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Abstract

genera or genetic resources in these hot springs.

worldwide.

Background: Ganzi Prefecture in Western China is situated geographically at the transition regions between
Tibetan Plateau and Sichuan Basin in a highly tectonically active boundary area between the India and Eurasia plates.
The region hosts various hot springs that span a wide range of temperature from 30 to 98 °C and are located at high
altitude (up to 4200 m above sea level) in the region of large geothermal anomalies and active Xianshuihe slip-fault
that has been active since Holocene. The site represents a biodiversity reservoir for thermophiles, yet their diversity and
relationship to geochemical parameters are largely unknown. In the present work, bacterial diversity and community
structure in 14 hot springs of Ganzi were investigated using lllumina MiSeq sequencing.

Results: Bacterial community compositions were evidently distinct among the 14 hot springs, and the bacterial
communities in hot springs were majorly abundant in phyla Aquificae, Cyanobacteria and Proteobacteria. Both
clustering and PCoA analysis suggested the existence of four bacterial community patterns in these hot springs.
Temperature contributed to shaping bacterial community structure of hot springs as revealed by correlation
analysis. Abundant unassigned-genus sequences detected in this study strongly implied the presence of novel

Conclusion: The diversity of hot springs of Ganzi prefecture in Western Sichuan, China is evidently shaped by
temperature. Interestingly disproportionally abundant unassigned-genus sequences detected in this study show indicate
potential of novel genera or phylotypes. We hypothesize that frequent earthquakes and rapidly changing environment
might have contributed to evolution of these potentially new lineages. Overall, this study provided first insight into the
bacterial diversity of hot springs located in Western Sichuan, China and its comparison with other similar communities
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Background

Microbial populations in terrestrial hot springs have
been a subject of interests and concerns of microbiolo-
gists. The hot springs around the world have been ex-
tensively studied, particularly in Yellowstone National
Park (YNP), USA [1], Japan [2], United States Great
Basin [3], Iceland [4], and Malaysia [5]. These sites pos-
sess diverse physicochemical properties and biological
species. In China, similar studies also have been con-
ducted on hot springs, primarily at Tengchong County,
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Yunnan Province [6, 7] and Tibetan Plateau [8]. Many
springs at Tengchong harbored similar microbial com-
munities at the phylum and family/genus levels, as
compared to springs at Yellowstone National Park,
probably due to the fact that both were volcanically
driven with acidic springs [6]. Diverse microorganisms
were also documented in Tibetan hot springs, including
archaeal phyla Crenarchaeota, Euryarchaeota, and Thau-
marchaeota, and various bacterial phyla such as Cyano-
bacteria, Chloroflexi, Chlorobi, Proteobacteria, and
Firmicutes [8]. Although similarities could be found
between different geographical fields, the microbial com-
position usually differs due to the great impact of physico-
chemical conditions, such as temperature and pH, on
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microbial diversity and distribution [3, 6]. Therefore,
unique microbial communities are often shaped by dis-
tinct niches.

Ganzi Prefecture is located in Western Sichuan
Province of China and geographically at the transition
regions between Tibetan Plateau and Sichuan Basin.
Tectonically, Ganzi is situated at the collision bound-
ary between the India and Eurasia plates [9]. Active
new tectonic movement resulted in the abundant hot
springs throughout the Ganzi prefecture [9]. The hot
springs in Ganzi span a wide range of temperature
from 30 to 98 °C and are located at high altitude (up
to 4200 m above sea level) [10] in the region of large
geothermal anomalies and Xianshuihe slip-fault that
has been active since Holocene [11]. In last 300 years
four large earthquakes exceeding magnitude 7 oc-
curred in Ganzi prefecture along Xianshuihe fault.
Smaller earthquakes occur with large frequency every
several years with most recent earthquakes in 22nd of
November 2015 (Kangding earthquake, magnitude
6.3), 11th of May 2016 (Luhuo earthquake, magnitude
3.9), and 23rd of September 2016 (Litang earthquake,
magnitude 5.1) [11]. These earthquakes result in sig-
nificant alterations of hot spring ecosystems as they
very often bring significant changes of water flow
patterns and temperature shifts, disappearance of old
and emergence of new hot springs. For example, it has
been reported that in the aftermath of Songpan-
Pingwu earthquake of 1976 (magnitude 7.8) water
temperature of Yulingong spring increased from 89 to
94 °C, an opposite trend was reported for many
springs after Kangding Zhetuotang earthquake of 1950
(magnitude 7.8) [11]. Presumably many more similar
changes were not reported. This makes the site a very
interesting place for the study as dramatic events like
earthquakes can completely reshape the environment
and result in fast emergence of new phenotypes or
even species [12]. Probably the only well documented
example of how dramatic changes to the environment
brought by an earthquake result in accelerated evolu-
tion comes from the study of sticklebacks at the
Prince William Sound and the Gulf of Alaska [13]. On
27 March 1964, magnitude 9.2 earthquake elevated
islands of the sound by 3.4 m creating freshwater
ponds from marine habitat. As a result of an extreme
event the resident fish populations have changed dra-
matically and new phenotypes have been observed
within few decades from the event. SNP analysis sug-
gests that extent of change in genomes was striking.
After only 50 generations genomes of newly evolved
fish diverged from their marine ancestors as much as
some older post-glacial freshwater stickleback did for
13,000 years [13]. Hot springs of Ganzi are being
reshaped by earthquakes with very high frequency (see
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Additional file 1: Table S1) which makes them an
excellent site for search of phylogenetically and func-
tionally distinct microbial communities. To date such
studies were lacking. It will be therefore interesting to
look into the biodiversity of thermophiles in Ganzi
and in this first study to compare their bacterial diversity
and community structure between different springs and
with other geothermal environments around the world.
Particularly interesting aspects of these springs are pre-
sumed historical changes of temperature, water compos-
ition and local geological conditions that were shaped by
frequent, recent earthquakes. We are interested if these
conditions form a strong evolutionary pressure for quick
diversification of bacterial species and potentially acceler-
ated evolution of new species and phylotypes.

