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[ Abstract .

Sulfate reduction is an important biogeochemical process in the ecosphere; however, the major taxa of sulfate
reducers have not been fully identified. Here, we used epicPCR (Emulsion, Paired Isolation, and Concatenation PCR)
technology to identify the phylogeny of sulfate-reducing prokaryotes (SRP) in sediments from Tibetan Plateau saline
lakes. A total of 12,519 OTUs and 883 SRP-OTUs were detected in ten lakes by sequencing of 16S rRNA gene PCR
amplicons and epicPCR products of fused 165 rRNA plus dsrB gene, respectively, with Proteobacteria, Firmicutes, and
Bacteroidetes being the dominant phyla in both datasets. The 120 highly abundant SRP-OTUs (> 1% in at least one
sample) were affiliated with 17 described phyla, only 7 of which are widely recognized as SRP phyla. The majority of
OTUs from both the whole microbial communities and the SRPs were not detected in more than one specific lake,
suggesting high levels of endemism. The a-diversity of the entire microbial community and SRP sub-community
showed significant positive correlations. The pH value and mean water temperature of the month prior to sampling
were the environmental determinants for the whole microbial community, while the mean water temperature and
total nitrogen were the major environmental drivers for the SRP sub-community. This study revealed there are still

environmental conditions.

many undocumented SRP in Tibetan saline lakes, many of which could be endemic and adapted to specific
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Introduction

The sulfur cycle is one of the key biogeochemical pro-
cesses in the ecosphere and has helped to shape the
Earth’s geological and biological history. Dissimilatory
sulfate reduction, the primary bioprocess within the sul-
fur cycle, is driven by sulfate-reducing prokaryotes
(SRP), which are a diverse taxa group of anaerobic sulfi-
dogenic microorganisms using oxidized sulfur com-
pounds as terminal electron acceptors [1, 2]. They have
been intensively studied, especially in marine and fresh-
water ecosystems for their important applications in bio-
remediation [3].
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Saline lakes at high altitudes are often inhabited by a
diverse community of extremophiles involved in various
biogeochemical cycles [4—7]. The sulfur cycle, especially
sulfur reduction, is very active in saline aquatic environ-
ments [7, 8], and many sulfate-reducing bacterial strains
have been isolated from the water and sediments of sa-
line lakes [9, 10]. The Tibetan Plateau contains thou-
sands of saline/hypersaline lakes characterized by low
nutrients, low temperature, and high UV exposure, pro-
viding unique niches for the inhabitation of microorgan-
isms [11]. The microbial communities of Tibetan saline
lakes and their relationship with environmental factors
have been studied in several lakes [12—15], including the
distribution of Proteobacteria and Firmicutes phyla along
vertical depth profiles in sediments of both Qinghai and
Chaka lakes [12, 13]. The most influential environmental
factors for shaping microbial communities have been ob-
served to be either pH [14] or salinity [15]. A previous
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study [16] showed that the dissimilatory reduction of ox-
idized sulfur compounds (sulfate, thiosulfate, and sulfite)
and sulfur in saline lakes were mediated by lithotrophic
SRP present within the lake sediments. However, the
taxonomic identity of SRP in Tibetan saline lake sedi-
ments is less clear, and the effects of comprehensive en-
vironmental factors on SRP remain unknown.

Although environmental SRP communities have previ-
ously been studied using the dissimilatory sulfite reduc-
tase gene (dsrAB) as a molecular marker [2, 17], a recent
study using publicly available metagenomics data has
suggested that the distribution of SRP phyla has been
significantly underestimated in various ecosystems [18].
To accurately identify SRPs and track their phylogenetic
distribution within their respective microbial communi-
ties remains a challenge with currently wide-applied
techniques. The recently developed epicPCR (Emulsion,
Paired Isolation, and Concatenation PCR) technology,
which has previously been used to target the SRP
sub-community at the single-cell level [19], could be a
potential solution. This technique sequesters microor-
ganisms into millions of emulsified droplets, each con-
taining a single microbial cell, amplifies functional
(dsrB) and phylogenetic (16S rRNA) genes, and fuses the
amplified products together within each droplet. There-
after, all fused PCR products in the droplets are pooled
together and sequenced via high-throughput sequencing.
Each read contains 16S and functional genes simultan-
eously, which could allow phylogenetic identification of
the functional taxa. It is much more cost-effective for
functional taxa discovery in environmental samples than
shotgun metagenomic sequencing. The sensitivity of this
technique was originally tested by comparing barcode-fused
16S rRNA gene diversity and bulk 16S rRNA sequencing
that is able to cover all major phylogenetic groups [19], indi-
cating that the specificity of this technology is fairly high. It
has been successfully used to amplify a fusion product of
dsrB and 16S rRNA genes at the single cell level [19], as well
as other functional genes such as those related to antibiotic
resistance [20, 21]. By using this approach, the taxonomy
and abundance of SRP individuals could be determined sim-
ultaneously [19].

