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Abstract

High-fluoride hot springs serve as a natural laboratory for investigating microbial adap-
tation and variations in community structure under extreme environments. This study
utilized water chemistry analysis and 16S rRNA gene sequencing to investigate the correla-
tion between high-fluoride hot springs and microbial community structure and diversity.
The results show that the five hot springs exhibited an average F− content of 15.04 mg/L,
with weakly alkaline pH, high total dissolved solids, and Na+ as the dominant cation.
The hydrochemical type was classified as HCO3·SO4-Na, consistent with the chemical
characteristics of high-fluorine water. Microbial abundance and diversity were significantly
reduced in the hot springs as compared to the surface water and groundwater samples.
The dominant phyla in the study area included Pseudomonadota, Cyanobacteriota, Bac-
teroidota, and Actinomycetota. The genus-level composition varied significantly across
samples, with no dominant genus observed universally. The specific genera present in
different samples exhibit unique functional attributes, such as Tepidimonas, Rhodobacter,
Hyphomonas, Parvibaculum, Polynucleobacter and Limnohabitans. Cluster analysis confirmed
that dissimilarity coefficients highlight the significant influence of microbial abundance on
inter-sample differences among hot springs. Redundancy analysis of the top 11 phyla by
abundance in water samples revealed that the presence of F− exerts inhibitory effects on
microbial growth.

Keywords: high-fluoride hot springs; hydrochemistry; microbial community; diver-
sity analysis

1. Introduction
Fluorine is an essential trace element that significantly impacts physiological systems.

Groundwater fluoridation is a global concern, given the integral role of groundwater in
ecosystems and as a significant source of drinking water [1]. The global distribution of
fluoride contamination spans five principal endemic zones, affecting 25 nations, including
23 developing countries, commonly in arid and semi-arid regions [2–6]. The concentration
of fluoride is generally higher in geothermal water than groundwater because the high
temperature of geothermal water promotes dissolution of fluorine-bearing minerals and
desorption of fluorine in adsorbed states [7].

Microorganisms, as essential components of groundwater systems with fundamental
roles in ecosystems and biogeochemical cycle [8–10], are involved in the geochemical pro-
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cesses of groundwater pollution and natural attenuation, and can serve as indicators of
changes to the groundwater environment [11–14]. The microbial composition of ground-
water is influenced by fluoride contamination, which can inhibit microbial growth [15].
Microbial abundance and diversity are significantly greater in groundwater with a low
fluoride concentration [16] and the fluoride concentration has been significantly negatively
correlated with the Chao1 and Shannon indices [17]. Fluoride and microorganisms in
groundwater exhibit bidirectional interactions, as fluoride inhibits microbial growth, while
specific microbial communities demonstrate fluoride removal capabilities [18]. Fluoride-
resistant microorganisms mediate bioremediation through ion complexation mechanisms,
thereby reducing aqueous fluoride concentrations [19]. Microorganisms exhibit distinct
fluoride tolerance thresholds, as growth inhibition is greater for moderate thermophiles
than mesophiles [20]. However, the metabolic activities of microorganisms can facilitate
the migration and release of fluoride from sediments [21,22]. High-fluoride hot springs can
be differentiated from typical groundwater by temperature, pH, and nutrient composition,
which drive the unique genetic structures and functional traits of microorganisms through
evolutionary processes, while preserving ancestral bacterial strains, endemic species, and
new microbial resources, particularly thermophilic bacteria [23].

The aim of the present study was to assess the impact of the fluoride content of
geothermal environments on microorganisms, with limited research existing on this topic.
However, water temperature is a significant factor influencing the abundance and diversity
of the microbial community. High-throughput 16S rRNA gene sequencing was employed
to analyze microbial communities in five hot springs within Lushan Country, China, by
comparing the diversity and structural composition of microbial communities in surface
water and groundwater that feed hot springs, reveal the influence of the fluoride content on
microbial communities, and explore the impact of other factors in geothermal water. The
findings of this study provide valuable insights and references for further research on the
relationship between microorganisms and the environmental response of fluoridated water.