Numerous approaches and techniques have been devel-
oped for exploring the bacterial diversity in hot springs.
Basically, these methods were classified into two categor-
ies, namely culture-dependent and culture-independent
techniques. The culture-dependent approaches were trad-
itionally used and valuable for isolating strains and further
exploring their properties [14, 15]. The isolation and
characterization of thermophiles is of practical importance
because these isolates may have biotechnological po-
tential with regard to the production of useful biomol-
ecules [16]. Our group has recently performed a
culture-dependent study of these sites with a focus on
cyanobacterial diversity and identified five potential
new phylotypes of thermophilic cyanobacteria belong-
ing to the family Leptolyngbyaceae [17]. Disadvantage,
however, is evident for this technique, in that the ma-
jority of microorganisms are unculturable and only
certain classes of microorganisms can be targeted with
a single experiment. In light of limited information of
microbial diversity provided by culture-dependent
method, culture-independent techniques, primarily
molecular methods, have been employed to phylogen-
etically characterize the microbial diversity in hot
springs, and were proven to provide a more compre-
hensive assessment of microbial populations [18].
These approaches include direct 16S rRNA gene amp-
lification and cloning, differentiation using amplified
fragment length polymorphism (AFLP) [19], amplified
ribosomal DNA restriction analysis (ARDRA) [20],
denaturing gradient gel electrophoresis (DGGE) [21],
and random amplified polymorphic DNA (RAPD)
[22]. Numerous combined approaches have been also
developed for the study of microbial communities, in-
cluding scanning electron microscopy (SEM) com-
bined with community level physiological profiles
(CLPPs) [23] and other PCR/sequencing-based tech-
niques [24, 25].

In the last decade, next-generation sequencing (NGS)
emerged as a powerful tool for elucidating the biodiversity
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of resident microbiota from diverse environmental sam-
ples. This approach is based on millions of partial 16S
sequences amplified from metagenome, which alterna-
tively was known as targeted or amplicon metagenomics.
Among the sequencing platforms, 454 was the most com-
monly used sequencing platform for 16S rRNA gene se-
quencing, due to a read-length advantage over alternative
platforms at the time of its release [26]. However, more
recently there is increasing interest in using IonTorrent,
PacBio, and Illumina platforms, as driven by re-
searchers’ customized demand on sequence quality, the
number of reads generated, and the length of the se-
quences [27]. Recently, MiSeq, [llumina-based strategy,
was reported to have great potential in 16S rRNA gene
sequence studies, because it generates longer sequence
reads than previous releases of this technology, and its
performance and cost are tractable to the needs of indi-
vidual investigators [28]. Besides, the Illumina-based
strategies are able to generate the largest amount of se-
quence data per unit cost, and MiSeq was capable of
generating 8.5 Gbp using paired 250-nt reads (i.e., 17
million pairs of reads) in a single run [27]. Therefore,
MiSeq platform is a feasible and robust approach to
characterize bacterial communities in hot springs.

As mentioned above, a comprehensive census of the
bacterial diversity is still lacking for the hot springs in
western Sichuan. In the current study, the V4-V5 hy-
pervariable regions of prokaryotic 16S rRNA genes
were amplified from the metagenome of hot spring
samples. The primary objective of present study was to
census high temperature springs in western Sichuan
and to investigate the bacterial community composition
and diversity in the hot springs. The relationships be-
tween biodiversity and physicochemical conditions (pH
temperature and spring altitude) were also analyzed.
This study provided a first insight into the bacterial
composition in hot springs of western Sichuan and ex-
panded the current understanding of these niches.

Methods

Sample collection

Samples from sites described in Table 1 were collected
on 15th to 17th of May 2016 from hot spring: mats, sin-
ters, sediments and spring water. Mats, sinter, and sedi-
ment samples were directly transferred into sterile
50 mL DNAse/RNAse/pyrogen-free Falcon tubes and
stored in dark in a mobile battery-operated cooling unit
at <8 °C. Water samples (at least 3 L) containing micro-
organisms, were concentrated using 0.2 pm membrane
(Whatman) and a portable battery-operated pump on
site before being stored at same conditions. Water was
collected evenly from entire volume of the spring. Mats,
sediments, and sinters were collected from multiple
points within a spring and mixed together to ensure
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uniformity. The study followed institutional and national
guidelines. No specific permits were required for sam-
pling, none of the locations were in protected, endan-
gered or privately-owned site.

DNA extraction

Genomic DNA was isolated from various sources such
as microbial mats, sinter, sediments and spring water
as presented in Table 1. All samples were processed
within 48 h from collection and maintained at <8 °C
during this period in a mobile battery-operated cool-
ing unit before processing. For each of these samples
three methods of DNA extraction were used to min-
imise bias of DNA isolation protocols: a modified
Xantogenate method essentially as described by
Avijeet Singh [29], and commercial kits: FastDNA™
SPIN Kit for Soil (MP Biomedicals), and Bacterial
Genomic DNA Extraction Kit (Generay), both accord-
ing to manufacturers’ instructions. The DNA quality
and quantity were assessed using agarose gel electro-
phoresis and Nanophotometer (Impeln), respectively.
The DNA isolated from different material and using
different methods representative of each location were
mixed in equimolar ratios. DNA concentration of each
of these samples was adjusted to 100 ng uL™' before
PCR amplification.