In this study, high-throughput sequencing of dsrB-16S
rRNA gene fusion amplicons by epicPCR and 16S rRNA
gene amplicons was performed to explore and compare
the diversity of the SRP sub-community and the entire mi-
crobial community in surface sediments collected from
ten saline lakes of the Tibetan Plateau. These are perman-
ent lakes located distantly from each other (>391.68 km)
and lack direct anthropogenic influences. The aims of the
study were to (i) explore the community structure and di-
versity of SRP groups in Tibetan saline lake sediments, (ii)
expand the existing taxonomic breadth of SRP using
epicPCR approach, and (iii) evaluate the deterministic
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environmental factors that shape both the entire microbial
communities and SRP sub-communities in Tibetan lakes.

Materials and methods

Sampling sites and collection

A total of 31 sediment samples were collected from ten
lakes on the Tibetan Plateau between September 5 and 18,
2015, including Namucuo (NMC), Selincuo (SLC), Dan-
greyongcuo (DRYC), Yangzhuoyongcuo (YZYC), Bamucuo
(BMC), Dazecuo (DZC), Danggiongcuo (DQC), Dajiacuo
(DJC), Xurucuo (XRC), and Dongcuo (DC), with 2 to 8
samples per lake (Fig. 1). The sampling areas were located
between elevations of 4,406 to 5,166 m. The hydrological
connectivity has been examined by Google Earth imagery
as previously described [22]. Lake salinities ranged from
0.25 to 123.28 g/L.

The surface sediment samples (0—5 cm), with variable
proportions of sand and mud, were collected near the
lake edges on different sites around the lakes, each cor-
responding to a sample. The soil auger set was used to
collect sediments. For each sample, we collected five
replicates and mixed thoroughly in situ. The composite
sediments were stored in sterilized 50-ml tubes and fro-
zen immediately in dry ice for transport back to the lab.
Samples for microbial and geochemical analysis were
stored at — 80 °C until further analysis.

Environmental parameters determination

Lake water pH was measured in triplicate in situ by pH
probe V3.0 (Atlas Scientific) at the time of sampling.
Concentrations of major cations and anions ( F~, CI’,
NO,~, SO,2*, Br, NO;, Li*, Na*, and K*) were mea-
sured using ion chromatography (Dionex, ICS-2100).
Total organic carbon (TOC) and total nitrogen (TN)
were measured by CN Analyzer (Vario Max CN, Ele-
mentar, Germany). GPS coordinates were recorded at
each sampling point, ranged from 28° 58" 29.53” N to
31° 49’ 1945” N and 85° 44’ 57.78" N to 91° 06’
49.54" N (Additional file 1: Table S1). The mean of lake
water temperatures for the month (August 2015) prior
to sampling dates was extracted from public data [23].

epicPCR and 16S rRNA gene amplicon PCR library
preparation

The epicPCR procedure was performed following pub-
lished protocols [19] with minor modifications. Briefly,
the sediment samples were suspended in sterile water
and mixed by shaking (30 min, 720 rpm; IKA® KS 130 B,
Staufen, Germany) and sonication (1 min, 20 W; Micro-
son XL2000 ultrasonic liquid processor with 1.6 mm
diameter micro-tip probe, Misonix, NY, USA) [24],
followed by filtration of the bacterial suspension through
a 35-um cell strainer to remove sedimentary particles.
The «cell density was determined by fluorescence
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Fig. 1 Map of Tibetan saline lakes sampled for this study. NMC, Namucuo Lake; SLC, Selincuo Lake; DRYC, Dangreyongcuo Lake; YZYC, Yangzhuoyongcuo
Lake; BMC, Bamucuo Lake; DZC, Dazecuo Lake; DQC, Danggiongcuo Lake; DJC, Dajiacuo Lake; XRC, Xurucuo Lake; DC, Dongcuo Lake
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microscopy after fixation with formalin and DAPI
(4',6-diamidino-2-phenylindole) staining. The suspen-
sion was adjusted to 10—-20 million cells per 30 ul (vol-
ume used for reaction per sample) and subjected to
polymerization by acrylamide/BAC (N,N’-Bis(acryloyl)-
cystamine, Sigma) and ammonium persulfate in STT
emulsion oil (4.5% Span 80, 0.4% Tween 80, 0.05% Tri-
ton X-100, mixed by v/v in mineral oil). TEMED (N,N,N
",N'-Tetramethylethylene-diamine) was added as a cata-
lyzing agent. The polymerized acrylamide beads were
then extracted with diethyl ether, resuspended in 1x TK
buffer (20 mM Tris-HCl (pH 7.5), 60 mM KCl), and fil-
tered through a 35-um cell strainer for subsequent fu-
sion PCR. The validation of single cell separation was
verified by fluorescence microscope observation. Then,
fusion PCR amplification was conducted in ABIL emul-
sion oil (4% ABIL EM 90, 0.05% Triton X-100, mixed by
v/v in mineral oil). The thermal cycling conditions were
as follows: an initial denaturation at 94°C for 30s,
followed by 33 cycles at 94 °C for 55, 52 °C for 30s, and
72°C for 30s, and ended with a final extension step of
at 72°C for 5 min. Immediately after the run, the prod-
ucts were extracted with diethyl ether and ethyl acetate.
Agencourt AMPure XP - PCR Purification (Beckman
Coulter, Danvers, MA, USA) beads were then used for
product purification. The purified products were used as
template for the following nestPCR reaction. Nested
qPCR was performed on each sample with 100x SYBR
Green I (Invitrogen, Waltham, MA, USA) to determine
optimal nested PCR cycle numbers for different samples

