concentrations of major anions (mg/L)
as Cl

_
(19,472 T 584), SO4

2
_

(2258 T 68), F
_

(43 T 2), NO3

_

(17 T 1), and Br
_

(6 T 1).
Pore water was anoxic from 2.5 cm below the water–

sediment interface to 50-cm depth (Fig. 2A) with nearly
constant pH of 9.3 and conductivity of 16,000–18,000
mS/cm. Concentrations of potential electron acceptors
such as sulfate and iron were low except for the sample at
the 14-cm depth where sulfate concentration was 3.5 mM
(Fig. 2A). Phosphate was not detectable. DOC concen-
tration was high, ranging from 1596 to 5443 mg/L, and it
showed an increasing trend with depth (Fig. 2A). Acetate
concentration was high, ranging from 40 to 67 mM and
showed a decreasing trend with depth. Lactate was not
detected. The major cations were as follows (concentra-
tion in mg/L): Na+ (2404 T 42), Mg2+ (769 T 129), K+

(190 T 19), Ca2+ (66 T 41), and total Fe (1.4 T 1). The
major anion (mg/L) was Cl

_
(5301 T 322). The standard

deviation represented vertical variations across the length
of the core (50 cm).

Sediment Properties. X-ray diffraction results
indicated that the sediment samples were dominated

with quartz, feldspars, illite, kaolinite, calcite, dolomite,
and aragonite in decreasing order of abundance. TOC
content ranged from 1.8 to 2.4% with no particular trend
with depth (Fig. 2B). Total nitrogen concentration ranged
from 0.23 to 0.32%. Organic compound analyses indi-
cated that saturated hydrocarbons ranged from 1.6 to
6.2%, aromatic hydrocarbons from 0.1 to 0.6%, resin
(nonhydrocarbons) from 68.7 to 79.0%, and asphaltene
from 16.8 to 28.4%. Available phosphorus was approx-
imately 1 mg/g.

Quantitation of Biomass by Acridine Orange Direct

Count, CFU, and PLFA. Both acridine orange direct
count and CFU data indicated that the number of total
and cultivable aerobic cells decreased with increased
depth (Fig. 2C). The total cells ranged from approxi-
mately 109 cells/g wet sediment at the water–sediment
interface to 107 cells/g at the 50-cm depth. Cultivable
aerobic biomass was much lower, ranging from 107 cells/g
at the lake bottom to 103 g at the 50-cm depth. Estimates
of viable biomass as determined by the total concentra-
tion of PLFA and a conversion factor of 20,000 cells/pmol
ranged from 109 cells/g at the lake bottom to 108 cells/g
at the 40-cm depth.

PLFA Community Profiling. Phospholipid fatty
acid profiles indicated that all samples contained relatively
diverse microbial communities in that all five categories of
PLFA were present in each sample (Table 1). The PLFA
profiles of the bottom four sediment subsamples, i.e.,
QLS36–QLS40, QLS30–QLS32, QLS20–QLS22, and
QLS10–QLS12, were quite similar but different from
the interface sample (QLS0–QLS2). Normal saturated
PLFA was the predominant PLFA present in all samples.
Monoenoic PLFA, indicative of the Proteobacteria, was
the second most prevalent type of PLFA observed. In the

Figure 2. Depth distribution of
selected physicochemical and bio-
logical variables in the pore water of
the Qinghai lake sediment.
(A) Dissolved oxygen, total Fe,
sulfate, acetate, and dissolved
organic carbon. (B) Total nitrogen
and organic carbon. (C) Bacterial
abundance as measured by acridine
orange direct count (AODC) and
colony-forming unit (CFU). Note
that some variable values are scaled
as indicated (by the numbers
following slashes) to fit axis ranges.
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interface sample, monoenoic PLFA represented approx-
imately 33% of the total PLFA, but in the other samples,
the proportion of monoenoic PLFA was approximately
15–19%. Terminally branched saturated lipids are indic-
ative of anaerobic gram-negative bacteria and Firmicutes,
and they were observed in an inverse proportion to the
monoenoic PLFA. The interface sample contained ap-
proximately 5% terminally branched PLFA, but in all
other samples, the proportion was at least double this
amount. These results suggested that the deeper samples
contained anaerobic microorganisms in accordance with
the geochemical data. Other anaerobic biomarkers (mid-
chain-branched saturates and branched monoenoics)
were also present in lower proportions in the interface
sample than in the deeper samples. Analyses of particular
biomarkers (10me16:0, 10me18:0, and i17:1w7c) indicat-
ed that SRB were possibly present in the bottom four
samples but in small proportions. Eukaryotic biomarkers
(polyenoic PLFA) were observed in all samples and were
highest in the interface sample, which indicates that the
sediment at the water–sediment interface represented a
more oxic environment. This was consistent with the
geochemical measurement of lake water in that dissolved
oxygen was high (õ3 ppm) at the lake bottom, but pore
water at the 1.25-cm depth was anoxic. Physiological
status biomarkers indicated that all of the samples were
undergoing a relatively low amount of starvation (i.e., cy/
cis G 1). The amount of starvation observed was inverse
to the patterns observed in the biomass levels, and these
results may suggest that samples with low biomass were
limited for a nutrient(s). The PFLA data also suggest
that environmentally induced stresses were not present
(Table 1).