Amplification and sequencing of targeted 16S genes

The V4-V5 region of 16S rRNA gene was amplified with
universal primer pair 515F (5'-GTGCCAGCMGCCG
CGG-3") and 907R (5'-CCGTCAATTCMTTTRAGT-3")
[23] combined with Illumina adapter sequence, a 2-bp
index and 8-bp barcodes specific to different samples [30].
DNA amplifications were performed using a C1000 Touch
™ thermal cycler (Bio-Rad Laboratories, USA) with 50 pL
reaction mixtures containing 2.5 uL. DNA (~ 10 ng/pL),
125 pL each primer (10 puM), 25 pL High-Fidelity PCR
Master mix (GENERAY, China) and 20 pL sterile deion-
ized water. PCR cycling conditions consisted of denatur-
ation at 94 °C for 3 min, 30 cycles of 94 °C for 30 s, 52 °C
for 30 s, and 72 °C for 40 s, and final extension at 72 °C
for 10 min. PCR reactions were carried out in triplicate
for each sample and amplicons of each sample were com-
bined. Positive PCR products were separated by 1% agar-
ose gel electrophoresis and purified using a GENERAY
purification Kit (GENERAY, China). Then, PCR products
were double-checked by 1% agarose gel electrophoresis
and quantified using Nanodrop 1000 (Nanodrop Tech-
nologies, USA). The barcode-tagged PCR products of each
sample were pooled and purified using the QIAquick PCR
Purification Kit (Qiagen, Hilden, Germany). Sequencing
library of 16S rRNA was constructed following the MiS-
eqTM Reagent Kit Preparation Guide (Illumina, USA) and
the protocol described previously [28]. Finally, the
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Table 1 Information summary of sampling sites
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Sample No. Spring name (region) pH

Temperature (°C) Altitude (m) GPS location

Description

ED Erdaogiao 6.32 408 2600 30°05'14" N Constructed rectangular pool with length 100-110 cm, width ~ 60
101°56'55" E - c¢m, and depth ~ 35 cm. The pool is paved with tiles and connected
to the spring outflow. Clear water and sulfur smell. Green mats on
the edge of pond. Sample type includes mats and water.
7G-1 Zhonggu village 6.35 53.1 3200 30°15'57" N Walled rectangular cement pool with length ~ 500 cm, width ~ 320
101°5224" £ c¢m and depth ~ 100 cm. Five outflows at the bottom of the pool.
Green mats on entire bottom of the pond. A pipe outlet. Sample
type includes mats and water.

7G-2 Zhonggu village 6.62 555 3200 3 m away Shallow small natural circular mud pool with slow outflow. Roughly

from ZG-1 rounded with diameter ~60 cm, depth ~ 10 cm. Clear water. Green
mats on the edge of pond. Sample type includes mats, sediment
and water.

7G-3 Zhonggu village 741 637 3200 50 maway  Round natural pool with diameter ~ 150 cm, depth 45 cm. Slow

from ZG-1 outflow at the bottom of the pool. Floating mats. Sample type
includes mats and water.

2G4 Zhonggu village 85 85 3200 500 m away Shallow round natural pool with diameter ~ 110 cm, depth ~10.5 cm.

from ZG-1 A vertical pipe was connected to the outflow, with a bucket at the
top. Lots of sinter on the pipe and bucket. Green mats on the edge
of pool, Yellow mats floating on the pool. Sample types include
mats, sediment, sinter and water.

DB Danba 6.56 64.6 4000 30°36"39" N A small pool with outflow from the rock wall. Green mats on the rock.

101°41'9" £ Clear sulfur water. Sample type includes mats and water.

MN Maoniugu 68 95 4000 30°36'9" N A shallow pond with small outlet, irregular shaped with length ~

101°43'46 E" 65 cm, width ~ 45 cm, and depth ~5 cm. Clear water. Reddish and
green mats on the edge of pond. Sample type includes sediment
and water.

LL-1 Lotus lake 832 95 4200 29°25'4" N Small natural source pool with slow outflow. Roughly shaped with

101°18"1" £ length ~ 65 cm, width ~ 55 cm, and depth ~ 35 cm. Clear water and
fine stone bottom. Sample type includes sediment and water.

LL-2 Lotus lake 841 752 4200 Near LL-1 Shallow small pool with spouting outlet. Length ~ 65 cm, width ~ 55
cm, and depth ~ 15 cm. Lots of reddish brown mats on the edge of
spring. Many black fine stone at bottom. Sample type includes mats,
sediment, and water.

LL-3 Lotus lake 884 41.1 4200 Close to LL-1  Shallow water flow channel (~ 55 cm width, ~5 cm depth)
downstream of LL-1. Clear water. Many blue-green biofilm on rocks.
Sample type includes biofilm and water.

LL-4 Lotus lake 861 427 4200 Close to LL-2  Shallow water flow channel (~ 85 cm width, ~5 cm depth)
downstream of LL-2. Many green filaments. Clear water and rocky
bottom. Sample type includes sediment, water and filaments.

LL-5 Lotus lake 795 672 4200 Near LL-1 Spring pool with jet outflow. Length ~4 m, width ~3 m, and depth
~ 800 cm. Black sands and fine stone at the bottom. Some yellowish-
white filament on the bank of pool. Brown mats at spring outlet.
Sample type includes water, sediment, filament and mats.

LL-6 Lotus lake 821 685 4200 Near LL-1 The spring outflow from cracks in stone. Irregularly shaped with
length ~80 cm, width ~45 cm, and depth ~ 35 cm. Clear water.
Silvery and yellow rocks at bottom. Blue-green biofilms on the edge
of spring. Sample type includes biofilm, sediment and water.