accompanied by a non-template negative control. The
Ct values were used to dilute each sample to approxi-
mately the same concentration of fusion products. The
nestPCR conditions were as follows: 98 °C for 30s, 40
cycles of 98°C for 55, 52°C for 30s, 72 °C for 30 s with
final extension at 72 °C for 5 min. The product fragment
sizes were checked by agarose gel electrophoresis and
then harvested and purified using Gel Extraction Kit
(D2500-02, OMEGA BioTek) for library construction.
The library was prepared according to the MiSeq Reagent
Kit Preparation Guide (Illumina 250 bp — 250 bp) and se-
quenced on an Illumina MiSeq platform. Primers dsrB-F1,
R2 (1492R), and dsrB-R1_519R were used for fusion PCR,
and primer set dsrB-F3/E786R with attached barcodes plus
blocking primer set U519F-block10/U519R-block10 were
used for nestPCR (Additional file 1: Table S2 and S3) [19].
For 16S rRNA gene amplicon sequencing, DNA from
each sample was extracted with FastDNA™ SPIN Kit
for Soil (MP Biomedicals). DNA quality and concentra-
tion were determined by a NanoDrop Spectrophotom-
eter (Nano-100, Aosheng Instrument Co Ltd.). The 16S
rRNA gene was amplified with the universal pair of pri-
mer 515F (5'-GTGCCAGCMGCCGCGGTAA-3") and
806R (5'-GGACTACHVGGGTWTCTAAT-3") com-
bined with self-designed barcodes to distinguish samples
(Additional file 1: Table S3). The PCR reaction consisted
of 0.5 pLTaq DNA Enzyme (TaKaRa), 5pL 10 x PCR
buffer, 1.5pL 10puM dNTP mixture, 1.5puL of both
10 uM forward and reverse primers, 1puL of template
DNA within 20-30 ng/pL, and ddH20O adjusted to a
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final volume of 50 pl. The following program was used:
denaturation at 94°C for 1 min, 30cycles of 94°C for
20 s, 57°C for 25, and 68 °C for 45, final extension at
68 °C for 10 min followed by sample maintenance at 4°
C. The final DNA purification, library construction, and
sequencing procedures were exactly the same as that for
epicPCR products.

epicPCR and 16S rRNA gene amplicon sequence processing
Sequence processing was performed using an in-house
pipeline [25] that integrated various bioinformatics tools.
Raw sequencing reads of both epicPCR products and
16S rRNA amplicons were assigned to samples accord-
ing to their barcodes, allowing for one mismatch. Both
forward and reverse primers were trimmed, also with
one mismatch allowed. Paired-end reads of sufficient
length (>200bp) of 16S rRNA amplicons with a mini-
mum 30 bp overlap were combined by FLASH program
[26] into full-length sequences, resulting in an average
fragment length of 253 bp. For epicPCR reads, the steps
for barcode and primer removal and FLASH were simi-
lar, except the average fragment length was 283 bp. After
FLASH, the beginning 30bp of each sequence from
epicPCR reads, the dsrB gene fragments connected to
the corresponding 16S rRNA gene sequences, were re-
moved before subsequent processing. The bridging pri-
mer within epicPCR reads was then trimmed after the
FLASH step, resulting in 16S rRNA fragments and dsrB
fragments. The Btrim program [27], with a threshold of
quality score >20 and a window size of 5, was used to
filter out unqualified sequences of the 16S rRNA frag-
ments from epicPCR and 16S rRNA amplicons, respect-
ively. Any sequences with either an ambiguous base or
beyond the length range of 245~260 bp were discarded.
The 16S rRNA amplicon sequences and 16S rRNA frag-
ments from epicPCR reads were then combined for sub-
sequent analysis. After filtering the sequences for 16S
rRNA amplicons and epicPCR reads were then com-
bined into one sequence file (fasta format) by an
in-house pipeline. Thereafter, UPARSE [28] was used to
remove chimeras and classify the sequences into oper-
ational taxonomic units (OTUs) at 97% sequence iden-
tity without any singletons being discarded. Resampling
to 10,000 reads per sample was used to normalize total
reads across samples. Selected representative OTU se-
quences were aligned using PyNAST [29] and tree file
was generated using FastTree program [30]. The OTU
tables of 16S rRNA sequences that support the findings
of this study are available on the institute’s website
through the following link, http://mem.rcees.ac.cn/
download.html. The raw sequencing data have been de-
posited in the NCBI Sequence Read Archive under ac-
cession code PRINA489931 (Additional file 1: Table S4).
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Shannon indices of a-diversity were used to quantify
the biodiversity of microbial community or SRP. Rich-
ness was obtained by counting the observed OTUs
numbers in resampled OTU table. Chaol values [31] asso-
ciated with the rarefaction curve were calculated using
mothur program [32]. Shannon index and correlation of
a-diversity index were calculated according to species
abundance using vegan package (v.2.3-5) in R (v.3.2.5) [33].

