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Comparative analysis of bacterial
diversity in two hot springs
in Hefei, China

Feng-Qin Zhang?, Jun Liu? & Xiao-Ju Chen®**

Hot springs are extreme ecological environments of microbes. The study is the first comparative
analysis of bacterial diversity of Tangchi and Bantang hot spring water samples collected in Hefei,
China, which is conducive to the further development and utilization of microbial resources in hot
springs. lllumina MiSeq system was utilized to sequence and analyze the bacterial 16S rRNA gene
from hot spring water samples by bioinformatics, to probe into the bacterial abundance and diversity
of two hot springs in Hefei. Results revealed that prevalent bacterial phyla in Tangchi hot spring were
Bacillota and Aquificota, and the prevalent bacterial genus was Hydrogenobacter; prevalent phyla

in Bantang hot spring were Pseudomonadota followed by Actinobacteriota, and prevalent genera
were CL500-29_marine_group and Polynucleobacter. More species and higher evenness in Bantang
hot spring than those in Tangchi hot spring. In MetaCyc pathway analysis, the major pathways

of metabolism existed in the bacteria from the two hot springs were ‘pyruvate fermentation to
isobutanol (engineered)’, ‘acetylene degradation’, ‘carbon fixation pathways in prokaryotes’, ‘nitrate
reduction I (denitrification)’, ‘methanogenesis from acetate’, ‘superpathway of glucose and xylose
degradation’, etc.

A hot spring is an underground spring, whose water temperature is higher than that of surrounding areas, and
it is rich in microbial resources'. The hot spring environment is relatively similar to the earth’s early environ-
ment, and its unique physical and chemical characteristics promote the formation of special microbial groups.
Thermophilic bacteria suitable for extreme environmental conditions gather in the hot spring environment.
They are important exploitable microbial resources®. A large number of taxonomic populations of thermophilic
bacteria have been found in the United States, India, Turkey, etc.>=. In recent years, China has also made many
achievements in the field of hot spring microbial research. Some thermophiles have been separated and identified
in many hot springs in Yunnan, Sichuan and Jiangxi®®.

The famous Tan (city)-Lu (river) fault runs through the territory in a northeast direction. The special geologi-
cal background makes Hefei rich in geothermal resources and have a long history of hot springs. Bantang and
Tangchi hot springs in Hefei have a history of more than 2200 years. They have been developed and utilized for
generations and have continued to this day. They have become one of the hot spring forming areas with early
development time, long utilization time and rich cultural connotation in China.

Bantang hot spring is exposed in the Paleozoic Ordovician carbonate rocks, located in the secondary faults
and Paleozoic folds of the Tanlu fault zone, and the water quality type is SO,-Ca. It has a radon content of
92.85 kBq/m?® and a fluorine content of 2.60 mg/L. According to the naming standard of mineral water, it can be
called "radon mineral water" and "fluorine mineral water"’. However, Tangchi hot spring is located in Mesozoic
volcanic rocks, and the water quality type is HCO;-Ca-Mg. Its fluorine content is 12.67 mg/L, which meets the
naming standard of "fluorine water" for medical and mineral water'®.

Although Hefei has a long history in the development of tourism, vacation, recuperation and health care
resources of these two hot springs, there is little research on the development of their microbial resources. In
this research, the 16S rRNA gene amplification sequencing technology was used to sequence the v3-v4 region of
bacterial 16S rRNA gene from two hot springs through the high-throughput sequencing platform Illumina MiSeq
PE300. The community composition and diversity characteristics of bacteria from the two hot springs in Hefei
were analyzed and compared. The bacterial diversity of the two hot springs was studied for the first time, which
will provide basic information for understanding the bacterial diversity of hot springs in Hefei. This study will
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establish a scientific basis for the further development and utilization of hot spring microbial resources in Hefei
in the future, and it will be conducive to the development of microbial ecology in the hot spring environment.

Materials and methods

Sample collection and processing. Water samples were collected from two different hot springs located
in Lujiang and Chaohu districts of Hefei, China: Tangchi hot spring (TangChi) (117.54° E, 31.38° N) and Bantang
hot spring (BanTang) (117.54° E, 31.38° N) during April 2022. Tangchi hot spring and Bantang hot spring were
constructed as an artesian tube and an artesian well respectively. Triplicate samples of 5 L collected from both
sampling points were put into sterile bottles, and temperature and pH of samples were estimated on site. Back to
the lab, triplicate samples were pooled and filtered by 0.22 uM sterile filter membrane to enrich microbes. Then,
these filter membranes were preserved at —80 °C for standby”!!.

DNA isolation. Total community genome from the two water samples were isolated by an E.Z.N.A™ Mag-
Bind Soil DNA Kit (Omega, M5635-02, USA), according to the manufacturer’s instructions. DNA integrity was
checked with 0.8% agarose gel. The DNA concentration was detected by a Qubit 4.0 (Thermo, USA) to make
certain of sufficient quantity of high-quality genome isolated.