LL-7 Lotus lake 8.18 68.1 4200 Near LL-1 A sulfate pool with slow outflow. Roughly rounded with diameter ~

4 m, depth ~4 cm. Yellowish-white filaments and brown mats in
center of pool. Black-green filament on bank of spring. Sample type
includes filament, mats and water.

amplicon library was sequenced on an Illumina MiSeq
PE250 platform [23-25]. The raw sequence reads gener-
ated have been deposited into Sequence Read Archive at
NCBI with accession numbers SRR5104369-5104384.

Preprocessing, clustering and taxonomic assignment of
sequence data

Raw sequences with perfect matches to barcodes were
first assigned to different sample libraries using a custom

Perl script. Quality control was preprocessed for each
sample library to filter low quality reads and reads with
N by QIIME v1.8.0 [31]. The remaining reads were con-
sidered as clean reads. Forward and reverse reads with at
least 25 bp overlap and lower than 5% mismatches were
assembled into tags using Fast Length Adjustment of
Short reads (FLASH) [32]. The tags were subjected to
chimeras screening using UCHIME [33]. Operational
taxonomic units (OTUs) were clustered at a threshold of
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97% similarity through UPARSE [34]. The representative  environmental variables and bacterial community struc-
sequences of each OTU were annotated with taxonomic  ture using the “envfit” function of Vegan package, and
assignment using Ribosomal Database Project (RDP)  statistical significance was evaluated by 1000 permuta-

classifier as described by Zhang et al. [23]. tions. Nonparametric multi-response permutation proced-
ure (MRPP) was used to test for significant differences in
Diversity analysis bacterial communities between samples.

Alpha diversity analysis was conducted to calculate Chaol,

observed species, Shannon and Simpson indices using Results

Mothur v1.31.2 (https://mothur.org/wiki/Calculators) as  Overview of sampling sites and meta-16S sequencing data
described by Zhang et al. [23]. Rarefaction curves were gen-  Fourteen springs in Ganzi were sampled for bacterial in-
erated based on the four indices. Beta diversity was ana-  vestigation. The 14 springs varied in temperature (40.8—
lyzed by QIIME. Hierarchical clustering was performed 95 °C), pH (6.32—8.84) and altitude (2600-4200 m) (Table
using unweighted pair group method with arithmetic 1). All sites except Lotus lake were situated on or in the
means (UPGMA) based on the Bray-Curtis dissimilarity  close vicinity of Xianshuihe fault (Fig. 1, Additional file 1:
matrix generated from the OTU table. Principal coordi- Table S1) that experienced numerous earthquakes in last
nates analysis (PCoA) was conducted to complement the 300 years resulting in emergence, disappearance and rad-
output of the cluster analyses. A nonmetric multidimen- ical changes of numerous hot springs in the area [11].
sional scaling (NMDS) was depicted to visualize the Lotus lake was situated in the proximity of smaller fault in
Bray-Curtis distances among samples using Vegan in R a tectonically active area that experienced strong earth-
package (https://www.r-project.org/). Physicochemical vari-  quakes in 1955 and 2001 (Fig. 1, Additional file 1: Table
ables were fitted onto the ordination space (Bray- S1). Based on previous research geology of the area can be
Curtis NMDS) to assess correlations between divided into two regions: north, northwest of Kangding
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Fig. 1 Geological settings of Western Sichuan. Sampling sites are marked with green stars, faults with red lines. Earthquakes with magnitude 7 or
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(Kangding type geothermal belt [11], and south, southwest
of Kangding (Batang-type geothermal belt [11]. The div-
ision line approximately follows the Xianshuihe fault.
Sampling sites ED, DB, ZG, MN are likely to be situated
in Triassic carbonate rocks, and more specifically in crys-
talline limestone [11] containing silicate [35]. The
remaining site, LL, southwest of Kangding, is situated in
the area rich in Yanshanian granite and limestone [11].

Overview of meta-16S sequencing data

High-throughput sequencing on the Illumina MiSeq plat-
form was performed on samples isolated from the sites
described in Table 1, yielding a total of 899,830 clean reads
after the quality filtration. Sequence read merging process
and chimeras screening finally generated 281,979 tags,
with an average length of 377 bp (Additional file 2: Table
S2). Using a 97% sequence similarity cut-off, 1904 OTUs
were identified in the 14 samples (Additional file 2: Table
S2), on average 136 OTUs for each sample. The rarefac-
tion curves almost reached a plateau as shown in Add-
itional file 3: Figure S1, indicating that greater sequencing
depth will not likely identify new phylotypes.

Alpha diversity of bacterial communities

Alpha diversity analysis was performed to elucidate the
species richness and diversity using four indices. As
shown in Table 2, a variety of taxa were evident among
the spring samples, with 133-796 observed OTUs, 202—
922 predicted OTUs (based on Chaol) and coverage
values ranging from 55.60—-87.11%. Spring LL-4 exhib-
ited the highest species richness, while spring LL-2
showed the highest species diversity. There’s a decline in
species richness in terms of the spring temperature ex-
ceeding 65 °C. However, an exception was also noticed
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that spring LL-2 surprisingly had relatively high species
richness at temperature as high as 75 °C. The species di-
versity among spring samples was not observed in their
correlation with temperature pH and spring altitude.