Sequence alignment and phylogenetic analysis

The highly abundant (> 1% in at least one sample) OTUs
of SRP extracted from epicPCR sequencing were aligned
with reference sequences of the relevant phyla acquired
from NCBI for phylogenetic positioning using MUSCLE
with default settings [34]. The aligned sequences were
processed through the Phlogeny.fr pipeline [35] for
maximum-likelihood tree construction and interactive
tree of life (iITOL) v3 [36] for tree visualization. The
bootstrap supported >50% by 1000 resamplings were in-
dicated on the tree.

Statistical analysis

Most statistical computations, including PCoA analysis,
were run on an in-house pipeline (available at http://
mem.rcees.ac.cn:8080) to generate [-diversity between
lakes, and Mantel test for the assessment effects of en-
vironmental factors. Three correlation tests (Pearson,
Kendall, and Spearman) were applied to test the Shan-
non index for any correlation between SRP and micro-
bial community a-diversity. Mantel test was performed
to verify the associations between microbial community
and environmental variables, for which the Jaccard dis-
tances were calculated for microbial and SRP communi-
ties across 31 samples and the Euclidean distances used
to measure the variation of standardized environmental
variables across samples. The results from the Mantel
test were further validated by canonical correlation ana-
lysis (CCA).

Results

The environmental conditions of sampling lakes

A wide range of environmental factors was measured
across all samples. At the ten sampled lakes, pH ranged
from 8.86 £ 0.02 to 9.68 + 0.01, salinity from 0.44 + 0.14
to 122.39 + 1.26 g/L, total nitrogen (TN) from 0.07 + 0.03
to 0.88+0.31g/kg, total organic carbon (TOC) from
0.11+0.02 to 2.08 £1.09%, and sulfate concentration
from 0.15+0.04 to 5.25+0.11g/L (Additional file 1:
Table S5). The mean of lake water temperatures for the
month prior to sampling dates was extracted from pub-
lic data, ranging from 9.95 to 14.75 °C [23].
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The composition of microbial communities and SRP sub-
communities shows endemism

The compositions of the entire microbial (i.e. bacterial and
archaeal) community and SRP sub-community were profiled
by sequencing of 16S rRNA gene amplicons and epicPCR
(16S rRNA+dsrB gene) amplicons, respectively, from 31
samples (Table 1). After removing barcodes and quality con-
trol, all epicPCR reads were trimmed on the bridging primer
and split into 16S and dsrB files (Additional file 1: Table S6).
After completion of preprocessing, a total of 1,350,398 and
622,205 reads were generated by 16S rRNA gene amplicons
for the entire microbial community and epicPCR for SRP,
respectively. The sequences of 16S rRNA fragments from
epicPCR and 16S rRNA genes for the entire microbial com-
munity were used for all below analyses. For the entire com-
munity, there were 12,519 representative OTUs affiliated
with 890 genera and 42 phyla. For the SRP sub-community,
there were 883 representative OTUs affiliated with 230 gen-
era belonging to 30 phyla with 120 OTUs with high relative
abundance (>1% in at least one sample). Within those
highly abundant SRP-OTUs, 113 belonged to 60 known
genera in 16 bacterial phyla (mainly Proteobacteria, Firmi-
cutes, and Bacteroidetes) and one archaeal phylum
(SRP-OTUL111, genus Nitrososphaera, phylum Thaumarch-
aeota); in addition, there were 7 unclassified OTUs (1 ar-
chaeal and 6 bacterial). To demonstrate the taxonomic
composition across the main phyla, OTU numbers affiliated
with each phylum were compared between the entire micro-
bial community and SRP sub-community. Proteobacteria
(27.8% and 36.6%, in the entire community and SRP, re-
spectively), Firmicutes (9.6% and 18.7%), and Bacteroidetes
(9.3% and 13.3%) were the most diverse phyla, at OTU level,
accounting for the largest proportion of OTU numbers in
all samples (Fig. 2). Across different lakes, Proteobacteria
and Firmicutes were the most abundant phyla for the entire
community, while Proteobacteria was always the most abun-
dant phylum for the SRP sub-community (Additional file 1:
Figure S1).