2. Material and Methods
2.1. Study Area

The study area included five major hot spring clusters located along the Checun-
Lushan Fault in Lushan County, Henan Province (from west to east: Shangtang, Zhongtang,
Wentang, Xiatang, and Jianchang), which stretches over a 100-mile hot spring belt, locally
known as the “Hundred Mile Hot Spring”. The hot spring water in Lushan, which exhibits
exceptional quality, contains more than 10 trace elements, including boron, lithium, fluo-
rine, radium, and radon. Li Daoyuan, a geographer from the Northern Wei Dynasty, in
Commentary on the Classic of Waterways (Shui Jing Zhu), provides detailed descriptions of
these hot springs, noting that “the hot springs emerge from North Mountain Foo, with
seven sources of unique characteristics, and their heat is extraordinary” and that these
hot springs “can cure all kinds of diseases.” The study area features a warm temperate
continental monsoon climate characterized by four distinct seasons and abundant rainfall.
The Sha River is the principal river within the study area. The predominant lithology is
characterized by magmatic rocks, exhibiting distinct spatial partitioning across the Checun-
Xiatang fault zone, where intrusive rock dominates the southern block, while effusive rock
prevails in the northern sector. Specifically, Yanshanian granites constitute the principal
lithology in Shangtang, contrasting with the andesitic porphyrite assemblages of Xiatang.
Plagioclase emerges as the dominant mineral phase, with aluminosilicate as the essential
chemical composition [24]. Well-developed joints within the area are closely associated
with NE-trending and NW-trending minor faults.
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2.2. Sample Collection and Testing

In total, 5 hot spring samples, 9 surface water samples, and 3 groundwater samples
were collected along the Checun-Lushan, Luanchuan-Lushan, and Luonan-Gushi fault
zones on 8 July 2024 (Figure 1). Field measurements of water temperature, pH, electrical
conductivity, and total dissolved solids (TDS) were conducted with a multiparameter
water quality analyzer (WTW Multi 3630 IDS; WTW Electronic GmbH, Graz, Austria).
Ion chromatography was used to assess the compositions of cations (Na+, K+, Mg2+,
Ca2+, Li+) and anions (Cl−, SO4

2−, F−). The detection limit was 0.0001 mg/L with an
analytical precision of 0.001 mg/L and a charge balance error between cations and anions
within ±5%. Microorganisms were enriched by filtering 10 L of each water sample through
a 0.22-µm filter membrane, followed by immediate preservation on dry ice for subsequent
16S rRNA high-throughput sequencing.

Figure 1. Distribution of the sampling sites.

2.3. Data Processing

Electrophoresis with 1% agarose gels was used to assess DNA degradation and de-
tect impurities. DNA purity was assessed with a NanoPhotometer spectrophotometer
(Implen GmbH, Munich, Germany) and the DNA concentration was measured with a
Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). According to the
specified sequencing region, barcode-tagged specific primers or fusion primers containing
mismatched bases were synthesized; PCR products were purified using the Agencourt
AMPure XP nucleic acid purification kit (Beckman Coulter, Inc., Brea, CA, USA). PCR am-
plification of target regions was performed using 10 ng of DNA template with the primer
pairs 338F/533R, 341F/805R, and 967F/1046R for the V3, V3 + V4, and V6 regions, respec-
tively. The target fragments were amplified by polymerase chain reaction with Ex Taq™
DNA polymerase (TaKaRa Bio, Inc., Shiga, Japan). A DNA library was constructed, which
involved ligation of Y-shaped adapters, bead-based size selection to remove dimerized
adapters, library amplification via PCR for template enrichment, and NaOH denaturation
to generate single-stranded DNA fragments.