Bacterial community compositions

Bacterial community compositions were evidently distinct
among the 14 hot springs (Fig. 2 and Additional file 4:
Table S3). Among the springs, 7 out of 14 (spring ED,
7G-1, ZG-2, ZG-3, MN, LL-2 and LL-3) were dominated
by Proteobacteria (42.39 to 60.20%), and the remaining in
the bacterial communities were primarily composed of
Bacteroidetes (11.71 to 27.89%), Chloroflexi (13.51%),
Cyanobacteria (18.81 to 37.96%), and Firmicutes (15.89%).
Spring ZG-4, DB and LL-4 mainly comprised Cyanobac-
teria (28.41 to 34.67%), Proteobacteria (23.42 to 27.50%)
and Bacteroidetes (11.57 to 15.35%), while the spring
LL-1, LL-5, LL-6 and LL-7 were predominated by Aquifi-
cae (32.76 to 64.69%), followed by Deinococcus-Thermus
(6.94 to 14.24%) and Proteobacteria (7.76 to 21.54%). Un-
classified phyla were detected in all the springs, ranging
from 4.19 to 29.29%, no correlation between abundance of
unclassified phyla and temperature and/or site were ob-
served. Arguably the most interesting spring in this data-
set is LL-2 (752 °C, pH 8.41), characterized by high
species richness despite high temperature of 75.2 °C and
relatively high pH. Bacterial community of this spring is
composed largely of Proteobacteria (42.39%), Chloroflexi
(13.51%) and Bacteroidetes (9.72%) at phylum level. At
genus level, only six genera were present in abundances
higher than 1% (Additional file 5: Table S4): Ignavibacter-
ium (3.74%), Meiothermus (2.69%), Tepidimonas (1.95%),
Novosphingobium (1.06%), Sphingomonas (1.06%), Fervi-
dobacterium (1.02%). All these genera are typical

Table 2 Species richness and diversity of hot springs based on alpha diversity analysis

Sample names Observed species Coverage value (%) Chaol Shannon Simpson
ED 424 83.39 508443 3.794 0.054
7G-1 463 74.30 623.111 4.167 0.033
/G2 583 87.11 669.241 4.020 0.058
/G-3 423 74.26 569.654 3.689 0.077
2G4 359 77.36 464.060 3576 0.088
DB 413 76.85 537385 4367 0.024
MN 278 55.60 500.000 2954 0.096
LL-1 206 68.31 301.577 2219 0.335
LL-2 649 7773 834.975 4.785 0.033
LL-3 558 80.97 689.154 2.857 0.258
LL-4 796 86.26 922.806 4.587 0.073
LL-5 271 70.60 383.857 3.309 0.097
LL-6 182 58.07 313400 2453 0.147
LL-7 133 65.84 202.000 2105 0292

Coverage value is the ratio of observed species to Chao1
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Fig. 2 Bacterial community composition of spring samples at phylum level. Only the bacterial groups with relative abundances higher than 5.6%

are displayed. The groups with relative abundances lower than 5.6% are included as “Others”

inhabitants of hot springs. Majority of the sequences how-
ever (73.1%), could not be ascribed to any known genus
what indicates a possibility of novel genera or phylotypes.
As showed in Fig. 3 and Additional file 5: Table S4, at
the genus level, spring LL-1 and LL-3 was largely har-
bored by Hydrogenobacter (56.82%) and Pseudomonas
(51.38%), respectively, whereas spring LL-5 and LL-7
was abundant in Sulfurihydrogenibium (27.25 and
51.85%). However, the rest springs were mainly com-
posed of sequences that did not belong to any known
genus, ranging from 22.25 to 80.15%. Most of the

unknown-genus sequences were from class Alphapro-
teobacteria, Betaproteobacteria and Cyanobacteria.

Clustering and correlation analysis of bacterial community
Based on Bray-Curtis dissimilarity at the 97% OTU
level, an UPGMA cluster tree of the bacterial com-
munity of spring samples was constructed (Fig. 4).
The clustering result indicated that 14 spring samples
were categorized into four bacterial community pat-
terns. Pattern I included three spring samples with
low temperature (< 55 °C) and neutral-high pH (6.6—
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Fig. 3 Bacterial community composition of spring samples at genus level. Only the bacterial groups with relative abundances higher than 5.6%
are displayed. The groups with relative abundances lower than 5.6% are included as “Others”
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8.8), while pattern II showed a mixed sample types, the
temperature and pH of which ranged from 41 to 85 °C
and from 6.3 to 8.5, respectively. Spring samples belonging
to pattern III all exhibited high pH (= 8.0) and high
temperature (>65°C). Only one spring sample was affili-
ated to pattern IV, which showed a moderate temperature
and neutral pH.

PCoA analysis was also conducted as a complement
of cluster analysis to visualize the patterns of bacterial
community. The PCoA analysis is consistent with the
cluster analysis, confirming the four bacterial commu-
nity patterns in the spring samples (Fig. 5). The two
dimensions of PCoA accounted for 21.07 and 11.32%
of the diversity variations, respectively.
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Fig. 5 Principal coordinate analysis (PCoA) of bacterial community patterns in spring samples. Spring samples belonging to Pattern | to IV are
represented by: closed squares (1), closed rhombi (Il), closed triangles (Ill), and closed circles (IV), respectively
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The correlation between bacterial community struc-
ture and three geochemical parameters were investigated
by Envfit function implemented in Vegan. The results
indicated that temperature with R* value of 0.47 was sig-
nificantly correlated (P < 0.05) with bacterial community
structure (Fig. 6), suggesting that temperature, as a driv-
ing force at least, was responsible for shaping bacterial
community structure in hot springs. However, no signifi-
cant correlation was observed between pH (R* = 0.10) or
altitude (R* = 0.20) and bacterial community structure.

Discussion

In the present study, the bacterial communities of 14
hot springs distributed in Western Sichuan, China,
were investigated for the first time through molecular
examination. Different analyses were conducted to
elucidate the diversity of each hot spring. All cluster-
ing analysis supported to categorize the 14 spring
samples into four bacterial community groups. Correl-
ation between geochemical parameters and bacterial
community structure was also studied.