For microbial communities as a whole and SRP sub-
communities, the majority of the representative OTUs
showed endemism (Additional file 1: Table S7). Less
than 0.6% of the total microbial community OTUs (74
out of 12,519) were ubiquitous, present in each lake,
while 67.5% (8,463 of 12,519) of the OTUs were
lake-specific. For SRPs, nearly 70% OTUs (615 out of
883) were lake-specific while 2% (18 out of 883) were
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ubiquitous. Of the 120 SRP-OTUs, the majority (> 75%)
were found to be lake-specific, as they were observed in
high relative abundance in only single lake, and only two
SRP-OTUs (SRP-OTU1 affiliated with Halomonas) and
(SRP-OTUS affiliated with Shewanlla) were present in
high relative abundance in all lakes. As Tibetan saline
lakes are considered an extreme environment for isolat-
ing new microorganisms, the proportions of unclassified
taxa in both the entire microbial community and SRP
sub-community were compared at the genus level (Add-
itional file 1: Figure S2). At the genus level, the unclassi-
fied proportion of the whole microbial community was
higher than that of SRP sub-community, suggesting the
microbial community is a potentially rich source for
uncharacterized microbial strains; however, in compari-
son, the SRP group had a smaller proportion of un-
known species. Similarly, at the OTU level, unclassified
organisms accounted for 7.4% of OTUs in SRP, while in
the entire microbial community, they accounted for
16.5% (Fig. 2).

The comparison of a- and B-diversity in microbial entire
communities and SRP sub-communities

The a- and p-diversity of microbial communities and SRP
sub-communities in each lake were assessed for their as-
sociations (Fig. 3). The a-diversity measured by the Shan-
non indices is the numeric indication for each samples’
species richness [37], while B-diversity provides regional
diversity from compositional differences between site as-
semblages [38] which, here, is described by PCoA analysis.
The Shannon diversity indices were calculated at the
OTU level for each sample, ranging from 3.53 to 5.92 for
the entire microbial community and from 0.90 to 2.56 for
SRP (Fig. 3a). The correlation coefficients of Shannon di-
versity indices between microbial communities and SRP
sub-communities were 0.443 (P < 0.05) by Pearson’s cor-
relation. The B-diversity ordination analysis of PCoA (uni-
frac weighted) showed an overlap in the distribution
between the entire microbial community and SRP popula-
tions in the majority of samples (Fig. 3b), with the two
axes explaining 40.2% of the total variation. The PCoA
analysis (unifrac weighted) on p-diversity showed a larger
dispersal for the SRP sub-communities than for the whole
microbial communities (Fig. 3b), possibly due to there be-
ing fewer core OTUs in SRP than microbial communities
across all sampled lakes.

Table 1 Comparison of composition of microbial community and SRP populations at OTU, genus, and phylum levels in

Tibetan lakes

Microbial community

SRP sub-community

High abundant SRP (> 1% in at least one sample)

OTUs 12,519 883

Genus 890+ unclassified

Phylum 42+ unclassified

230+ unclassified

30+ unclassified

120
60+ unclassified

17+ unclassified
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Fig. 2 The percentage of representative OTUs affiliated with the major phyla of the microbial community and SRP as identified by 165 rRNA

The phylogenetic position of SRP genera of high relative
abundance

A maximum likelihood phylogenetic tree of the 120
highly abundant (>1% in at least one sample) SRP-
OTUs was constructed to show the phylogeny, abun-
dance, distribution, and taxonomy of the SRP in Tibetan
saline lakes (Fig. 4). SRP-OTU1 (genus Halomonas;
phylum Proteobacteria) was, on average, the most abun-
dant in all lakes. The 16 observed bacterial phyla in-
cluded 7 (Proteobacteria, Firmicutes, Acidobacteria,
Actinobacteria, Chloroflexi, Planctomycetes, and Verru-
comicrobia) known to be capable of sulfate/sulfite reduc-
tion [18]. Additionally, there were 42 OTUs affiliated
with 9 bacterial phyla, including four candidate phyla,
one archaeal phylum, and several unclassified SRP, that
did not contain microorganism known for sulfate/sulfite
reduction function, nor previously known to possess

sulfate/sulfite reductase genes. Among the phyla previ-
ously unknown to possess sulfate/sulfite reductase genes,
Bacteroidetes had the most diverse OTUs, these were
clustered into a single sub-clade on the tree.