After construction, the library was diluted to 1 ng/µL and quantified with a Qubit® 2.0
Fluorometer. The insert size of the library was then assessed using a bioanalyzer system
(Agilent Technologies, Inc., Santa Clara, CA, USA). Once the insert size met expectations,
the effective concentration of the library was accurately quantified using an iQ SYBR Green
Supermix Kit (Bio-Rad Laboratories, Hercules, CA, USA) and a fluorescence quantitative
PCR instrument (CFX 96; Bio-Rad Laboratories). For quality control, the library was
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sequenced with the MiSeq platform (Illumina, Inc., San Diego, CA, USA) using the PE250
sequencing strategy.

The initial output of Illumina high-throughput sequencing is stored as raw image data
files. These files are processed by the CASAVA software for base calling, converting them
into raw sequencing reads. Some of these raw reads may contain adapter sequences or low-
quality segments. Clean reads for subsequent analyses were acquired by eliminating low-
quality reads (Q < 20), Ns reads (N > 5%), and adapter-polluted reads. The corresponding
Read1 and Read2 sequence fragments obtained by sequencing in both directions from
the 5′ and 3′ ends, respectively, were assembled using the sequence assembly method
PEAR [25]. Subsequently, the assembled reads were analyzed using QIIME software
version 1.8.0 [26–30]. The SILVA database (Release 128, http://www.arb-silva.de (accessed
on 13 July 2024)) and the RDP Classifier algorithm (http://sourceforge.net/projects/rdp-
classifier/ (accessed on 13 July 2024)) were employed for taxonomic classification, with a
confidence threshold set at 0.7.

3. Results and Discussion
3.1. Hydrochemical Features

Hydrochemically, all five hot springs were classified as HCO3·SO4-Na (Figure 2)
and the fluoride concentrations exceeded 9 mg/L, which is characteristic of high-fluoride
groundwater. Surface water and groundwater samples of hydrochemical types primar-
ily exhibited HCO3-Ca signatures, with F− concentrations not exceeding the standards
for Class I–III thresholds established by the toxicological index requirements described
in the Standard for groundwater quality (GB/T 14848–2017) [31] of ≤1.0 mg/L. Based
on this criterion, the five hot spring samples with fluoride concentrations exceeding
1 mg/L were categorized into the high-fluoride (HF) group, while the twelve ground-
water and surface water samples containing less than 1 mg/L fluoride were classified as the
low-fluoride (LF) group.

Figure 2. Piper trilinear diagram of sampling points.

http://www.arb-silva.de
http://sourceforge.net/projects/rdp-classifier/
http://sourceforge.net/projects/rdp-classifier/
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The HF (hot spring) samples had an average temperature of 52.2 ◦C (Table 1), ranging
from 47 ◦C (Wentang) to 60 ◦C (Shangtang), thereby meeting the definition in the Hot
spring service—Basic terminology (GB/T 33533–2017) [32] of outlet water temperature not
lower than 25 ◦C. The average pH value was 8.49, which is weakly alkaline, and Jianchang
was the most weakly alkaline at pH 8.07. The average TDS value was 357 mg/L, with
the TDS levels of the five hot springs all below 500 mg/L, as stipulated in the Class II
water standard for groundwater quality as defined in the Standard for groundwater quality
(GB/T 14848–2017) [31]. The F− concentration ranged from 9.40 to 18.37 mg/L, with an
average of 15.04 mg/L, which is in line with the Hot spring service-Hot spring water
quality requirement (GB/T 41837–2022) [33] of >2 mg/L. Na+ was the most dominant
cation, with a concentration of 131.83–170.72 mg/L, followed by Ca2+, K+, and Mg2+.
The major anions were HCO3

− and SO4
2−, with concentrations of 129.67–189.16 and

70.18–123.96 mg/L, respectively. These findings were fully in line with the chemical
characteristics of highly fluoridated water with weak alkalinity [34], high TDS [35], and
Na+ as the predominant cation [36].