The Alpha diversity analysis revealed that the values
of four indices greatly varied among spring samples
(Table 2). This finding could be explained mostly by the
distinct temperature between the springs (Table 1). It is
known that temperature is an important determinant of
bacterial diversity [5]. Normally, microbial richness/diver-
sity showed a positive or negative liner correlation with
temperature [2, 36]. Such linear correlation, however, was
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not detected in this study, what has been also observed in
many studies before [36-38]. These results indicate that
although very important, temperature is not an exclusive
determinant of microbial diversity in these hot springs. A
remarkable decline in species richness was observed when
the spring temperature exceeded 65 °C. Simultaneously,
with an increase of temperature cyanobacteria become
less abundant, green microbial mats were absent and typ-
ical hyperthermophilic organisms such as Aquificae and
certain thermophilic members of Proteobacteria became
more abundant. The disappearance of cyanobacteria, es-
pecially above 75 °C, is in agreement with previous studies
that indicate that oxygenic photosynthesis is possible up
to approximately 73-75 °C [39]. Above these tempera-
tures, even the most thermophilic cyanobacteria described
to date i.e. Synechococcus sp. OH28 isolated from Hunter’s
Hot Springs in Oregon, USA [39] cannot actively grow.
Although one of the springs indicated in this study ZG-4
(85.0 °C, pH 8.5) shows significant contribution of cyano-
bacterial population to the overall community structure, it
is likely the result of sequencing approach used in the
study. The 16S PCR products originating from DNA sam-
ples isolated from sediments and microbial mats collected
from different parts of the spring were mixed together
before sequencing. The cyanobacterial sequences are likely
to originate from cooler parts of the spring and it is those
sequences that contributed cyanobacterial part of the
diversity. This has been confirmed by our parallel
culture-dependent study that showed that although strains

NMDS 2

-0.4
|

Altitude

Temperature

—0.4 0.2

NMDS 1
Fig. 6 Non-metric multidimensional scaling (NMDS) ordination for the community structure of all the spring samples
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isolated from ZG-4 (equivalent to B4 strain series in that
study) were among the most thermophilic ones and cap-
able of growth at 60 °C they were unable to actively grow
at temperatures higher than 65 °C [17].

An exception to the overall trend of decreasing mi-
crobial diversity as a response to increase of spring
temperature is spring LL-2 (75.2 °C, pH 8.41) contain-
ing numerous reddish microbial mats. Detailed com-
parative analysis of the community composition of this
spring is problematic due to very high percentage
(73.16%) of unassigned at genus level sequences. At
phylum level the spring is mainly composed of Proteo-
bacteria (42.39%), Chloroflexi (13.51%), and Bacteroi-
detes (9.72%). Comparison of LL-2 spring with other
hot springs of similar temperature and pH reveals both
similarities and differences. The community structure
of LL-2 is most similar to the recently described
Mihai-Bravu (MB) spring in Romania (65 °C, pH 7.91)
[40]. The MB spring sampled at 65 °C was dominated
by Proteobacteria, Aquificae and Chloroflexi with minor
contribution of Bacteroidetes making the community
similar to that of LL-2. These results suggest that these
communities may be sustained by anoxygenic photo-
synthesis, oxidation of hydrogen or combination of
both factors [40].

One of the springs that has similar parameters to LL-2
is bicarbonate-chloride-fluoride low mineral-type Lobios
hot spring (76 °C, pH =8.2) located in Ourense (Spain)
[41]. The spring is predominantly composed of bacteria:
Deinococcus-Thermus, Proteobacteria, Firmicutes, Acido-
bacteria, Aquificae, and Chloroflexi. This alkaline spring
is therefore inhabited by thermophilic, neutrophilic, and
alkaliphilic organisms which belong to both aerobes and
anaerobes with the largest abundance of Thermus spe-
cies. It therefore shows different community structure to
LL-2. Another spring similar in pH and temperature
described in the literature is a sulfate-bicarbonate spring
in Rupi Basin, Bulgaria [42]. The temperature and pH of
the spring were 79 °C and 8.6, respectively. This spring
was dominated by Proteobacteria (28.8%), Hydrogeno-
bacter/Aquifex group (26.3%) and Deinococcus-Thermus
(19.5%). Community structure of the Bulgarian spring
suggested that metabolic activities are likely to be
distinct of those of LL-2. Rupi Basin spring is likely to
be shaped through co-existence of hydrogen-oxidizing
Hydrogenophilus and Hydrogenobacter/Aquifex with
hydrogen producing Thermus and Thermotoga, indicat-
ing hydrogen metabolism as an important component
of that ecosystem. A similar type of microbial commu-
nity was present in sulfuric hot spring Scary Spring
(pH 7.8, 75 °C), Calcite Springs, YNP. Scary Spring has
a very simple community structure composed predom-
inantly of Thermus aquaticus (45%) and Sulfurihydro-
genibium sp. (36%) [43], largely distinct than that of
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LL-2. One of three alkaline springs from Heart Lake
Geyser Basin, Western Subgroup in YNP, that have
similar basic parameters (pH 8.5, 75 °C) to LL-2 have
been also assessed for their community structure [44]
and showed to be different from that of Lotus lake
spring. The microbial community of the spring is
largely dominated by Thermus, analogously to the pre-
vious springs described above. In China, an alkaline
spring Shuirebaozha in Tengchong region, Yunnan has
most similar pH and temperature (pH 8.28, 78.2 °C) to
LL-2 [6]. The bacterial community in the spring is
dominated by Agquificae with secondary contributions
from Chloroflexi and Thermotogae indicating very dis-
tinct composition from that of LL-2. All of the springs
described in this section have lower species richness
and diversity indices than that of LL-2.