The dominated environmental factors shaping the SRP
and microbial community

Mantel tests were used to assess the effect of environmen-
tal factors on the composition of both the entire microbial
communities and SPR sub-communities. For microbial
community, pH (ry;=0.199, P =0.004) and mean water
temperature during the month prior to sampling (August)
(rv = 0.329, P =0.003) exhibited the most significant asso-
ciations with the community variations across the 31 sedi-
mentary samples (Table 2). However, for the SRP
sub-community, the mean water temperature (ry; = 0.131,
P =0.044) and total nitrogen (ry; = 0.388, P = 0.016) were
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Fig. 3 The diversity and structure of microbial and SRP communities in Tibetan saline lakes. a The a-diversity i (Shannon index) of microbial
community and SRP in each lake. The lakes were ordered according to their salinity from lowest (NMC) to highest (DQC). The error bars indicate
standard deviation. b The PCoA plot for Unifrac distances of microbial community and SRP sub-community
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significantly associated with their sub-community struc-
ture. Again, for the 120 high-abundance SRP populations,
the mean water temperature (ry;=0.135, P =0.044) and
total nitrogen (ry; =0.351, P =0.021) exhibited significant
effects. Total nitrogen (ry; = 0.158, P = 0.047) was the only
environmental factor detected as being significant for
lake-specific SRPs. The significant environmental factors
for each group were further assessed by CCA analysis in
order to validate the results (Additional file 1: Figure S3).
The results from CCA analyses (Additional file 1: Table S8)
verified pH significant for the microbial community (F =
149, P=0.002) and total nitrogen significant for both SRP
sub-community (F =1.89, P=0.03) and high-abundance
SRP population (F =1.98, P =0.02). Together, these results
indicated that the environmental factors involved in shaping
the entire microbial community and SRP sub-community
were substantially divergent.

Discussion

Understanding the roles of microbial groups with ecologic-
ally important functions, such as SRP, in various ecosystems
has largely relied on bringing organisms into culture and
assessing their metabolic capabilities. In recent years, meta-
genomics and single-cell genome sequencing have been fre-
quently applied to connect taxonomy with these key
ecological functions and attempted to assess the diversity of
functional taxa in their natural habitats [39—41]. The diver-
sity of the SRP functional taxa has been confined to a re-
stricted range of microbial phyla for a number of years [42],
partly due to a lack of valid detection technologies. In 2018,
a study by functional computation on public metagenomic
data detected many novel SRP phyla, suggesting a

tremendous underestimation of the extent of SRP diversity
by routine surveys on rRNA or dsrAB genes. This study
proposed a deeper mining of available microbial genomes
from public databases for exploring candidate sequences of
sulfate/sulfite reducing functional genes so as to reveal
more SRP taxa [18]. Herein, our study used epicPCR to in-
vestigate into the SRP sub-community composition of ten
Tibetan saline lakes at a regional scale, through which ten
phyla previously unknown for their potential dissimilatory
sulfate/sulfite reduction function have been discovered.
Additionally, the high-resolution structure of the SRP
sub-community enables an overview of its diversity, com-
parison to the entire microbial community, and elucidation
of effective environmental determinants. Our results indi-
cated that a far more diverse range of microorganisms is in-
volved in sulfate/sulfite reduction than previously realized.

In the 31 samples collected, Proteobacteria, Firmicutes,
and Bacteroidetes were the most diverse phyla with the
highest percentages of representative OTUs. These phyla
are commonly reported in saline lake environments and sev-
eral subgroups are known to be moderate or extreme halo-
philes [43]. These phyla are also dominant in a number of
alkali lake sediments across the Tibetan region [14], demon-
strating their wide presence in analogous ecological habitats.
It is believed that these phyla are frequently detected due to
their ability to adapt to the harsh conditions found in differ-
ent lake types [44]. At the genus level, Halomonas and Aci-
netobacter were the most abundant genera in Tibetan saline
lakes. While the microbial population of these lake sedi-
ments is largely uncharacterized, the majority of SRP
belonged to well-studied taxa, which may be partly due to
the primers used for amplification of dsrB in epicPCR.
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Table 2 Simple Mantel test (Jaccard distance) of environmental factors on microbial community and SRP sub-community

Microbial community SRP sub-community Highly abundant SRP populations Lake-specific SRP populations
'y P ' P 'y P ' P
pH 0.1993 0.004 0.0381 031 0.0529 024 0.0248 0351
MMT(Aug) 0.3299 0.003 0.1314 0.044 0.1349 0.044 0.0495 0.198
N —0.0869 0.759 0.3878 0.016 03513 0.021 0.1580 0.047
TOC 0.0805 0.224 -0.1159 0.807 —0.0991 0.821 -00112 0532
SO, 0.1364 0.095 0.0802 0.205 0.0521 0.251 —0.0349 0.660
Salinity 0.0125 0.371 -0.0313 0491 —0.0858 0.771 —0.0895 0.796