Detection of Methanogenic Microorganisms in

Sediments. Methane was produced in all of the
incubated microcosms for methanogens when starch
was used as a carbon source, and visible growth was
observed. Methane was detected in the headspace gas as
measured by gas chromatography, ranging from 58 to 98
ppm. This range represented 90–93% of all gasses in the
headspace. When acetate was used as the sole carbon
source in the methanogen growth medium, a similar
amount of methane production occurred and growth
was clearly visible, suggesting enrichment of acetate-
utilizing methanogens. Growth was not observed in
enrichment tubes that contained either sulfate or iron
hydroxides.

Bacterial Diversity in Sediments. Partial sequences
of the SSU rRNA genes could be classified into the
following groups.

a-Proteobacteria. Sequences most closely related to the
a-Proteobacteria were from isolates obtained from theT

a
b

le
1
.

C
o

n
ce

n
tr

at
io

n
s

o
f

P
L

F
A

in
th

e
Q

in
gh

ai
L

ak
e

se
d

im
en

ts
an

d
fa

tt
y

ac
id

st
ru

ct
u

ra
l

gr
o

u
p

s
as

p
er

ce
n

t
o

f
to

ta
l

P
L

F
A

,
an

d
p

h
ys

io
lo

gi
ca

l
st

at
u

s
b

io
m

ar
k

er
s

as
m

o
le

ra
ti

o

Sa
m

pl
e

n
am

e

P
L

F
A

co
n

ce
n

tr
at

io
n

(p
m

ol
/g

)

C
om

m
u

n
it

y
st

ru
ct

u
re

(%
of

to
ta

l
P

L
F

A
)

P
h

ys
io

lo
gi

ca
l

st
at

u
s

A
n

ae
ro

bi
c

gr
am

-n
eg

at
iv

e/
F

ir
m

ic
u

te
s

(T
er

B
rS

at
s)

P
ro

te
ob

ac
te

ri
a

(M
on

os
)

A
n

ae
ro

bi
c

m
et

al
re

d
u

ce
rs

(B
rM

on
os

)
A

ct
in

om
yc

et
es

/S
R

B
(M

id
B

rS
at

s)
G

en
er

al
(N

sa
ts

)
E

u
ka

ry
ot

es
(p

ol
ye

n
oi

cs
)

St
ar

ve
d

cy
/ c

is

M
em

br
an

e
st

re
ss

,
tr

an
s/

ci
s

Q
L

S0
–

Q
L

S2
59

,6
77

5.
4

33
.6

0.
6

0.
9

45
.0

14
.6

0.
02

0.
00

Q
L

S1
0–

Q
L

S1
2

3,
82

7
13

.8
18

.1
2.

3
2.

3
59

.3
4.

2
0.

27
0.

00
Q

L
S2

0–
Q

L
S2

2
4,

89
5

14
.1

18
.6

2.
4

2.
7

58
.1

4.
1

0.
22

0.
00

Q
L

S3
0–

Q
L

S3
2

11
,4

60
14

.0
15

.4
2.

2
2.

7
62

.9
2.

9
0.

08
0.