16S rRNA gene amplification and library preparation. PCR was started promptly after the DNA was
isolated. The v3-v4 hypervariable region amplification of the 16S rRNA gene of bacteria was performed with
the two universal primers (PAGE purified) 341F (CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGG
TATCTAATCC)"2. There were two round amplifications in this study. The first round amplification was set up
with the following system: DNA template 10-20 ng; Bar- PCR forward primer (10 uM) 1 puL; PCR reverse primer
(10 uM) 1 pL; 2 x Hieff’ Robust PCR Master Mix (Yeasen, 10105ES03, China) 15 pL (total 30 uL). PCR was run
according to the procedure: first 1 cycle of denaturing at 94 °C for 3 min, then 5 cycles of denaturing at 94 °C
for 30 s, annealing at 45 °C for 20 s, elongation at 65 °C for 30 s, afterwards 20 cycles of denaturing at 94 °C for
20 s, annealing at 55 °C for 20 s, elongation at 72 °C for 30 s and a final extension at 72 °C for 5 min. The second
round amplification introducing Illumina bridge PCR compatible primers was set up with the following system:
PCR products 20-30 ng; PCR forward primer (10 pM) 1 uL; Index-PCR reverse primer (10 pM) 1 pL; 2 x Hieff
Robust PCR Master Mix (Yeasen, 10105ES03, China) 15 uL (total 30 puL). PCR was run according to the proce-
dure: 1 cycle of denaturing at 95 °C for 3 min, then 5 cycles of denaturing at 94 °C for 20 s, annealing at 55 °C
for 20 s, elongation at 72 °C for 30 s, and a final extension at 72 °C for 5 min. The final amplicon was detected
by electrophoresis in 2% agarose gel, purified by Hiefft NGS™ DNA Selection Beads (Yeasen, 10105ES03, China),
quantified by a Qubit” 4.0 Green double-stranded DNA assay and quality checked by a Bioanalyzer (Agilent
2100, USA). Eventually, the purified amplicon was pair-end sequenced by an Illumina MiSeq system (Illumina
MiSeq, USA) at Sangon BioTech in China.

ASV clustering, representative tags alignment and biological classification. Cutadapt software
(version 1.18)" was used to cut the adaptor and primer sequences for off-machine double-ended sequence data.
The DADA2(version 1.14.0)!* package of R was used to filter, correct and denoise each sample sequence, and
then the double-ended data were concatenated, and the chimera was identified and removed by the algorithm to
obtain the ASV sequence (default parameter). The ASV table was constructed according to the occurrence times
of ASV sequences in each sample. Based on the Silva database'® (version 138.1), using the RDP classifier (version
2.12)'¢ for species annotation, the species information of each ASV at different taxonomic levels can be obtained.

Statistical analysis. The alpha diversity indexes (containing Chao, Simpson, and Shannon indexes) were
quantified according to ASV richness and calculated using Mothur software (version 3.8.31)". To estimate sam-
ple adequacy, rarefaction curve of ASV numbers was established. The rank abundance curve and rarefaction
curve were made by ggplot2 package (version 3.3.5) in R software (version 3.6.0).

Function prediction. To compare the bacterial 16S rRNA gene sequences from Tangchi and Bantang hot
spring with the functional spectrum database MetaCyc analyzing biological metabolic pathway of known meta-
bolic functions separately, metabolic functions were predicted using PICRUSt2 (version 2.4.1)'8.

Nucleotide sequence accession numbers. 16S rRNA gene sequencing data were accepted at NCBI
under the accession nos. SRR20710118 and SRR20831105.

Results

Information of water samples collected. The temperature and pH of Tangchi hot spring were tested
as 63.9 ‘C and pH 8.2 (alkaline) on site. However, those of Bantang hot spring were 45.8 ‘C and pH 6.5 (weakly
acidic).

Sequence merging and assembling. After the hot spring sample sequences were split and removed
redundancy, ASV clustering was carried out under100% similarity (Fig. 1). The results showed that 138 ASVs
were received from two hot springs in all. The number of ASV's from Bantang hot spring (85) was more than that
from Tangchi hot spring (54), and there was 1 ASV in common from the two hot springs, accounting for about
0.72% of the total ASVs.
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Figure 1. ASV numbers of bacterial communities from two hot springs.

Bacterial community and abundance. The ASVs representative sequences of two hot springs were
aligned and identified, and the community information of hot spring bacteria in 9 phyla, 13 classes, 23 orders,
29 families and 31 genera were obtained.

At the phylum taxonomic level, bacteria with relative abundance less than 1% were attributed to others,
and the composition of bacterial phyla from the two hot springs was significantly different. Tangchi hot spring
bacteria mainly belonged to 5 groups, while Bantang hot spring bacteria mainly belonged to 7 groups (Fig. 2a).
Bacterial communities from Tangchi hot spring were Bacillota (41.63%), Aquificota (31.84%), Pseudomonadota
(11.82%), Patescibacteria (6.98%), Bacteroidota (5.16%). Bantang hot spring bacterial communities were Pseu-
domonadota (46.02%), Actinobacteriota (30.11%), Patescibacteria (9.07%), Bacteroidota (8.04%), Cyanobacteria
(1.81%), Verrucomicrobiota (1.36%), Nitrospirota (1.29%). Pseudomonadota, Patescibacteria, Bacteroidota were
discovered to be common bacterial phyla in two hot springs. However, Bacillota, Aquificota were in Tangchi hot
spring, not in Bantang hot spring; Actinobacteriota, Cyanobacteria, Verrucomicrobiota, Nitrospirota were in
Bantang hot spring, not in Tangchi hot spring.