Table 1. Physicochemical characteristics of the sampling points. TDS and ion parameters are
reported in mg/L. ND: not detected.

Type Parameters Temp
(◦C) pH TDS Na+ K+ Ca2+ Mg2+ Cl− SO42− HCO3− F−

HF (Hot
Spring)

Mean 52.2 8.49 357.0 145.93 5.54 7.93 0.73 29.85 87.29 150.11 15.04
Max 60.0 8.73 438.0 170.72 9.20 16.14 3.31 42.49 123.96 189.16 18.37
Min 47.0 8.07 321.0 131.83 3.70 ND ND 23.59 70.18 129.67 9.40

LF (surface wa-
ter/groundwater)

Mean 21.8 7.94 160.1 6.08 1.11 39.91 12.58 8.38 16.77 156.87 0.38
Max 27.5 8.87 241.0 20.40 4.20 66.00 30.86 26.40 51.95 312.73 0.82
Min 16.8 7.15 67.8 2.10 ND 16.72 2.09 3.95 4.01 38.14 ND

The LF (surface water/groundwater) samples were 21.8 ◦C, with little tempera-
ture variation. The average pH value was 7.94, similar to hot springs, exhibiting weak
alkalinity. The Zhaopingtai reservoir surface water was the most weakly alkaline at
pH 7.15. TDS ranged from 67.8 to 241 mg/L, and minimal levels were found in the
Sha River’s secondary tributary, which is distant from residential areas and less polluted.
Ca2+ was the most dominant cation, with a concentration of 16.72–66.00 mg/L, followed
by Mg2+, Na+, and K+. The concentrations of the main anions HCO3

− and SO4
2− varied

significantly at 38.14–312.73 and 4.01–51.95 mg/L, respectively, while the concentration of
Cl– was relatively low.

The main minerals detected in the study area were quartz, mica, plagioclase, and
chlorite. Under alkaline conditions, OH− in hot spring water readily exchanges with
adsorbed F− on minerals or soils, thereby preventing complexation of F− with cations [17]
and releasing significant amounts of F−.

CaF2 + 2OH− = Ca(OH)2 + 2F− (1)

CaF2 + 2NaHCO3 = CaCO3 + 2Na+ + 2F− + CO2 + H2O (2)

Surface water and groundwater in the study area were enriched with Ca2+, whereas
hot springs had high level of Na+. Variation in the Na/Ca ratio promotes dissolution of F−

from mineral phases into the solution, a finding entirely consistent with prior studies [37].
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3.2. Microbial Community Structure
3.2.1. Alpha Diversity Analysis

The study included 17 Illumina sequencing libraries, totaling 1,867,556 raw reads and
1,855,214 clean reads. The clean reads accounted for 99.34% of the raw reads, indicating
high and reliable sequencing quality. The sequence stitching algorithm merges paired-end
sequencing reads into a single sequence by identifying overlapping regions at the ends,
which is then used for subsequent analysis. The PEAR program was used to merge the raw
Illumina paired-end sequences derived from variable-length target fragments.

A rarefaction curve (Figure 3) revealed that as the rarefaction depth increased, the
Alpha diversity index (Chao1, Observed_species, and Shannon index) curves gradually
approached a distinct plateau, indicating that the acquired samples exhibited sufficient rep-
resentativeness in terms of microbial abundance and species richness, while the sequencing
depth adequately satisfied the requirements to reflect both the diversity and quantitative
characteristics of the samples.

(a) (b) 

 
(c) 

Figure 3. Rarefaction curve. (a) Chao1 index; (b) Observed_species index; (c) Shannon index.