00
Q

L
S3

8–
Q

L
S4

0
42

,3
77

11
.8

18
.6

1.
6

2.
5

63
.6

2.
0

0.
07

0.
00

T
er

B
rS

at
s:

T
er

m
in

al
ly

b
ra

n
ch

ed
sa

tu
ra

te
d

;
M

o
n

o
s:

m
o

n
o

en
o

ic
;

B
rM

o
n

o
s:

b
ra

n
ch

ed
m

o
n

o
en

o
ic

;
M

id
B

rS
at

:
m

id
-c

h
ai

n
-b

ra
n

ch
ed

sa
tu

ra
te

d
;

N
sa

ts
:

n
o

rm
al

sa
tu

ra
te

d
.

H. DONG ET AL.: MICROBIAL DIVERSITY IN QINGHAI LAKE 71



water sample at the bottom of the lake (23 m) and the
water–sediment interface sample (QLS0; Fig. 3). One
sequence from QLS30 and two sequences from QLS40
also belonged to this group. Three isolates from the water
sample (23-m water depth, bottom of the lake) were
closely related to (998% similarity) Caulobacter MBIC1405
(AB016847). Two sequences from QLS0 were 96% similar
to Paracoccus sp. RA19 isolated from a Polynesian lagoon
(AJ507806, GenBank description). Two others from the
same sample were 97% similar to Haplosporidium sp.
endosymbiont. Of the two sequences from the deepest
sediment sample (QLS40), one was 92% similar to a clone
sequence from a soda lake (GenBank description,
AF507004).

b-Proteobacteria. Similar to the a-Proteobacteria, the
sequences in this group were primarily observed in the
clone library of QLS0, with one sequence each from 10-, 20-,
and 40-cm depth (out of 25 clones from each respective
library; Fig. 3). The sequences from the QLS0 clone library
were related to a diverse group of bacteria, including
Comamonas sp. TK41 from an activated sludge-derived
microbial community (998% similarity; GenBank descrip-
tion), a b-proteobacterium OS-ac-16 from a Yellowstone
National Park hot-spring microbial mat [46], and an
uncultured bacterium from a phosphorus-removal ecosys-
tem (88% similarity; AF314424) [11]. The sequence from
QLS10 was 95–96% similar to autotrophic ammonia-
oxidizing bacterium Nitrosospira briensis. The sequence
from QLS20 was 998% similar to uncultured Nitro-
somonas sp. (AJ431350) from an alkaline, cold ecological
niche in Greenland [64].

g-Proteobacteria. Nine clonal sequences and five
bacterial isolates from the water sample clustered with
the g-Proteobacteria (Fig. 3). Three of the isolates
(QLW23-isolateQ, QLW23-isolateC, and QLW23-isola-
teM) clustered together and were 96–97% similar to
Pseudomonas anguilliseptica. P. anguilliseptica has been
observed from sediments at uranium waste piles [59] and
is also an opportunistic fish pathogen that can be isolated
from diseased fish [3]. QLW23-isolateX and QLW23-
isolateZ had approximately 92% sequence similarity to
Rheinheimera baltica BA 33. Rheinheimera is a recently
named bacterial genus, and R. baltica is a novel, blue-

pigmented bacterium that was isolated from the Baltic Sea
[9]. However, on the tested medium, the two isolates did
not produce blue pigmentation. Other species of Rheinhei-
mera have been isolated from the deep Pacific Ocean [56].

Two of the four clonal sequences from QLS0 were
closely related to Pseudomonas fulva and Stenotrophomo-
nas maltophilia LMG 20578, respectively. P. fulva was
previously isolated from strawberry plants, and LMG
20578 is capable of reducing selenate and selenite to
elemental selenium under microaerophilic conditions
[15]. One sequence was related to (94% similarity) a
sulfur-oxidizing endosymbiont of Ridgeia piscesae
(AY129120) found in tubeworms from hydrothermal
vent systems [45]. The sequence from QLS10 clustered
with one sequence from QLS0 and was related to (98%
similarity) P. fulva or Pseudomonas sp. Fa27. One
sequence from QLS30 clustered with the two sequences
from QLS40, and they were 88–90% similar to an
uncultured sponge symbiont (AF186447) from nutrient-
limited environments such as deep-sea sediment [38].