At the genus taxonomic level, bacteria with relative abundance less than 1% and meaningless (i.e. uncul-
tured and norank) were attributed to others, Tangchi hot spring bacteria belonged to 13 groups, and Bantang
hot spring bacteria mainly belonged to 12 groups (Fig. 2b). Tangchi hot spring bacterial communities were
Hydrogenobacter (31.38%), Subdoligranulum (12.80%), Tyzzerella (11.23%), Rheinheimera (6.87%), Butyricicoc-
cus (4.22%), Pseudomonas (3.08%), Fournierella (2.87%), etc.; Bantang hot spring bacterial communities were
CL500-29_marine_group (29.19%), Polynucleobacter (15.20%), Enhydrobacter (10.32%), Tepidimonas (3.78%),
Altererythrobacter (3.38%), Paracoccus (2.80%), etc. There were no common bacterial genus in the two hot
springs. Results suggested that bacterial genera composition of the two water samples were very different.

Alpha diversity analysis of bacteria. Diversity index analysis. ~ Alpha diversity indexes of bacteria from
two hot springs were evaluated (Table 1). Shannon diversity index is utilized to estimate the microbial diversity
in the sample. Shannon and Simpson indexes are often used for reflecting alpha diversity. The larger the Shan-
non value, the higher the bacterial diversity. Whereas the Simpson index is the opposite. Both Chao and Ace
indexes are used for estimating ASV number in the community. Results suggested that Ace, Chao, Shannon and
Simpson indexes of bacteria in Tangchi hot spring had obvious difference with those in Bantang hot spring. Ace,
Chao and Shannon indexes of bacteria in Bantang hot spring were greater than those in Tangchi hot spring, but
Simpson index of bacteria in Bantang hot spring was less than that in Tangchi hot spring, indicating that the
bacterial diversity in Bantang hot spring (45.8 ‘C) was higher than that in Tangchi hot spring (63.9 C). In other
words, the higher the hot spring temperature, the level of bacterial diversity is relatively lower, which indicates
that temperature is an important factor affecting the level of bacterial diversity in hot springs.

Diversity curve analysis. The ASV rarefaction curve and rank abundance curve of the two hot springs were
plotted (Fig. 3a,b).Whether the amount of sequencing data is sufficient can be judged according to whether the
rarefaction curve is gentle. The increase rate of ASV number gradually flattened along with the increase of the
number of sampling sequences of Tangchi and Bantang hot springs, and the curve tended to be horizontal rela-
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Figure 2. Phylum and Genus level distribution of bacterial community in two hot springs: (a) Phylum level; (b)
Genus level.

Sample Shannon | Chao | Ace | Simpson
TangChi 2.968949 | 55 55 0.085989
BanTang 3.392597 | 85 85 0.062225

Table 1. Bacterial alpha diversity indices of the two hot springs.
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Figure 3. a-diversity comparison: (a) Rarefaction curve; (b) Rank abundance curve.
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tive to the x-axis, especially rarefaction curve of Tangchi hot spring was flatter. It showed that the sequencing
depth of two hot spring samples was reasonable. Rank abundance curve is used for explaining two aspects of
sample diversity (that is, the richness and evenness) at the same time. The richness of bacteria is represented by
the length of the curve on the horizontal axis. The wider the curve, the higher the richness of bacteria. Mean-
while, the uniformity of bacterial composition is represented by the shape of the curve. The flatter the curve,
the higher the uniformity of bacterial composition. Results showed that more richness and higher evenness in
Bantang hot spring than those in Tangchi hot spring.

Prediction of microbial functional gene. According to the prediction results, the annotation corresponding
to each functional spectrum database of each sample was acquired. In MetaCyc pathway analysis, the major
pathways of metabolism as ‘pyruvate fermentation to isobutanol (engineered), ‘acetylene degradation, ‘carbon
fixation pathways in prokaryotes, ‘nitrate reduction I (denitrification);, ‘methanogenesis from acetate, ‘super-
pathway of glucose and xylose degradation;, etc., were picked to show (Fig. 4). Among them, ‘carbon fixation
pathways in prokaryotes, ‘succinate fermentation to butanoate, ‘superpathway of UDP-N-acetylglucosamine-
derived O-antigen building blocks biosynthesis; ‘superpathway of glycerol degradation to 1,3-propanediol’ and
‘3-phenylpropanoate degradation’ were only possessed by bacteria in Tangchi hot spring. However, ‘enterobactin
biosynthesis, ‘creatinine degradation I, ‘creatinine degradation II; ‘aromatic biogenic amine degradation (bac-
teria), ‘L-lysine fermentation to acetate and butanoate, ‘toluene degradation IV (aerobic) (via catechol)’ and
‘polymyxin resistance’ existed only in the bacteria from Bantang hot spring. Among the degradation pathways,
enzymes mapped on xenobiotic degradation pathways generally belong to the classes of oxidoreductases, lyases
and transferases'.