The P values of statistical significance (< 0.05) are in italics.
Abbreviation: MMT (Aug) monthly mean temperature of surface water in August, 2015, TN total nitrogen, TOC total organic carbon, SO,2~

sulfate concentration
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However, we also found the endemism is a feature in
both the whole microbial communities and the SRP
sub-communities within the ten lakes we studied here
(Additional file 1: Table S7). The distant locations for
these lakes and lack of structural connectivity between
them are clear and may be a contributing factor to the
endemism as microbial dispersal limitation can be con-
strained and the successional trajectory and assembly of
microbial communities could be different. It has been
previously observed that the lack of hydrological con-
nectivity can give rise to the emergence of different mi-
crobial taxa in disconnected lakes in response to glacier
runoff [45], indicating the disconnection enables lakes to
undergo different environmental transformations, caus-
ing a divergence between their microbial communities.

Among the 120 highly abundant SRP-OTUs from
epicPCR sequencing, members of the Proteobacteria (35
SRP-OTUs), Firmicutes (25 SRP-OTUs), Acidobacteria
(13 SRP-OTUs), Verrucomicrobia (SRP-OTU320 unclas-
sified Verrucomicrobia), Actinobacteria (10 SRP-OTUs),
Planctomycetes (SRP-OTU204 Thermogutta), and Chlor-
oflexi (4 SRP-OTUs) have all been noted for their ability
to reduce sulfate/sulfite [18]. Also of note, the sequences
included two SRP-OTUs from Archaea, SRP-OTU111
Nitrososphaera and SRP-OTU474 unclassified Archaea.
While in principle epicPCR primers target bacterial but
not archaeal dsrB, a speculation for the occurrence of
these archaeal sequences is low phylogenetic information
available for the dsrB fragment [19]. More than 90 of the
120 SRP-OTUs are lake-specific, while only 2 are widely
distributed in every lake, suggesting the majority of SRP
taxa may have high sensitivity to environmental condi-
tions. It revealed that they can only adapt to and emerge
in specific lakes, or alternatively, this phenomenon may
be attributed to the various successional trajectory for
the SRP sub-community assembly. In the two ubiquitous
SRP-OTUs, the abundant SRP-OTU1L affiliates with
Halomonas, a halophilic genus involving in the sulfur
cycle [46], though its exact role in sulfate/sulfite reduc-
tion awaits further study. In our study, Halomonas is the
most abundant genus within the SRP group, present in
high relative abundance in every lake. This is likely due
to Halomonas spp. tolerance of high salinity conditions
[47]. Beyond the known SRP, 21 SRP-OTUs belonged to
14 genera with no previously documented ability for sul-
fate/sulfite reduction (Fig. 4). However, the genomes of
Halomonas strains are found to include dsr family genes,
for instance, genes HAL1_ 10182 of Halomonas sp.
HAL1 [48] and MOY_00165 in GFAJ-1 [49] encoding
dissimilatory sulfite reductase subunits, supporting their
potential involvement in this activity. Within the OTUs
affiliated with new discovered phyla, the majority of Bac-
teroidetes clustered with Candidatus Saccharibacteria
into a subclade, while similarly Candidate Division SR1
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and Thaumarchaeota, Candidatus Cloacimonetes, and
Deinococcus-Thermus formed subclades. Most of these
subclades from candidate taxonomies implied that there
are still a number of unknown taxa potentially posses-
sing sulfur reducing capabilities.