d-Proteobacteria. Sequences in this group were do-
minated by those from the clone library of QLS30
(6 out of 16) with one from QLS0, two from QLS10,
and two from QLS40 (Fig. 4). Two sequences from
QLS30 and one each from QLS0 and QLS40 formed a
cluster and had approximately 95% similarity to a clone
sequence recovered from benzene-contaminated ground-
water/uranium mining waste piles and mill tailings
(AJ534628) (GenBank description). One sequence from
QLS10 and two sequences from QLS30 formed a small
cluster and had 98% identity with an uncultured hydro-
carbon seep bacterium (AF154102; GenBank description)
and were moderately related (90–92% similarity) to a
benzene-mineralizing, sulfate-reducing consortium and
Desulfobacterium anilini. D. anilini is capable of degrad-
ing the aromatic compound aniline [57]. Two sequences
(one each from QLS30 and QLS40) had 94% identity
with an uncultured delta proteobacterium (AJ535249) in
sediments above gas hydrates from Cascadia Margin,
Oregon [32]. One sequence from QLS30 was closely re-
lated to (96% similarity) uncultured Desulfosarcina sp. or
Desulfosarcina variabilis. Members of Desulfosarcina sp.
have commonly been isolated in methane gas hydrates
[32].

Figure 3. Neighbor-joining tree (partial sequences, õ600 bp) showing phylogenetic relationships of bacterial SSU rRNA gene sequences
cloned from the Qinghai Lake sediments to closely related sequences from GenBank. Clone sequences from this study are coded as
follows, with QLS30-B23 as an example: QLS, Qinghai Lake sediment; 30, sample depth in cm; B, bacteria; 23, clone number. Therefore,
it reads bacterial clone 23 from Qinghai Lake sediment of 30 cm in depth. The isolates were obtained from a water sample from
23-m water depth (lake bottom). They are coded as follows: QLW23, Qinghai Lake water from 23 m depth, isolateQ. Scale bars
indicate Jukes–Cantor distances. Bootstrap values of 950% (for 500 iterations) are shown. Aquifex pyrophilus is used as an outer group,
and a single tree showing all bacterial sequences is created. Because of its large size, it is divided into two subtrees. This figure is the first
bacterial subtree showing the a-, b-, and g-Proteobacteria, Planctomycetes, and Cytophaga–Flexibacter–Bacteroides (CFB) groups.

72 H. DONG ET AL.: MICROBIAL DIVERSITY IN QINGHAI LAKE



H. DONG ET AL.: MICROBIAL DIVERSITY IN QINGHAI LAKE 73



Figure 4. This figure is the second bacterial subtree showing Low G + C gram-positive, gram-positive, Firmicutes, Actinobacteria, d-Proteobacteria,
Acidobacteria/Holophaga, and green nonsulfur bacteria.
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Cytophaga–Flexibacter–Bacteroides Group. Eight
sequences (four from QLS0, three from QLS10, and one
from QLS20) could be classified into the CFB clade (Fig. 3).
Two sequences in QLS0 were 88% similar to an uncul-
tured bacterium clone from Lake Sapgyo in Korea
(AY135907, GenBank description). One sequence from
QLS0 was distantly related to (88% similarity) Cytophaga
sp. EPR 14 from a deep-sea hydrothermal vent (GenBank
description). Of the three sequences from QLS10, two
distantly (85% similarity) formed a cluster with Cytophaga
sp. or Cytophaga fermentans. Sequences belonging to the
Cytophaga group have been isolated from deep-sea sedi-
ments [38]. One sequence in the Cytophaga group was
closely related to a benzene-mineralizing, sulfate-reducing
consortium clone. The other sequence from QLS10 was
distantly related to (õ90%) an uncultured bacterium from
a phosphorus-removal ecosystem (AF314435) [11].

Planctomycetes. Three sequences clustered with
Planctomycetes. One sequence from QLS0 was distantly
related to (90% similarity) an uncultured Planctomycete
clone recovered from Mono Lake, CA (AF507874) [28].
One sequence from QLS20 was distantly related to (89%)
Planctomycete GMD14H10 isolated from the Sargasso
Sea (in the middle of the Atlantic Ocean, between the
West Indies and the Azores) at a depth of 3 m [78], and
the other QLS20 sequence was remotely related to
(õ90%) an uncultured bacterial clone retrieved in gas
hydrates from Nankai Trough, Japan (AY093482) [53].