Discussion

The results of the study provide a detailed comparative analysis of the bacterial community composition of
Tangchi hot spring and Bantang hot spring in Hefei using 16S rRNA gene-based high throughput sequencing
approach. The differences in alpha diversity and the composition of the bacterial community between the two
hot springs may be related to the combination of number of environment factors®.

The prevalent phyla found in Tangchi hot spring were Bacillota (41.63%) and Aquificota (31.84%).They
have also been reported in many moderately alkaline hot springs®'~?*. Aquificota belongs to eubacteria, but it is
the closest to archaea and eukaryotes, which is a kind of rod-shaped bacteria living in moderate or ultra-high
temperature environment?*. The prevalent bacteria genus in Tangchi hot spring was mainly Hydrogenobacter
(31.38%). A large number of this genus (abundance more than 30%) were detected in several hot springs in Rehai
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Figure 4. Part of MetaCyc pathway predicting functions from the 16S rRNA gene sequences of the two hot

springs.

Scientific Reports |

(2023) 13:5832 | https://doi.org/10.1038/s41598-023-32853-5 nature portfolio



www.nature.com/scientificreports/

and Ruidian, Tengchong, Yunnan®. They are hydrogenoxidizing and obliterate chemolithoautotrophic bacteria®.
Their energy metabolism mode in medium alkaline hot springs may be chemical autotrophy, that is, to obtain
energy through the oxidation of H,*. Moreover, the enzyme pNAR (dissimilarity nitrate reductase) previously
found only in archaea was discovered in Hydrogenobacter by Masafumi et al.?s,

The prevalent bacterial phyla in Bantang hot spring were Pseudomonadota (46.02%) and Actinobacteriota
(30.11%), which also have high abundance in Tibetan hot springs® and Unnai hot spring®. Pseudomonadota
is phototrophic bacterium as the second largest phylum of hydrogenogenic CO oxidizers*, and is one of the
largest and most phenotypic branches of domain bacteria®’. At the moment, the phylum ‘Pseudomonadota’ can
degrade methyl tert-butyl ether (MTBE) polluting underground waters*. Actinobacteriota, one of the largest
phyla in domain bacteria, are world-wide organisms and can live in a range of ecological environments. Because
of their ubiquitous nature, they play some crucial roles to recycle substances, synthesize bioactive molecules and
degrade complex polymers. They can produce a large number of naturally derived modern antibiotics and many
other antifungal, antiparasitic, anticancer, antitumor and immunomodulator compounds. In addition, they are
used in various biotechnology for producing many industrially important enzymes, organic acids, amino acids,
pigments, vitamins and toxins. Therefore, as a result of great diversity and survivability under severe exogenous
stress, Actinobacteriota are also used for ecosystem transformation, biotransformation and bioremediation
programs*®. The prevalent bacterial genus in Bantang hot spring were mainly CL500-29_marine_group (29.19%)
and Polynucleobacter (15.20%), etc. To the best of our knowledge, CL500-29_marine_group and Polynucleobacter
are both found in freshwater systems®>*®, but not found in other hot springs yet.

In addition to Pseudomonadota, we found other photosynthetic bacteria in the two hot springs. Cyanobac-
teria was detected in Bantang hot spring. Cyanobacteria was reported by previous workers also in several hot
springs in Tapovan hot spring®’, Rupite hot spring®®, and two alkaline hot springs in Yellowstone National Park®.
Phototrophic bacteria present in hot springs may propel the entire microbial ecosystem.

In the previous study, strain LJTC-1% (NCBI accession number: KT454966) and LJTC-2*' (NCBI accession
number: OP132549) were obtained from Tangchi hot spring through separation and purification, belonging to
Thermoactinomyces sp. and Geobacillus sp. Separately. CHBT-1721* (NCBI accession number: KJ524642) was
isolated from Bantang hot spring, belonging to Bacillus sp. And these strains all belonged to the phylum Bacillota.
Among the high-throughput sequencing results, the bacteria in the phylum Pseudomonadota, Aquificota and
Actinobacteriota were not isolated by culturable methods. There are many factors that limit the cultivability of
microorganisms, mainly including substrate and growth conditions, recovery from dormancy, symbiotic inter-
dependence, physical contact or spatial proximity, environmental physicochemical conditions, low abundance
and competition, etc.*’.

Microbes in different hot springs show different microbial community structures and functions*. Accord-
ing to gene function annotation, in MetaCyc pathway analysis, ‘carbon fixation pathways in prokaryotes’ was
only found in Tangchi hot spring. Carbon dioxide is a greenhouse gas. Microbes with autotrophic metabolism
assimilate inorganic carbon into organic carbon, making carbon unavailable to other organisms a core compo-
nent of the global carbon cycle. With the rapid development of biochemical engineering and genetic engineering
technology, the biological capture, transformation and utilization of carbon dioxide have made rapid progress
as value-added products®. Tan et al.*® directly synthesized a degradable plastic PLA from carbon dioxide for the
first time in the world, using a combination strategy of metabolic engineering and high-density culture on a light
driven cyanobacteria platform. Carbon fixation can not only slow down the greenhouse effect, but also realize
non grain fermentation*’. The abundance of ‘nitrate reduction I (denitrification)’ and ‘superpathway of glucose
and xylose degradation’ were higher in Bantang hot spring than that in Tangchi hot spring. Denitrification is an
essential part of most wastewater treatment systems. Biological nitrogen removal has been widely concerned for
its high cost-effectiveness, simple process and no secondary pollution®®. ‘Superpathway of glucose and xylose
degradation’ was very important metabolic pathway. Glucose and xylose are the main components of lignocel-
lulose hydrolysate*’. Moreover, lignocellulosic biomass is a renewable resource with abundant reserves, which
has broad application prospects in the fields of energy®® and chemical industry®! through microbial fermenta-
tion. It can be seen that the bacteria in the two hot springs are of great value in environmental protection and
industrial application.