To elucidate the deterministic environmental factors influ-
encing the community assembly within Tibetan saline lakes,
Mantel tests were performed on the entire microbial com-
munity, SRP sub-community, high abundance SRPs, and
lake-specific SRPs. The monthly mean temperature (MMT)
of August 2015 in lake surface water and pH significantly af-
fected the microbial community composition (P <0.005),
while MMT and TN shaped the SRP sub-community
(Table 2). For lake-specific SRPs, TN was the only significant
environment factor, indicating their endemism may be either
influenced by some unknown environmental factor or suc-
cessional trajectory of sub-community assembly. The envir-
onmental factors of significance were further validated by
CCA analysis (Additional file 1: Figure S3). The P values of
CCA results verified the pH as significant for the entire mi-
crobial community and TN for SRPs. Previous studies have
demonstrated that mean annual temperature (MAT) was
the most important environmental factors shaping both o-
and [-diversities of microbial communities in forest soils
[50-52]. In a tropical freshwater lake, the monthly mean
temperature of water was discovered to be a key factor for
phytoplankton biomass through linear regression. Similarly,
the monthly values of sea surface water temperature had a
significant relationship with bacterial production and alka-
line phosphatase activity in marine ecosystems [53]. Our re-
sults indicated that the monthly mean temperature of in situ
water in addition to local atmosphere temperature can alter
the microbial community structure in lake environments,
implying the important effect of long-term temperatures.
Mantel test results also showed pH as another significant
factor for shaping the entire microbial community in saline
lakes. The significance of pH on microbial community in
lake sediments from Tibetan plateau has been noted previ-
ously [14, 54]. As soil and sediments have similar nutrient
compositions including nitrogen, carbon, and phosphorus
[55], pH has previously been shown to have significant ef-
fects on microbial communities at regional and continen-
tal scales of soils in Britain, France, and North America
[56-58]. It is also a significant driver for shaping the mi-
crobial community structure in sediments collected from
Lake Hazen, located in the Canadian Arctic, which is an
extreme environment [59] as well as in sediments from
typical freshwater ecosystems of the Qiantang River [60].
Notably, our lake water samples showed a narrow range
of pH values (8.86 + 0.02 to 9.51 + 0.01, Additional file 1:
Table S5), but the sediment microbial community still
demonstrated a high responsiveness to even subtle shifts
in pH. Apart from MMT, TN showed significant associa-
tions for SRP sub-communities according to both Mantel
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Test and CCA results. TN has been shown to impact mi-
crobial community structure and SRPs diversity in soil,
and in aquatic microcosms, putatively through acidifica-
tion and depletion of oxygen and hitherto changing in situ
microbial metabolisms [61, 62]. Our results by dual
methods demonstrated that the temperature and TN con-
tent are the major drivers on shaping SRP sub-community
in saline lakes and could be different from the environ-
mental drivers for the entire community.

Our study also showed there were divergent environ-
mental drivers for SRP sub-community and entire mi-
crobial community across ten saline lakes (Table 2). In
natural sediments, SRPs account for only a small portion
of the entire microbial community, as exemplified by
0.03-0.28% in sediments from north China marginal
seas [63] or 1.4 to 15% in sediments collected from Aar-
hus Bay [64]. Therefore, the SRP populations’ variations
caused by specific environmental drivers will not neces-
sarily shift the entire microbial community at a statisti-
cally significant level. The other microbial community
members, other than SRPs, can be sensitive to some
common environmental drivers, such as pH (Table 2).

The positive correlation of a-diversity between micro-
bial communities and SRP sub-communities implies
more diverse microbial consortia have SRPs with higher
species richness and thus increased functional redun-
dancy. Although the microbial communities and SRPs
showed endemic feature in these lakes, their variations
do not excluded the potential for functional redundancy
of sulfate-reduction, as indicated by widespread presence
of the dsrB gene within genomes from across a broad
range of phyla, implicating an active sulfur biogeochem-
ical transformation cycle maintained by functional
groups despite fundamentally differences between the taxa
present. We discovered more taxonomically distinct pro-
karyotes than previously recognized that encode the same
sulfate-reducing function. The functional redundancy and
taxonomical diversity may insure sulfate-reducing activity
against alteration in community composition and diversity
[65]. The phenomenon that taxonomically different
microbes performing the similar functions successfully
colonize niches was postulated as that functionally equiva-
lent species can occupy the same niche, but the first-arriving
species ultimately establishes itself within communities [66],
which may provide a clue to track the taxonomic source of
the SRP sub-community across the lakes.

Conclusion

For several decades, sulfate-reducing prokaryotes have
been recognized as functional microorganisms present in
various environments, but their full taxonomic distribu-
tion, especially in the natural ecosystem, is still unclear,
largely due to the limitation of available technologies. We
applied a newly developed approach, epicPCR, to probe
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the sulfate-reducing prokaryote community from Tibetan
saline lake sediments, and assigned the taxa of SRP popu-
lations to 17 highly abundant phyla, including ten with
previously unrecognized sulfate-reducing taxa in this
unique habitat. Observing SRP biogeography at regional
scales, separate from the rest of the microbial community,
allowed a better understanding of their diversity, distribu-
tion, and deterministic environmental factors. Our results
showed that the structural shifts of microbial communities
as a whole, and SRP sub-communities alone, varied in dif-
ferent ways and in response to different environmental
factors with the SRP taxonomic richness. It implied that the
Tibetan saline lakes contain a large inventory of uncharac-
terized SRP. Our study further provided a starting point for
detecting SRP from such extreme environments at high
resolution and comprehensively constructing a database for
the distribution and taxonomical analysis of SRP. As biotic
interactions between functional community members within
microbiomes are important, it is also necessary to construct
the interaction network between SRP group with other
functional groups, such as nitrogen and carbon cycling
groups and the rest of the microbial community to generate
versatile models on biogeochemical functions. Finally, our
study proved that epicPCR could be a robust approach for
detecting SRP populations from various environmental
niches, including both natural ecosystems as well as artificial
systems such as industrial bioreactors.
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