Low G + C Gram-Positive Bacteria (Firmicutes).
Twenty-seven sequences could be classified as the low
G + C gram-positive group (Fig. 4). Low G + C gram-
positive bacterial sequences dominated the clone library
for the deepest sample. These sequences were also
abundant in the libraries from QLS10, QLS20, and
QLS30, but not in the library from QLS0. Twenty-six
sequences formed a separate lineage and had between 90
and 92% identity with uncultured low G + C gram-
positive (AF507875) and Bacillus sp. clone sequences
previously recovered from the anoxic zone of a soda lake
in California (Mono Lake) [28]. Whereas most sequences
were closely related to uncultured low G + C gram-
positive bacterial sequences from Mono Lake, some
sequences from QLS40 formed a deep branch and were
only distantly related to (81–90% similarity) the clones
from the lake. Mono Lake is an alkaline (pH 9.8) and
hypersaline (84- to 94-g/L salinity) soda lake located east
of the Sierra Nevada mountains, approximately 160 km
south of Lake Tahoe, CA, USA.

Gram-Positive Group (Firmicutes). Nine sequences
(six from QLS20 and three from QLS10) formed a tight
cluster and were closely related to clone sequences
retrieved from gas hydrate-bearing sediments from the

Gulf of Mexico (AY211667, AY053496) [37, 43], the Sea
of Okhotsk (AB094958) [29], Nankai Trough
(AY093459) [53], and Cascadia Margin, Oregon [32].
The sediments from the Gulf of Mexico were at 550- to
575-m water depth and had visible oil and gas seepage
and methane-rich hydrates. The bottom pressure and
temperature were at 50 atm and 7-C. Some of the
sequences in this group were also related to a benzene-
mineralizing, sulfate-reducing bacterial consortium
(AF029050) [51].

Firmicutes. One sequence from QLS0 belonged to
the Firmicutes that was not low G + C gram-positive or
gram-positive subgroup. It was closely related to
Planococcus sp. isolated from desert dust in Mali, West
Africa (GenBank description).

High G + C Gram-Positive Bacteria (Acinobacteria).
Seven sequences clustered with this group. Three
sequences (two from QLS10 and one from QLS20)
formed a small cluster and were moderately related to
(92–94%) uncultured bacterial clones from the intertidal
flat of Ganghwa Island (AY568849) (GenBank description)
and gas hydrate-bearing deep-sea sediments (AB015540)
[38]. Three other sequences (each from QLS0, QLS10, and
QLS20) were not related to any previously documented
sequences.

Acidobacteria. Clonal sequences classified in this
group were predominantly from the clone library QLS40.
A group of clone sequences from QLS40 formed a cluster
and were related to (86–91% similarity) uncultivated
Holophaga sp. (AJ535239) recovered from sulfate-reducing
and methane-oxidizing sediments above gas hydrates in
Cascadia Margin, Oregon [32] and an uncultured bacte-
rium from cold-seep sediments (AY279049; GenBank
description). Holophaga/Acidobacterium have been shown
to be common in freshwater lakes [61] and are often
observed with a-Proteobacteria. One sequence from QLS40
was remotely related to (83%) an uncultured Verrucomi-
crobia bacterium (AY114317) from anoxic, ammonium-
oxidizing marine sediments [18].

Green Nonsulfur Bacteria. Two sequences from
QLS30 and QLS40 each formed a small cluster and
were related to clone sequences recovered from hydro-
thermal sediments in the Guaymas Basin (AF419665)
[67] and bacterial community in the intertidal flat of
Ganghwa Island (AY568796; GenBank description).

Archaeal Diversity in Sediments. Archaeal diversi-
ty was low, and the clonal sequences were not closely related
to any known isolates. Sequences from different libraries
(QLS0 through QLS40) clustered together, and sequences
from the different depths were not distinct. Two clusters

H. DONG ET AL.: MICROBIAL DIVERSITY IN QINGHAI LAKE 75



76 H. DONG ET AL.: MICROBIAL DIVERSITY IN QINGHAI LAKE



were observed within the Euryarchaeota. The sequences in
the first cluster, which contained the majority of archaeal
SSU rRNA gene sequences (74 out of 108), were closely
related to (97–99% similarity) an uncultured archaeon
clone recovered from methanogenic communities in
eutrophic and pristine areas of the Florida Everglades
(AY457656) [10] and uncultured archaeon clone sequen-
ces from Lake Kinneret sediments (AJ310856) [47]. The
related sequences from the Lake Kinneret sediments
formed a cluster with clone sequences Eel-TA1e6 [26]
and VAL2 within the Euryarchaeotal group III named by
Jurgens et al. [31]. Clone sequences Eel-TA1e6 and VAL2
were obtained from marine and forest lake sediments [26,
31]. The sequences in the second cluster were related to
(õ94% similarity) an uncultured archaeon (AY341270)
from a low-salt, sulfide-, and sulfur-rich spring [17] or to
uncultured Euryarchaeote (AJ131274 or AJ131275) in
bacterioplankton of a boreal forest lake [31].