A comparison of the Alpha diversity indices of the microbial communities among
the HF (hot spring) samples and LF (surface water/groundwater) samples (Table 2) re-
vealed significant variations in microbial community diversity along the fluoride concen-
tration gradient. The Chao1 and the Observed_species indices are both metrics used to
assess species richness in a community without relying on evolutionary trees. Higher
values of these indices indicate greater species richness in the sample. The HF samples
(Chao1: 437.82; Observed_species: 373.7) exhibited significantly lower species richness
as compared to the LF samples (Chao1: 685.17; Observed_species: 642.2). The Shannon
index, a diversity metric calculated based on the number and proportion of species in a
sample, reflecting the diversity of microbial communities, is influenced by both species
richness and evenness (distribution uniformity of species) within the sampled commu-
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nity, with higher values indicating greater community diversity. Comparative analy-
sis of the Shannon diversity indices revealed significantly lower species diversity in the
HF samples (4.23) as compared to the LF samples (5.63). The HF samples demonstrated
significant reductions in microbial abundance and diversity as compared to the LF samples,
confirming that high-fluoride hot springs impact microbial community formation, aligning
with prior research [16,18].

Table 2. Physicochemical characteristics of the sampling points. ND: not detected.

Type Numbering F− (mg/L) Chao1 Observed_Species Shannon

HF (Hot
Spring)

LS01 9.40 491.24 421.6 4.85
LS04 18.37 382.07 332.8 3.75
LS05 16.65 281.38 240.4 3.55
LS07 15.43 611.94 501.3 4.54
LS08 15.33 422.48 372.2 4.49
Mean 15.04 437.82 373.7 4.23

LF
(surface water/
groundwater)

LS02 0.56 620.24 537.7 6.67
LS03 0.82 553.01 504.6 5.82
LS06 0.66 655.96 591.2 6.18
LS09 0.51 736.86 645.9 5.89
LS10 0.61 635.16 538.2 4.77
LS11 0.52 586.26 540.8 5.67
LS12 0.52 929.67 841.0 6.19
LS13 0.40 884.24 782.8 5.29
LS14 ND 553.43 508.2 4.34
LS15 0.02 736.77 696.6 6.59
LS16 ND 383.86 350.4 4.34
LS17 ND 1193.92 1169.1 7.21
Mean 0.38 685.17 642.2 5.63

In addition, LS16 and LS17 are fissure waters from the same location within the
study area. A section of pipe was installed to channel water at LS16, serving as the
drinking water source for the Mo Shang Village water supply station, which involves
human intervention. In contrast, LS17 is a completely natural and undisturbed fissure
water source. A comparison of the Chao1, Observed_species, and Shannon indices of
the two samples found that the values were significantly higher at LS17 than LS16. Both
microbial richness and diversity were markedly greater at LS17 than LS16, demonstrating
that human activities can substantially influence the formation of microbial communities.

3.2.2. Microbial Community Composition Analysis

The most abundant prokaryote in the samples was Pseudomonadota (Figure 4), with a
relative abundance ranging from 36.09% (LS03) to 95.06% (LS14). The average abundances
of Cyanobacteriota and Bacteroidota were similar, both approximately 5.33%, ranging from
0.11% (LS16) to 36.37% (LS03) and 0.47% (LS07) to 18.83% (LS15), respectively. The relative
abundance of Actinomycetota ranged from 0.06% (LS05) to 24.35% (LS02). Other phyla with
an average relative abundance greater than 5% included Verrucomicrobiota, Chloroflexota,
Acidobacteriota, Crenarchaeota, Firmicutes, Nitrospirota, OD1, and Gemmatimonadota.
At the phylum level, the microbial communities were similar in the samples (LS06, LS09,
LS10, LS11, LS12) from the Sha River, which is the main source of the hot springs in
the study area, while there were significant differences in the microbial communities in
high-fluoride hot springs (LS01, LS04, LS05, LS07, LS08).
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Figure 4. Phylum-level microbial community composition of the top 25 most abundant phyla.