To summarize, LL-2 has largely atypical community
structure, and unusual biodiversity when compared to
other springs with similar temperature and pH world-
wide. The reasons of that can be many-fold and there is
not enough evidence in the current dataset to make final
conclusions. Some of the possible explanations are pre-
sented below. Different mineralogy to other springs in
the area; it has been shown that hot springs even in
close proximity can significantly differ in mineralogy, pH
and temperature [6]. Water flows and temperature
change patterns; unlike well-known springs of YNP and
Tengchong, and even Danba (DB) or Erdaogiao (ED)
presented in this study Lotus Lake springs are remote
and largely unknown to scientific community and only
visited by autochthonic Tibetan peoples. The water flow
patterns and temperature changes are largely unknown
so one cannot accurately describe the history of the
spring. We take into consideration the fact that the
spring may experience a degree of temperature fluctua-
tions that result in formation of more diverse commu-
nity than typically found for springs of this temperature.
Both temperature and flow pattern fluctuations have
been reported for hot springs previously and are consid-
ered as important contributors to biodiversity and com-
munity structure [40, 45]. Another possibility is the
carryover of non-endemic material e.g. soil from outside
the pool to the pool itself. Since genomic DNA was used
as a template for 16S rRNA amplification in this study,
there exists a possibility that even if the biological
material cannot survive harsh conditions of the spring
the genomic DNA can remain stable and yield over-
representation of certain genera non-endemic to the
spring. A study performed using both genomic DNA
and RNA (cDNA) as a template for 16S amplification
combined with soil sampling around the pool could be
used to verify this possibility as proposed before [40].
Whilst all these hypotheses provide possible explana-
tions of unusually high diversity of the spring they
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explain very little as to why almost three quarters
(73.16%) of sequences originating from this spring can-
not be classified at genus level. We believe that more
detailed follow-up study of Lotus Lake springs will be
required to solve at least some of these issues.

To summarize temperature effect on Ganzi hot springs,
there is a non-monotonic relationship between microbial
diversity and temperature of the springs assayed. Similar
findings were reported in previous studies [8, 37, 46], and
it is likely that albeit very important, the temperature is
not a unique determinant of microbial diversity in the hot
springs of Ganzi.

pH of the springs analyzed in this study is in rela-
tively narrow pH range: from slightly acidic (ED,
pH 6.32) to moderately alkaline (LL-3, pH 8.84). Ex-
treme pH ranges are well known to significantly im-
pact the biodiversity to the point where the biological
niche is occupied only by several most adapted spe-
cies. For example, acid mine drainage site in Iron
Mountain, California, USA (pH 0.83, 42 °C) is inhab-
ited by a very simple community dominated by an
extremophilic Leptospirillum and Ferroplasma [47].
One of the best studied acidic hot springs are those of
Diretiyanqu in Rehai, Tengchong, Yunnan, China [6].
Diversity of these springs is lower than those of more
neutral pH and temperature dependent. For example,
Diretiyanqu-1 spring (pH 2.58, 85.1 °C) is almost ex-
clusively inhabited by archaeal strain belonging to Cre-
narchaeota, whilst colder Diretiyanqu-2 (pH 2.57,
64.5 °C) and Diretiyanqu-3 (pH 2.58, 55.1 °C) springs
contain significant proportions of Aquificae and Pro-
teobacteria. At alkaline pH range the effect is similar
i.e. low biodiversity is observed only in large extremes,
of both pH and temperature whilst moderately alka-
line (pH 8.5-10) sites have comparable biodiversity to
those of more neutral pH. For example, a study of hot
springs in Jiemeiquan (pH 9.25, 93.6 °C) and Guming-
quan (pH 9.36, 82.5 °C) in Rehai, Tengchong, Yunnan,
China [6] revealed dominance of Aquificae over any
other phyla. Typically lower temperature alkaline hot
springs below 73 °C are typically dominated by cyano-
bacteria [39]. The decrease of microbial diversity is
minor when compared with sites of neutral pH and
similar temperature. Though no obvious correlation
was observed between pH and diversity indices, previ-
ous studies implied that pH played important role in
microbial diversity [5]. The effects are both direct and
indirect since pH has an effect on mineralogy, acidic
springs result in leaching metals like iron from the
rocks [45] and alkaline springs affect the availability of
bicarbonate for photosynthetic cyanobacteria [48].
The effect of pH on biodiversity of the hot springs is
therefore more subtle than that of temperature. Al-
though there is no statistical significance between
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diversity indices and pH, we have observed that these
hot springs are hosts to some alkaliphilic cyanobac-
teria which can actively grow in pH exceeding 9.50
[17], which corresponds to the fact that geologically
these hot spring are likely to be limestone-hosted [11].
Taken together, these results indicated that differences
in richness/diversity could be ascribed to a combined
impact of various environmental conditions, such as
temperature, pH and mineralogy [6, 36].

The bacterial communities in hot springs of Ganzi
Prefecture were abundant in phyla Aquificae, Cyanobac-
teria and Proteobacteria (Fig. 2 and Additional file 4:
Table S3). Although all the hot springs in this study were
located at high altitude (2600-4200 m), the composition
of bacterial community were common to that of
low-altitude springs and does not appear to be unique to
high-altitude springs. This result is consistent with pre-
vious finding in Tibetan springs (around 4500 m) [8, 37].
Differences in bacterial composition were also found be-
tween Ganzi hot springs and other geothermal springs.
For instance, Thermodesulfobacteria were found to be
abundant in springs of Tengchong, YNP and Great Basin
[6, 49, 50]. However, low relative abundance of Thermo-
desulfobacteria was observed in Ganzi springs, with the
exception of LL-7 where strong sulfur smell was ob-
served (Table 1, Additional file 4: Table S3). This is
probably because of the unfavorable geochemical condi-
tions in Ganzi springs for Thermodesulfobacteria that
showed the common presence in neutral pH (6.1-7.3)
and high temperature (77-90 °C).