Conclusion

In this study, 16S rRNA high-throughput sequencing technology was used for the first time to compare and
analyze the bacterial diversity of Tangchi hot spring and Bantang hot spring in Hefei, China. Results showed
that the two hot springs in Hefei were rich in microbial resources. The bacterial community and abundance of
Bantang hot spring are greater than those of Tangchi hot spring, and the prevalent bacterial phyla and prevalent
bacterial genus in the two hot springs are significantly different, which supplies a theoretical basis for further
exploring impact factors of microbial diversity in the later stage.

Data availability

16S rRNA gene sequencing data have been available at NCBI under the accession numbers: SRR20710118
(https://www.ncbi.nlm.nih.gov/sra/?term=SRR20710118) and SRR20831105 (https://www.ncbi.nlm.nih.gov/
sra/?term=SRR20831105). Strain DNA sequences have been available at GenBank under the accession numbers:
KT454966 (https://www.ncbi.nlm.nih.gov/nuccore/KT454966), OP132549 (https://www.ncbi.nlm.nih.gov/nucco
re/OP132549) and KJ524642 (https://www.ncbi.nlm.nih.gov/nuccore/KJ524642).

Received: 14 August 2022; Accepted: 3 April 2023
Published online: 10 April 2023

Scientific Reports |

(2023) 13:5832 | https://doi.org/10.1038/s41598-023-32853-5 nature portfolio


https://www.ncbi.nlm.nih.gov/sra/?term=SRR20710118
https://www.ncbi.nlm.nih.gov/sra/?term=SRR20831105
https://www.ncbi.nlm.nih.gov/sra/?term=SRR20831105
https://www.ncbi.nlm.nih.gov/nuccore/KT454966
https://www.ncbi.nlm.nih.gov/nuccore/OP132549
https://www.ncbi.nlm.nih.gov/nuccore/OP132549
https://www.ncbi.nlm.nih.gov/nuccore/KJ524642

www.nature.com/scientificreports/

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Wang, S. et al. Control of temperature on microbial community structure in hot springs of the Tibetan Plateau. PLoS ONE 8,
€62901. https://doi.org/10.1371/journal.pone.0062901 (2013).

Kashefi, K. & Lovley, D. R. Extending the upper temperature limit for life. Science 301, 934. https://doi.org/10.1126/science.10868
23 (2003).

. Podar, P. T., Yang, Z., Bjornsdottir, S. H. & Podar, M. Comparative analysis of microbial diversity across temperature gradients in

hot springs from Yellowstone and Iceland. Front. Microbiol. 11, 1625. https://doi.org/10.3389/fmicb.2020.01625 (2020).

. Arya, M., Joshi, G. K., Gupta, A. K., Kumar, A. & Raturi, A. Isolation and characterization of thermophilic bacterial strains from

Soldhar (Tapovan) hot spring in Central Himalayan Region. India. Ann. of Microbiol. 65, 1457-1464. https://doi.org/10.1007/
$13213-014-0984-y (2015).

. Ebru, O. G. & Arzu, G. Identification and characterization of novel thermophilic bacteria from hot springs, Erzurum, Turkey. Curr.

Microbiol. 77, 979-987. https://doi.org/10.1007/s00284-020-01880-0 (2020).

. Hedlund, B. P. et al. Isolation of diverse members of the Aquificales from geothermal springs in Tengchong, China. Front. Microbiol.

6, 157. https://doi.org/10.3389/fmicb.2015.00157 (2015).

. Liu, L. et al. Diversity and distribution of anaerobic ammonium oxidation bacteria in hot springs of Conghua, China. Front.

Microbiol. 12, 739234. https://doi.org/10.3389/fmicb.2021.739234 (2022).

. Tang, J. et al. Description, taxonomy, and comparative genomics of a novel species, Thermoleptolyngbya strain isolated from hot

springs of Ganzi, Sichuan, China. Front. Microbiol. 12, 696102. https://doi.org/10.1101/2021.01.08.426015 (2021).

. Gui, Y. Y, Zhang, J. E, Wang, Y. Y. & Wang, D. Y. Strategy Analysis of the Utilization Status of Bantang Hot spring in Chaohu City

and its Sustainable Development. Sci. Technol. Vision (in Chinese). 14, 52-53. https://doi.org/10.19694/j.cnki.issn2095-2457.2014.
14 (2014).

Xia, Q. et al. Status and reliability appraisal of geothermal resources in Hefei City. Geol. Anhui (in Chinese). 25, 222-226. https://
doi.org/10.3969/j.issn.1005-6157.2015.03.014 (2015).