Pseudomonadota, Cyanobacteriota, Bacteroidota, and Actinomycetota were the dom-
inant phyla in the study area. Differences in the dominant phyla across regions suggest
a certain degree of territoriality among microorganisms: Jixia (Pseudomonadota, Bac-
teroidota, and Cyanobacteriota) [17], Taocheng District, Hengshui City (Pseudomonadota,
Bacteroidota, and Nitrospirota) [16], and the Kuitun River basin in Xinjiang (Pseudomon-
adota, Actinomycetota, and Bacteroidota) [18]. As the largest bacterial phylum, Pseu-
domonadota encompasses both pathogenic and nitrogen-fixing bacteria, including many
involved in aerobic denitrification and biological removal of nitrogen from groundwa-
ter [38]. In most prior studies, the abundance of Pseudomonadota hovered around 50%,
with more pronounced intergroup differences observed in hot springs. Hot springs preserve
the most primitive microbial resources, and even those in close geographical proximity
may harbor distinct endemic species along with novel microbial resources, particularly
thermophilic strains [23]. Crenarchaeota was the most abundant archaea in the five hot
springs, consistent with the dominant archaea observed in the sister springs of the Teng-
chong geothermal area, which are also alkaline thermal environments [39]. In contrast,
Parvarchaeota and Crenarchaeota are reportedly the predominant archaeal groups in the
Tagjia and Quzhuomu geothermal areas [40], while Euryarchaeota is the dominant archaea
in the Eryuan hot spring [41]. The five hot springs contained Aquificota, consistent with the
Jifei Hot Spring of Changning County, western Yunnan Province, China [42]. Both regions
share elevated sulfur content in hot springs. Ecological studies of hot springs indicate
that temperature, pH, and sulfide concentration collectively shape microbial community
structures, driving the formation of unique ecological environments in hot springs across
different geographical regions.

As shown in Figure 5, for clarity in visualization, genera with a mean relative abun-
dance greater than 1% were categorized as the top taxa, with all remaining genera grouped
into the ‘Others’ category. Among the five hot spring samples, notable differences were
observed: Tepidimonas (a neutrophilic thermophile) was abundant in Xiatang (LS04), Wen-
tang (LS07), and Shangtang (LS08), but scarce in Jianchang (LS01) and Zhongtang (LS05).
The hot spring-specific genus Tepidimonas is ecologically important for maintaining ecosys-
tem functions by enhancing the growth of Chloroflexota, thereby facilitating the targeted
isolation of Chloroflexota from hot spring samples [43]. This is primarily attributed to the
specific environmental conditions of hot springs, the intrinsic characteristics of the microor-
ganisms, and the complex interactions within microbial communities. Instead, Rhodobacter
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and Hyphomonas dominated in Jianchang. These genera facilitate nitrogen cycling and
organic matter degradation in aquatic ecosystems [44]. Residents utilize the geothermal
waters of Jianchang for large-scale fish farming, likely benefiting from these microbial-
driven ecological processes. With the exception of its minimal presence in LS10 and LS17,
Parvibaculum was detected exclusively in five hot spring samples. This genus originated
from studies on marine petroleum-degrading bacteria and alkane monooxygenase gene
diversity, suggesting its potential for degrading alkane hydrocarbons.

Figure 5. Genus-level microbial community composition of the top 25 most abundant genera. Only
genera with a mean relative abundance >1% are represented individually; all less abundant genera
are grouped as ‘Others’.

The genus-level composition varied significantly across samples, with no dominant
genus observed universally. In the Sha River (LS06, LS09, LS11, LS12), Polynucleobacter
emerged as the dominant genus. Polynucleobacter is ubiquitous in freshwater ecosystems
such as rivers and lakes, particularly in slow-flowing or stagnant waters characterized by
high dissolved organic matter (DOM). It is widely regarded as one of the most abundant and
globally distributed bacterial taxa in freshwater environments [45,46]. Limnohabitans was
dominant in the first tributary of the Sha River (LS10). This discrepancy can be attributed
to the substantial proliferation of reeds in the first tributary. Reeds serve as a crucial
cornerstone in supporting the growth and reproduction of freshwater bacterioplankton,
among which Limnohabitans represents a significant and prevalent group of planktonic
bacteria [47].