Within phyla Aquificae, Hydrogenobacter and Sulfur-
ihydrogenibium were predominant genus. The two
genera co-existed in several springs (Additional file 5:
Table S4), which is consistent with observations in Ti-
betan and YNP hot springs under similar pH and
temperature (i.e., near neutral to slightly alkaline pH
and a temperature range of 60-80 °C) [8, 51]. Interest-
ingly, the co-existence occurred in both sulfate pool
(LL-7) and low-sulfate pool (LL-5) (Table 1). This re-
sult confirmed the previous finding that sulfide con-
centration is not a limiting factor for the co-existence
of the two genera [8]. Unexpectedly, the co-existence
was also noticed in spring LL-1 (Additional file 5:
Table S4) which has a high temperature of 95 °C and
high pH of 8.3. The possible reason may be that microor-
ganisms in the spring may have distinct physiological
properties. Additionally, the prominent Aquificae in
springs indicated that chemolithotrophy by oxidation of
H,, reduced sulfur compounds (sulfur or sulfide), or
one-carbon compounds (formate or formaldehyde) are
likely important metabolic processes in these springs [6].

Cyanobacterial sequences were abundant in spring ED,
ZG-4 and DB (Fig. 2) and were dominated (72.37-
99.67%) by members that could not be assigned below
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the class level (Additional file 5: Table S4). This result
indicated the presence of unique members within the
cyanobacterial taxonomy and yet unknown ecological
role of these prokaryotic members. This is confirmed by
our recent culture-dependent study of cyanobacteria
from these springs where four out of five potential novel
phylotypes of Leptolyngbyaceae were identified, the fifth
one being LL [17]. Spring LL-4 was also abundant in
cyanobacterial sequences, majority of which (81.13%)
were affiliated with family GpXIII (Additional file 5:
Table S4). The other cyanobacterial sequences detected
in this study were related to groups (Gpl, Gplla, GplV,
GpV, GpVI, GpIX and GpXI) and families (Bacillario-
phyta, Chlorophyta and Streptophyta) (Additional file 5:
Table S4). The classification scheme used in this study
followed the RDP classifier [52], which is based on the
classification described in Bergey’s Manual of Systematic
Bacteriology. Unfortunately, this scheme failed to de-
scribe many Cyanobacteria beyond the family level as in-
dicated above. Similar results were achieved in previous
studies [53, 54]. Furthermore, cyanobacterial taxonomy
was historically based on morphologies according to the
Botanical Code, whereas their 16S rRNA sequence-based
taxonomy is hampered by incorrect naming [55]. Thus,
a high resolution of cyanobacteria taxonomy will require
dedicated work in future on accurate systematic nomen-
clature and corresponding sequence database.

As mentioned above, seven springs were dominated
by Proteobacteria (Fig. 2). This bacterial composition
is commonly observed in some hot springs [56—58],
but also somehow different than YNP and Tengchong
hot springs [6, 59]. Class Alphaproteobacteria, Beta-
proteobacteria, Deltaproteobacteria, Epsilonproteobac-
teria and Gammaproteobacteria were detected in all
the seven samples but with variable abundance. Genus
Tepidimonas of Betaproteobacteria was predominated
within Proteobacteria in spring ZG-3. Genus Dechloro-
monas of Betaproteobacteria was abundant within
Proteobacteria in spring ZG-2, which represents a
unique genus with a broad range of novel metabolic
capabilities and bioremediative [56]. Sulfate-reducing
bacteria (SRB) of the class Deltaproteobacteria and
Gammaproteobacteria were also widely detected in
the present study, indicating detoxification role of
these bacteria as part of sulfur cycle [60].

As shown in Fig. 6, NMDS ordination showed that
temperature significantly shaped bacterial community
structure (R?=047, P<0.05). Distinct differences were
observed in bacterial composition between high
temperature (65-95 °C) and low temperature (41-65 °C)
groups (Fig. 2 and Additional file 4: Table S3). The major-
ity of the sequences in high temperature group were affili-
ated to Aquificae and Proteobacteria, while the low
temperature group was dominated by Proteobacteria and
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Cyanobacteria. Although statistical analysis suggested that
pH did not play significant role in shaping bacterial com-
munity structure in this study (R*>=0.10, P > 0.05), numer-
ous previous studies indicated that pH is responsible for
bacterial community structure. The case in the present
study can be probably ascribed to a narrow and largely
non-selective span of pH range (6.3—-8.8). The statistical
analysis also showed that altitude was not significantly
correlated with bacterial community structure in hot
springs (R* =0.20, P> 0.05). This result is consistent with
the previous studies in Tibet and India [37, 61]. A possible
cause to the case in this study is that the spring
temperature is evidently higher than the environmental
temperature shifts caused by altitude, leading to a domin-
ant influence on the bacterial community structure as in-
dicated by the correlation analysis (Fig. 6).

Abundant unassigned-genus sequences were de-
tected in this study, especially in LL-2 hot spring. That
creates potential for existence of novel genera in these
sites. Our recent culture-dependent study of cyano-
bacteria in these hot springs revealed existence of five
phylotypes that were identified as putative new species
related to Leptolyngbya or new genera [17]. Novel gen-
era in these springs could be shaped by either of, or
combination of two selective pressures: prolonged
pressure of temperature (press), and extreme environ-
mental perturbations (pulse) caused by frequent earth-
quakes. It remains to be seen how many of these
lineages are novel and how will the communities change
over time, but hot-springs of Ganzi remain one of interest-
ing sites to study evolution of microbial populations
shaped by extreme events for the years to come.

Conclusions

This is the first bacterial census of hot springs located in
Western Sichuan, China, providing first insight into the
microbial diversity in these geothermal fields. This study
also highlighted the importance of temperature in shap-
ing bacterial community structure of hot springs in
Sichuan. Furthermore, abundant unassigned-genus se-
quences detected in this study strongly implied the pres-
ence of novel genera or genetic resources in these hot
springs probably shaped by frequent tectonic activities.
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