There were three small clusters in the Crenarchaeota
(Fig. 5). Five sequences formed the first, and they were
related to (96–99%) anaerobic methanotrophic commu-
nities in hydrothermal sediments in the Guaymas Basin
(AF419646) [67], in sediments from deep-sea hydrother-
mal vent (AB019723) [65], in the waters from deep
South African gold mines (AB050240) [66], in the Lake
Michigan sediments (U87519) [41], in forest soils in the
range of Colorado (AY016470; GenBank description),
and in metal-rich particles from a freshwater reservoir
(AF418935) [63]. Five sequences formed the second
cluster, and they were related to archaeal communities
associated with the geological horizons in the coastal
subseafloor sediments from the Sea of Okhotsk (97%
similarity, AB094513) [29] and those retrieved from the
deep subsurface sediments from the Nankai Trough and
East Sea (Sea of Japan; 93% similarity, AY345168;
GenBank description). Seventeen sequences formed the
third cluster, and they were closely related to (90–99%
similarity) those archaeal sequences recovered from the
geological horizons in the coastal subseafloor sediments
from the Sea of Okhotsk (AB095518) [29].

Discussion

Microbial Biomass. The overall decrease in biomass
with increased depth was consistent with the general
trend reported for subsurface terrestrial sediments [49]
and suggests that geochemical conditions may be
controlling cell biomass. At the water–sediment interface
(the redox boundary), the fraction of biomass that
represented the Proteobacteria (monoenoic PLFA) was

most abundant among all the samples (approximately
34% of all biomass), and this fraction decreased deeper
into the anoxic sediments. Thus, the data suggest that the
initial decrease of biomass from the redox boundary to
anoxic environment (depth of a few centimeters) may be
caused by the change in the redox state. The further
decrease in biomass with depth within the anoxic zone
suggests that other variables, such as nutrients and stress,
may become important factors. The PLFA data revealed
that biomass was inversely correlated with indicators of
starvation, suggesting that the system may be limited by
certain nutrients. High concentrations of DOC and
acetate and low concentrations of iron and sulfate
suggest that the anoxic portion of the Qinghai Lake
sediments may be electron acceptor limited. This
observation was consistent with the PLFA, enrichment,
and SSU rRNA gene sequence data, indicating the
absence of Fe reducers and a negligible fraction of sulfate
reducers. High levels of acetate in pore water may be
driving heterotrophic methanogenesis, as verified by our
enrichment cultures.

Microbial Diversity. In our study, most identified
clone sequences had G95% sequence similarity to
previously cultivated microorganisms. The phylogenetic
analysis of clone sequences resulted in overlaps with
sequences from other lakes with similar habitats and
from many methane-rich sediments. The Proteobacteria
and CFB bacteria are commonly observed in waters and
sediments from other saline and alkaline lakes [12, 22,
28, 33, 40, 54, 62]. These two groups do not appear to be
specific to saline environments because of observations
from freshwater lake environments as well [21, 27]. The
gram-positive, Acidobacteria/Holophaga, and green non-
sulfur bacterial groups appear to be unique in saline and
alkaline lakes. Whereas the dominance of the low G + C
gram-positive group has been observed recently in
another saline and alkaline lake [28], this study reports
the presence of Acidobacteria/Holophaga and green non-
sulfur bacteria in an alkaline, saline environment.

The major groups of bacteria detected in this study
have also been previously detected in methane-rich
sediments [37, 53, 67], indicating the presence of
methanogens in the Qinghai Lake sediments. Our
successful enrichments of methanogens support this
conclusion. Indeed, the presence of methane gas in the
sediments of Qinghai Lake was reported in a previous
study [58]. In addition, the relatedness of the majority of
our detected archaeal sequences to those previously
recovered from methanogenic sediments further indicat-

Figure 5. Neighbor-joining tree (partial sequences, õ600 bp) showing phylogenetic relationships of archaeal SSU rRNA gene sequences
cloned from the Qinghai Lake sediments to closely related sequences from GenBank. The same algorithms as those used for the
bacterial tree were employed. A. pyrophilus is used as an outer group.
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ed that methanogenesis may be an important metabolic
process in Qinghai Lake. These data were also consistent
with the observation of low terminal electron acceptors
such as sulfate and iron.