As shown in Figure 6, significant differences were observed in the genus-level compo-
sition between the HF and LF samples. A total of 3079 bacterial genera were shared by both
samples, while 354 genera were unique to the HF samples, and 1704 were unique to the LF
samples. These results indicate that a considerable proportion of microbial taxa are unable
to thrive in the hot springs of the HF samples. In addition to fluoride concentration, other
hydrochemical characteristics may also contribute to the unsuitability of the environment
for certain microbial communities.

3.2.3. Beta Diversity Analysis

In light of the substantial dispersion of microbial species at the genus level and the
absence of a dominant genus in the study area, Beta diversity analysis of phylum-level
species was conducted using a species matrix [48]. PC1 and PC2 accounted for 20.15% and
12.17% of the total variance, respectively (Figure 7). The HF samples were predominantly
distributed along the negative axis of PC1, whereas the LF samples clustered mainly on the
positive side of PC1, indicating significant differences in microbial composition between
the two groups.
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Figure 6. Venn diagram of genera.

 

Figure 7. Principal coordinate analysis of samples. The dots represent the species composition
of each sample; the x-axis represents the first principal component (PCA1) and its percentage of
contribution to the sample variance; the y-axis represents the second principal component (PCA2)
and its percentage of contribution to the sample variance.

Two metrics, Unweighted UniFrac and Weighted UniFrac distances, were selected
to measure dissimilarity coefficients among the samples. Lower values of these metrics
indicate smaller differences in species diversity between paired samples. The smallest
difference in the Unweighted UniFrac distance metric (considering only microbial pres-
ence/absence, not abundance) was observed between Xiatang (LS04) and Wentang (LS07),
while the largest difference occurred between Zhongtang (LS05) and Wentang. The smallest
difference in the Weighted UniFrac distance metric (incorporating both phylogenetic rela-
tionships and abundance variations) occurred between Zhongtang and Wentang, whereas
the largest dissimilarity shifted to Jianchang (LS01) and Shangtang (LS08). These results
highlight the significant influence of microbial abundance on inter-sample differences
among hot springs, and conclusions drawn from the Weighted UniFrac metric align more
closely with previous studies [49,50].

Based on the aforementioned analyses, the Euclidean distance between samples
was calculated, and further cluster analysis was performed using hierarchical clustering
(Figure 8), which contributed to a more accurate clustering of the samples. In the un-
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weighted sample clustering heatmap (Figure 8a), it is clearly observed that all HF samples
(LS01, LS04, LS05, LS07, LS08) clustered within one major branch, while the LF samples
grouped into other distinct branches, indicating significant differences in microbial taxa
between the HF and LF samples. In the weighted sample clustering heatmap (Figure 8b),
although LS04, LS05, and LS08 from the HF group clustered together in one main branch,
LS01 and LS07 were located in separate branches, further demonstrating that abundance
significantly influences the differences among hot spring samples.

  
(a) (b) 

Figure 8. Sample clustering heatmap. (a) Unweighted; (b) weighted. The x-axis represents the
extracted principal components, which account for over 90% of the data variability.

3.3. Correlation Analysis Between Microbial Communities and Environmental Characteristics

Redundancy analysis (RDA) of the top 11 phyla by abundance in water samples was
performed using selected key environmental indicators to clearly visualize the relationships
between microbial species and hydrochemical characteristics (Figure 9) [51].

Figure 9. RDA of hydrochemical factors and bacterial phyla relationships.
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The leaching process is a pivotal driver that modifies the hydrochemical characteristics
of groundwater. During this process, F− and SO4

2− exhibit divergent magnitudes of
variation but congruent directional trends. F− is directly influenced by fluorite dissolution,
while indirectly modulated by gypsum dissolution and the precipitation of calcite and
dolomite. These processes have been shown to release substantial quantities of Ca2+ and
SO4

2− into groundwater. Additionally, anion desorption under alkaline conditions has been
shown to synchronously influence SO4

2− and F− levels. Notably, the majority of species
exhibit consistent correlations with both ions, indicating that most microbial communities
are highly responsive to hydrochemical dynamics and maintain close associations.