Sadeepa, D,, Sirisena, K. & Manage, P. M. Diversity of microbial communities in hot springs of Sri Lanka as revealed by 16S rRNA
gene high-throughput sequencing analysis. Gene 812, 146103. https://doi.org/10.1016/j.gene.2021.146103 (2022).

Klindworth, A. et al. Evaluation of general 16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-
based diversity studies. Nucleic Acids Res. 41, el. https://doi.org/10.1093/nar/gks808 (2013).

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10-12. https://doi.org/
10.14806/€j.17.1.200 (2011).

Callahan, B. J. et al. DADA2: High resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581-583. https://
doi.org/10.1038/nmeth.3869 (2016).

Quast, C. et al. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids
Res. 41, D590-D596. https://doi.org/10.1093/nar/gks1219 (2013).

Wang, Q., Garrity, G. M., Tiedje, J. M. & Cole, J. R. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new
bacterial taxonomy. Appl. Environ. Microb. 73, 5261-5267. https://doi.org/10.1128/ AEM.00062-07 (2007).

Schloss, P. D. et al. Introducing mothur: Open-source, platform independent, community-supported software for describing and
comparing microbial communities. Appl. Environ. Microb. 75, 7537-7541. https://doi.org/10.1128/ AEM.01541-09 (2009).
Douglas, G. M. et al. PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 685-688. https://doi.org/10.1038/
541587-020-0548-6 (2020).

Jokhakar, P. et al. Comparative taxonomic and functional microbiome profiling of anthrospheric river tributary for xenobiotics
degradation study. Ecol. Genet. Genom. 25, 100144. https://doi.org/10.1016/j.egg.2022.100144 (2022).

Amin, A. et al. Diversity and distribution of thermophilic bacteria in hot springs of Pakistan. Environ. Microbiol. 74, 116-127.
https://doi.org/10.1007/s00248-017-0930-1 (2017).

Bennett, A. C., Murugapiran, S. K., Kees, E. D, Sauer, H. M. & Hamilton, T. L. Temperature and geographic location impact the
distribution and diversity of photoautotrophic gene variants in alkaline Yellowstone hot springs. Microbiol. Spectr. 10, 1-16. https://
doi.org/10.1128/spectrum.01465-21 (2022).

Nishihara, A. et al. Nitrogenase activity in thermophilic chemolithoautotrophic bacteria in the phylum aquificae isolated under
nitrogen-fixing conditions from Nakabusa hot springs. Microbes Environ. 33, 394-401. https://doi.org/10.1264/jsme2.ME18041
(2018).

Li, J. S. et al. Bacterial and archaeal water and sediment communities of two hot spring streams in Tengchong, Yunnan Province,
China. Diversity 14, 381. https://doi.org/10.3390/d14050381 (2022).

Garrity, G. M. Phylum BI. Aquificae phy. nov. In Bergey’s Manual of Systematic Bacteriology (eds Boone, D. R. et al.) 359-367
(Springer-Verlag, 2001). https://doi.org/10.1007/978-0-387-21609-6.

Hou, W. et al. A comprehensive census of microbial diversity in hot springs of Tengchong, Yunnan Province China Using 16S
rRNA Gene Pyrosequencing. PLoS ONE 8, €53350. https://doi.org/10.1371/journal.pone.0053350 (2013).

Kim, K., Chiba, Y., Kobayashi, A., Arai, H. & Ishii, M. Phosphoserine phosphatase is required for serine and one-carbon unit
synthesis in Hydrogenobacter thermophilus. J. Bacteriol. 199, 1-8. https://doi.org/10.1128/JB.00409-17 (2017).

Spear, J. R., Walker, J. ., McCollom, T. M. & Pace, N. R. Hydrogen and bioenergetics in the Yellowstone geothermal ecosystem. P
Natl. Acad. Sci. USA. 102, 2555-2560. https://doi.org/10.1073/pnas.0409574102 (2005).

Kameya, M., Kanbe, H., Igarashi, Y., Arai, H. & Ishii, M. Nitrate reductases in Hydrogenobacter thermophilus with evolutionarily
ancient features: Distinctive localization and electron transfer. Mol. Microbiol. 106, 129-141. https://doi.org/10.1111/mmi.13756
(2017).

Huang, Q. Y. et al. Archaeal and bacterial diversity in hot springs on the Tibetan Plateau, China. Extremophiles 15, 549-563. https://
doi.org/10.1371/journal.pone.0053350 (2011).

Mangrola, A. V., Dudhagara, P. R, Koringa, P. G., Joshi, C. G. & Patel, R. K. Metagenomic microbial community profiling of Unnai
hot spring by Ion-Torrent based shotgun sequencing. Microbiology 87, 143-146. https://doi.org/10.1134/50026261718010113
(2018).

Fukuyama, Y., Inoue, M., Omae, K., Yoshida, T. & Sako, Y. Chapter Three—Anaerobic and hydrogenogenic carbon monoxide-
oxidizing prokaryotes: Versatile microbial conversion of a toxic gas into an available energy. Adv. Appl. Microbiol 110, 99-148.
https://doi.org/10.1016/bs.aambs.2019.12.001 (2020).