Archaeal diversity in saline and alkaline lake sedi-
ments has not been studied extensively in the past.
Relative to the high bacterial diversity, the archaeal
diversity was low. There were only five clusters within
the Euryarchaeota and Crenarchaeota. Our detected
sequences were not related to any known cultivated
archaea but were most closely related to sequences
previously recovered from methane-rich sediments. The
archaeal diversity in methane-rich sediments has always
been described as quite low [2, 26, 37, 42, 50, 53, 67, 69].

Depth Distribution of Microbial Diversity. Results
from the analysis of phospholipids and nucleic acids
indicated a shift of microbial community with depth.
The PLFA data showed a decrease in the proportion of
the Proteobacteria and an increase in the Firmicutes with
increased depth. Characterization of SSU rRNA genes
amplified from the sediments indicated a shift in the
bacterial community with depth. Whereas the a-, b-, and
g-Proteobacteria and the Cytophaga/Flavobacterium/
Bacteroides (CFB) were dominant at the water–sediment
interface, low G + C gram-positive bacteria, a subgroup
with the Firmicutes, became the predominant group in
the deeper anoxic sediments (Table 2). The PLFA and the
sequence data were consistent and showed changes of
microbial community with depth.

The depth-related shift in the microbial composition
may reflect the major changes in geochemical conditions.
Among these, the most dramatic change was the redox
condition and electron acceptor/donor availability. The
entire water column in Qinghai Lake was oxic, including
the bottom (23 m), but within a few centimeters, the
sediments become anoxic as determined from pore water
chemistry. Across the redox boundary, other conditions
changed as well, including sulfate, DOC, and acetate
concentrations. In the water column, sulfate was abundant,
but organic matter levels were low. Qinghai Lake is
considered mesotrophic to oligotrophic in productivity
[58], and the water column lacks significant loads of
organic matter with a biological oxygen demand of 1.4
mg/L. In contrast, in the sediments, sulfate concentrations
are generally low, but organic materials are abundant [58]
with a biological oxygen demand of 44.3 mg/L. Thus, the
water column and the sediments represent two contrasting
geochemical environments. These contrasting differences
may have accounted for the observed differences in the
microbial community between the oxic water–sediment
interface and the anoxic sediments.

In the water–sediment sample (QLS0), the clone
sequences belonged to the a-, b-, and g-Proteobacteria and T
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CFB (Table 2), and they were similar to those previously
observed in saline lake sediments, hydrothermal vents, hot
springs, active sludge, phosphorous removal ecosystems,
benzene-contaminated groundwater, and forest wetland.
This wide range of environments could reflect the diverse
inputs of material to the lake from multiple sources
(rivers). There are 40 rivers of different sizes that discharge
into the lake and account for about 95% of the lake’s total
water input with the rest coming from groundwater [58].
Although it is difficult to estimate the size of drainage
basins of the 40 rivers, it is clear that the basins consist of
many different types of soils, vegetations, rocks, and
possible weather patterns because of the unique location
of Qinghai Lake. The relatedness of QLS0 sequences to
selenate and selenite reducers was consistent with the
recent findings of selenate reducers in arid and saline
Mono Lake [4] and other hypersaline environment [5].
The two isolates, both belonging to low G + C gram-
positives, obtained from Mono Lake were capable of
coupling selenate reduction, Se(VI) to Se(IV) and Se(IV)
to Se(0), with oxidation of organic matter. The QLS0
clone sequences belonged to the g-Proteobacteria.

The samples from the lower depths (QLS10 through
QLS40) differed in the dominant clone types among the
samples. The low G + C gram-positive sequences were
common to all samples from the anoxic zone (QLS10–
QLS40; Table 2) and were related to those retrieved from
Mono Lake, CA. Low G + C gram-positive bacteria are
characteristic of sediments from lake [28] and deep-sea
environment [38]. Previous studies [8, 38] suggest that
low G + C gram-positive bacteria may be common in
sediments containing methane-rich gas hydrates, but
definitive functions of low G + C gram-positives remain
to be determined. In addition, further work is needed to
increase sequence coverage and to identify the predom-
inant, active members from the respective depths.