Furthermore, significant associations were observed between microbial species and
F−. Among the 11 phyla analyzed, eight were negatively correlated with F− (Nitrospirota,
Cyanobacteriota, Chloroflexota, Actinomycetota, Acidobacteriota, Bacteroidota, Verrucomi-
crobiota, and the candidate phylum OD1), while only three were positively correlated
(Crenarchaeota, Firmicutes, and Pseudomonadota). The results of this study indicate that
F− likely inhibits the growth of the majority of microbial communities, while selectively
favoring specific species adapted to fluoride-rich environments. The 3 phyla showing a
positive correlation with F− concentration also exhibited significant positive correlations
with pH, TDS, Na+, SO4

2−, HCO3
−, and temperature. Based on previous hydrochemical

features analysis, these results indicate their full adaptation to a typical high-fluoride hot
springs environment.

4. Conclusions
The major finding of this research is that the five hot springs exhibited an average

F− content of 15.04 mg/L, with weakly alkaline pH, high TDS, and Na+ as the dominant
cation, and the hydrochemical type was HCO3·SO4-Na, consistent with the chemical char-
acteristics of high-fluorine water. Furthermore, surface water and groundwater in the study
area exhibit Ca2+ enrichment, whereas hot springs were enriched with Na+. Variation to
the Na/Ca ratio promotes dissolution of F− from mineral phases into solution. Moreover,
the HF samples (hot spring) demonstrated significant reductions in microbial abundance
and diversity as compared to the LF samples (surface water/groundwater), confirming that
high-fluoride hot springs impact microbial community formation. The dominant phyla in
the study area included Pseudomonadota, Cyanobacteriota, Bacteroidota, and Actinomyce-
tota. The genus-level composition varied significantly across samples, with no dominant
genus observed universally. The specific genera present in different samples exhibit unique
functional attributes. The hot spring-specific genus Tepidimonas is ecologically important
for maintaining ecosystem functions by enhancing the growth of Chloroflexota, thereby
facilitating the targeted isolation of Chloroflexota from hot spring samples. Rhodobacter
and Hyphomonas facilitate nitrogen cycling and organic matter degradation in aquatic
ecosystems. Parvibaculum originated from studies on marine petroleum-degrading bacteria
and alkane monooxygenase gene diversity, suggesting its potential for degrading alkane
hydrocarbons. Polynucleobacter, which is ubiquitous in freshwater ecosystems such as rivers
and lakes, emerged as the dominant genus in the Sha River. The proliferation of reeds in the
first tributary of the Sha River led to the emergence of Limnohabitans as the dominant genus.
Significant differences were observed in the genus-level composition between the HF and
LF samples. Additionally, PCA revealed significant differences in the microbial composi-
tion between the HF and LF samples. The Unweighted UniFrac and Weighted UniFrac
distance metrics to measure dissimilarity coefficients highlight the significant influence
of microbial abundance on inter-sample differences among hot springs. Cluster analysis
further confirmed this finding. RDA of the top 11 phyla by abundance in water samples
revealed that eight species were negatively correlated with F−, whereas only three were
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positively correlated. These results further demonstrate that F− likely inhibits growth of the
majority of microbial communities, while selectively favoring specific species adapted to
fluoride-rich environments. The positive correlations between the 3 phyla (which showed
a positive relationship with F−) and other hydrochemical factors suggest their full adap-
tation to typical high-fluoride hot springs. This study investigates how elevated fluoride
concentrations in geothermal waters shape microbial community diversity and structure.
To establish a causal relationship and uncover the underlying molecular mechanisms,
future research could employ approaches such as metagenomic, functional gene analysis,
or controlled experiments.
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