Gupta, R. S. The phylogeny of proteobacteria: Relationships to other eubacterial phyla and eukaryotes. FEMS Microbiol. Rev. 24,
367-402. https://doi.org/10.1016/s0168-6445(00)00031-0 (2000).

Zhang, W. H., Chen, J. M., Lu, Z., Chen, D. Z. & Chen, X. Aerobic degradation of methyl tert-butyl ether by a Proteobacteria strain
in a closed culture system. J. Environ. Sci. 1, 18-22. https://doi.org/10.1016/S1001-0742(07)60003-5 (2007).

Ruwandeepika, H. A. D., Fernando, G. C. P. & Jayaweera, T. S. P. A. An overview of biomedical, biotechnological, and industrial
applications of actinomycetes. In Natural Products from Actinomycetes (eds Rai, R. V. & Bai, ].) 475-508 (Springer Nature, 2022).
https://doi.org/10.1007/978-981-16-6132-7.

Cai, W. et al. Longitudinal patterns of microbial communities in the water diversion rivers of south-to-north water diversion
project. Clean: Soil, Air, Water 50, 2100303. https://doi.org/10.1002/clen.202100303 (2022).

Scientific Reports |

(2023) 13:5832 | https://doi.org/10.1038/s41598-023-32853-5 nature portfolio


https://doi.org/10.1371/journal.pone.0062901
https://doi.org/10.1126/science.1086823
https://doi.org/10.1126/science.1086823
https://doi.org/10.3389/fmicb.2020.01625
https://doi.org/10.1007/s13213-014-0984-y
https://doi.org/10.1007/s13213-014-0984-y
https://doi.org/10.1007/s00284-020-01880-0
https://doi.org/10.3389/fmicb.2015.00157
https://doi.org/10.3389/fmicb.2021.739234
https://doi.org/10.1101/2021.01.08.426015
https://doi.org/10.19694/j.cnki.issn2095-2457.2014.14
https://doi.org/10.19694/j.cnki.issn2095-2457.2014.14
https://doi.org/10.3969/j.issn.1005-6157.2015.03.014
https://doi.org/10.3969/j.issn.1005-6157.2015.03.014
https://doi.org/10.1016/j.gene.2021.146103
https://doi.org/10.1093/nar/gks808
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1016/j.egg.2022.100144
https://doi.org/10.1007/s00248-017-0930-1
https://doi.org/10.1128/spectrum.01465-21
https://doi.org/10.1128/spectrum.01465-21
https://doi.org/10.1264/jsme2.ME18041
https://doi.org/10.3390/d14050381
https://doi.org/10.1007/978-0-387-21609-6
https://doi.org/10.1371/journal.pone.0053350
https://doi.org/10.1128/JB.00409-17
https://doi.org/10.1073/pnas.0409574102
https://doi.org/10.1111/mmi.13756
https://doi.org/10.1371/journal.pone.0053350
https://doi.org/10.1371/journal.pone.0053350
https://doi.org/10.1134/S0026261718010113
https://doi.org/10.1016/bs.aambs.2019.12.001
https://doi.org/10.1016/s0168-6445(00)00031-0
https://doi.org/10.1016/S1001-0742(07)60003-5
https://doi.org/10.1007/978-981-16-6132-7
https://doi.org/10.1002/clen.202100303

www.nature.com/scientificreports/

36. Hahn, M. W. et al. Polynucleobacter hirudinilacicola sp. nov. and polynucleobacter campilacus sp. nov., both isolated from fresh-
water systems. Int. J. Syst. Evol. Micr. 68, 2593-2601. https://doi.org/10.1099/ijsem.0.002880 (2018).

37. Sana, L, Vaishnavia, U. & Dhananjaya, K. Changes in species composition of cyanobacterial and microalgal communities along a
temperature gradient in Tapovan Hot Spring, Garhwal Himalaya, Uttarakhand, India. Aquat. Ecol. 56, 573-584. https://doi.org/
10.1007/s10452-021-09921-x (2022).

38. Otakar, S. et al. High diversity of thermophilic cyanobacteria in Rupite hot spring identified by microscopy, cultivation, single-cell
PCR and amplicon sequencing. Extremophiles 23, 35-48. https://doi.org/10.1007/500792-018-1058-z (2019).

39. Bennett, A. C., Murugapiran, S. K. & Hamilton, T. Temperature impacts community structure and function of phototrophic
Chloroflexi and Cyanobacteria in two alkaline hot springs in Yellowstone National Park. Environ. Microbiol. Rep. 12, 503-513.
https://doi.org/10.1111/1758-2229.12863 (2020).

40. Zhang, F. Q. Isolation, identification and characterization of the first thermophilic bacteria from a hot spring in Tang Chi, LuJiang.
J. Anging Normal Univ. (Nat. Sci. Edn.) (in Chinese). 26, 117-121. https://doi.org/10.13757/j.cnki.cn34-1328/1.2020.02.022 (2020).

41. Zhang, F. Q. Isolation and cellulase production characteristics of one thermophilic Geobacillus. J. Chaohu Univ. (in Chinese). 23,
8-14. https://doi.org/10.12152/j.issn.1672-2868.2021.06.002 (2021).