The majority of clone sequences in subsample QLS20
were gram-positive bacteria, and they were closely related
to previously retrieved sequences from gas hydrates or
hydrocarbon seeps in the Gulf of Mexico, Cascade
margin, and Nakai Trench, Japan [32, 37, 43, 53]. The
relatedness of the QLS20 sequences to the sulfate-
reducing and methane-oxidizing sequences detected in
the gas hydrates from the Gulf of Mexico [43] suggests
that sulfate reducers and methane oxidizers may be
present in subsample QLS20. Indeed, high concentration
of sulfate was detected near this depth (Fig. 2A), but the
enrichment attempts failed to cultivate any sulfate
reducers.

The majority of clone sequences from QLS30
dominated the d-Proteobacteria and may be related to
SRB (i.e., Desulfosarcina). However, sulfate-reducing
activity was not detected in our enrichment cultures.
Sequences within the Desulfosarcina branch of SRB have
been previously reported to be abundant in the clone

library in hydrate ridge sediments from Cascadia Margin,
Oregon [32]. The presence of SRB and methanogens at
the same depth suggests possible interactions of potential
SRB and methanogens. The clone sequences from QLS40
clustered in two groups: Acidobacteria and low G + C
gram-positive. They were related to uncultured Holo-
phaga sp. recovered from sulfate-reducing and methane-
oxidizing sediments above gas hydrate in Cascadia
Margin, Oregon [32].

Biogeochemical Processes. The absence of sulfate
and ferric iron and the presence of abundant acetate suggest
that methanogenesis is possibly the dominant metabolic
process in the Qinghai Lake sediments. The high concen-
tration of acetate and alkaline pH suggests that the pathway
may be via acetate decarboxylation: CH3COO

_
+ H2O Y

CH4 + HCO3

_
+ (_31 kJ/mol CH4). Indeed, our

enrichment cultures have verified the presence of acetate-
utilizing methanogens. Zinder [82] reported that acetate
decarboxylation is carried out only by two methanogenic
genera (i.e., Methanosarcina and Methanosaeta) but has
been shown to be responsible for approximately two thirds
of the methane produced in most freshwater sediments and
in anoxic bioreactors. In our study, however, the majority
of methanogenic sequences in Cluster 1 of the Euryarch-
aeota were not particularly related to these two genera.
More work is necessary to confirm these observations.

It is unclear what role(s) bacteria play in association
with methanogenic archaea. Because most of the bacte-
rial clone sequences were related to uncultivated gram-
positives, the possible functions cannot be determined.
However, as mentioned above, some of the gram-positive
sequences were most closely related to known sulfate
reducers, and the sequences might represent organisms
that could hydrogen-transfer with the methanogens.

Acetogens are generally considered to be obligate
anaerobes but can colonize habitats that are not completely
anoxic. Recently, Boga and Brune [6] hypothesized that
homoacetogens (e.g., such as those observed from termite
guts) could reestablish anoxic conditions because of
tolerance to temporarily low pO2 and the capacity to
reduce O2. The deeper sediments might contain fermen-
tative acetogens able to tolerate the increased pH values.
The low iron and sulfate levels then might allow for
acetoclastic methanogenesis to predominate. Our enrich-
ment experiments appear to indicate the presence of
fermentative bacteria. Methane was produced when starch
and acetate were used as carbon sources. Because there is
no known methanogen that utilizes starch directly, our
current hypothesis is that fermentative acetogens may be
responsible for the production of acetate from starch,
which was utilized by methanogens.

This study is one of the few microbial diversity
studies in saline and alkaline lakes at high altitude, and
the data indicated the presence of different microbial
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populations with respect to depth of saline and alkaline
sediments. In addition, because of the unique position of
the lake and the diversity of water sources, the clonal
libraries contained sequences previously observed from
many different environments. The clonal sequences
suggested the presence of unique and novel micro-
organisms associated with phosphate and electron-
acceptor limitation that has allowed the development of
acetoclastic methanogens. Current work is underway to
further characterize and to quantify the unique popula-
tions as well as to obtain microbial isolates.
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