42. Fang, S., Dai, C. & Yan, J. Phylogenetic analysis of strain CHBT-1721 with other thermophile bacteria isolated from hot springs
of China. J. Zhejiang Univ. (Agric. Life Sci.) 41, 15-24. https://doi.org/10.3785/j.issn.1008-9209.2014.07.232 (2015).

43. Lewis, W. H., Tahon, G., Geesink, P,, Sousa, D. Z. & Ettema, T. J. G. Innovations to culturing the uncultured microbial majority.
Nat. Rev. Microbiol. 19, 225-240. https://doi.org/10.1038/s41579-020-00458-8 (2021).

44. Chan, C.S., Chan, K. G,, Tay, Y. L., Chua, Y. H. & Goh, K. M. Diversity of thermophiles in a Malaysian hot spring determined using
16S rRNA and shotgun metagenome sequencing. Front. Microbiol. 6, 177. https://doi.org/10.3389/fmicb.2015.00177 (2015).

45. Jiao, Z. Y. et al. Electron supply strategies for microbial carbon fixation: A review. Chin. J. Biotechnol. 38, 2396-2409. https://doi.
org/10.13345/j.cjb.220138 (2022).

46. Tan, C. L., Tao, F. & Xu, P. Direct carbon capture for production of high-performance biodegradable plastics by cyanobacterial
cell factory. Green Chem. 24, 4470-4483. https://doi.org/10.1039/d1gc04188f (2022).

47. Zahed, M. A., Movahed, E., Khodayari, A., Zanganeh, S. & Badamaki, M. Biotechnology for carbon capture and fixation: Critical
review and future directions. J. Environ. Manage. 293, 112830. https://doi.org/10.1016/j.jenvman.2021.112830 (2021).

48. Niu, X. Q,, Zhou, S. H. & Deng, Y. Advances in denitrification microorganisms and processes. Chin. J. Biotechnol. 37, 3505-3519.
https://doi.org/10.13345/j.cjb.210407 (2021).

49. Tran, P. H.N,, Ko, J. K,, Gong, G., Um, Y. & Lee, S. M. Improved simultaneous co-fermentation of glucose and xylose by Saccha-
romyces cerevisiae for efficient lignocellulosic biorefinery. Biotechnol. Biofuels 13, 12. https://doi.org/10.1186/s13068-019-1641-2
(2020).

50. Monir, M. U,, Aziz, A. A. & Yousuf, A. Integrated technique to produce sustainable bioethanol from lignocellulosic biomass. Mater.
Lett. X. 13, 100127. https://doi.org/10.1016/j.mIblux.2022.100127 (2022).

51. Kawaguchi, H. et al. Recent advances in lignocellulosic biomass white biotechnology for bioplastics. Bioresource Technol. 344,
126165. https://doi.org/10.1016/j.biortech.2021.126165 (2022).

Acknowledgements
This work was funded by the Projects of Chaohu University (Grant numbers kj21fdzy02, kj21kctd03) and the
Project of Educational Commission in Anhui province (Grant number KJ2021A1019).

Author contributions

EQ.Z. collected samples, performed the experiment, analyzed the data and wrote the manuscript. X.J.C. was
mainly responsible for designing the research scheme. J.L. participated in performed the experiment and analyzed
the data. All authors have read and consented to the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.-J.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:5832 | https://doi.org/10.1038/s41598-023-32853-5 nature portfolio


https://doi.org/10.1099/ijsem.0.002880
https://doi.org/10.1007/s10452-021-09921-x
https://doi.org/10.1007/s10452-021-09921-x
https://doi.org/10.1007/s00792-018-1058-z
https://doi.org/10.1111/1758-2229.12863
https://doi.org/10.13757/j.cnki.cn34-1328/n.2020.02.022
https://doi.org/10.12152/j.issn.1672-2868.2021.06.002
https://doi.org/10.3785/j.issn.1008-9209.2014.07.232
https://doi.org/10.1038/s41579-020-00458-8
https://doi.org/10.3389/fmicb.2015.00177
https://doi.org/10.13345/j.cjb.220138
https://doi.org/10.13345/j.cjb.220138
https://doi.org/10.1039/d1gc04188f
https://doi.org/10.1016/j.jenvman.2021.112830
https://doi.org/10.13345/j.cjb.210407
https://doi.org/10.1186/s13068-019-1641-2
https://doi.org/10.1016/j.mlblux.2022.100127
https://doi.org/10.1016/j.biortech.2021.126165
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparative analysis of bacterial diversity in two hot springs in Hefei, China
	Materials and methods
	Sample collection and processing. 
	DNA isolation. 
	16S rRNA gene amplification and library preparation. 
	ASV clustering, representative tags alignment and biological classification. 
	Statistical analysis. 
	Function prediction. 
	Nucleotide sequence accession numbers. 

	Results
	Information of water samples collected. 
	Sequence merging and assembling. 
	Bacterial community and abundance. 
	Alpha diversity analysis of bacteria. 
	Diversity index analysis. 
	Diversity curve analysis. 
	Prediction of microbial functional gene. 


	Discussion
	Conclusion
	References
	Acknowledgements


