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Abstract: The Yunnan geothermal area has many neutral and alkalescent thermal springs. Members
of the genus Thermus have been found in thermal environments. In this study, we attempted to
cultivate numerically abundant Thermus species using a variety of different strategies. A total
of 223 strains of Thermus-like bacteria were isolated from seventeen hot spring samples of four
geothermal regions (Baoshan, Dali, Lincang and Dehong). These strains were classified into two
genera, Thermus and Meiothermus, based on 16S rDNA. The optimal isolation temperature of the
Thermus genus was 63–70 ◦C. The highest Thermus diversity was found at 63 ◦C. Thermus brockianus
was a universal culturable bacterium in the four geothermal regions. The principal component
analysis (PCA) showed that T. oshimai preferred to inhabit the hot springs of the Baoshan (Bs)
geothermal region, and T. amyloliquefaciens dominated the Dali (Dl) geothermal region, whereas
T. tengchongensis accumulated in the Lincang (Lc) and Dehong (Dh) geothermal regions. The results
suggested that Thermus species had habitat-preferable characteristics among the four geothermal
regions. The findings may help identify the niche from which Thermus strains can likely be isolated.

Keywords: cultivation-dependent method; geothermal region; thermal spring; Thermus diversity

1. Introduction

Yunnan Province, one of China’s best-known volcanic geothermal areas, is located
in southwestern China. It is located at the collision boundary between the Indian and
Eurasian plates and is an integral part of the Mediterranean-Himalayan geothermal belt.
As a result of post-volcanism and an active geothermal system, there are many neutral
and alkalescent thermal springs in this area. These thermal springs are mainly located in
Tengchong County in the Baoshan region, Eryuan County in the Dali region, Yun County in
the Lincang region and Lianghe County in the Dehong region of Yunnan Province. Of these,
Tengchong springs have been extensively studied by microbiologists using cultivation-
independent approaches [1–9] and cultivation-dependent methods [10–18]. For the other
geothermal systems, with the exception of a few surveys [19,20], many thermal springs in
the Yunnan geothermal area have not yet been studied in detail.

Since Brock et al. [21] isolated and named the extreme thermophile Thermus aquaticus
from Yellowstone National Park, many strains of Thermus have been isolated from neutral
to alkaline thermal environments around the world [22]. However, only 18 (scientific)
names are valid species because most isolates are phylogenetically closely related (https://
lpsn.dsmz.de/genus/thermus, accessed on 10 September 2021). Out of 18 Thermus species,
16 species, including T. brockianus, T. thermophiles, T. oshimai, T. caliditerrae, T. arciformis,
T. islandicus, T. igniterrae, T. antranikianii, T. tengchongensis, T. amyloliquefaciens, T. caldilimi,
T. aquaticus, T. caldifontis, T. filiformis, T. profundus and T. tenuipuniceus have been found in
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hot springs around the globe, among the other two species, T. composti was isolated from
an oyster mushroom compost, and T. scotoductus was isolated from a South African gold
mine. The typical characteristics of the genus Thermus are Gram-stain-negative, aerobic
and rod-shaped. Most species form yellow colonies and grow optimally at 60–70 ◦C.
Several Thermus species have shown biotechnological potential, such as enzymes from
Thermus aquaticus and T. thermophilus, which have exhibited higher activity and stability
than synthetic or enzymes from mesophilic organisms [23,24]. Reduction of heavy metals
from T. scotoductus, which is essential for the removal of heavy metal pollution and the
removing of organic contaminants in water [25,26].

Over 50 strains identified as Thermus have been isolated from hot springs in Teng-
chong [27–29]. However, most of these Thermus strains have remained unclassified, or some
were identified as ‘Thermus rehai’, but the name is not validly published. A few studies
have reported the isolation and diversity of the genus Thermus from hot springs in Yunnan
Province, southwestern China. To further understand the diversity and distribution of Thermus
species in Yunnan province, southwestern China, we attempted to cultivate numerically abun-
dant species using a variety of different strategies. Enrichment conditions (various temperatures
and media) were designed to favor the recovery of species adapted to the temperatures and
substrates. In the course of this work, we isolated and characterized Thermus strains, and our
results reveal the diversity of Thermus isolates within one region or between regions whose
distribution may be controlled by specialized adaptation to environmental features.

2. Materials and Methods
2.1. Sampling Area and Sample Collection

Seventeen hot springs and effluent channel samples were collected from ten hot
springs and examined based on contrasting characteristics, such as pH, temperature and
location in four geothermal regions (Lincang region (Lc), Baoshan region (Bs), Dali region
(Dl) and Dehong region (Dh)) of western Yunnan Province, southwestern China. These hot
springs have not been developed, and most of them are in farmers’ homes. So, these hot
springs have been named; here we give a number for a hot spring. The temperature and
pH of the hot springs or effluent channels were recorded at the time of sampling (Table 1).
Water, sediment and microbial mat samples were collected from each hot spring, and then
the samples were aseptically transferred to sterilized 250 mL Erlenmeyer flasks, stored at
room temperature and processed within a few hours before examination in the laboratory.

2.2. Thermus Strain Isolation and Culture Conditions

Three media were used to isolate Thermus strains from the hot spring samples: (1)
Castenholz medium (DSMZ medium 86), (2) Thermus 162 medium (DSMZ medium 878)
and (3) Thermus rubber medium (DSMZ medium 256). The above media were adjusted to
different pH values (pH 7.0–8.5) according to the pH of the hot spring samples (Table 1). A
series of dilution isolation methods was used: first, samples (water, sediment and microbial
mats) from the same hot spring were mixed thoroughly for 1 h, and then the mixed samples
(5 g) were blended with sterile water (45 mL) for 2 min, followed by five serial dilutions
with sterilized water. Amounts of 200 µL of the 10−3, 10−4 and 10−5 dilutions of each
sample were spread on the surface of the 3 solid media. All plates were incubated at
different temperatures (50, 55, 63, 70, 75 ◦C) for 2 to 4 days (Table 1). Due to most strains
of genes Thermus being yellow-pigmented, colonies that showed cultural characteristics
of this genus were counted, as well as colonies of other bacteria. During this period, the
plates were checked daily for the presence of Thermus-like strain colonies. Thermus-like
strains were picked out and purified on Castenholz medium plates at 55 ◦C and were then
transferred to Castenholz medium slants for storage at 4 ◦C.

2.3. DNA Extraction and PCR Amplifications

Complete genomic DNA was extracted as described by Cui et al. [30] with some mod-
ifications. Approximately 50 mg of biomass collected by scraping cells from the Castenholz
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medium plates was incubated for 1 h at 37 ◦C in 480 µL TE extraction buffer (pH 8.0;
10 mM Tris-HCl, 1 mM EDTA) and 20 µL lysozyme (50 mg/mL; Biosharp, Guangzhou,
China). Then, 50 µL SDS (20%, w/v; Tiandz, Beijing, China) and 5 µL protease K (20 µg/mL;
BioFroxx, Guangzhou, China) were added for further incubation for 1 h at 55 ◦C. Sub-
sequently, the lysate was extracted with a phenol-chloroform-isoamyl alcohol solution
(25:24:1; Tiandz), and DNA was recovered by sodium acetate and isopropanol precipitation.
The pellet was washed with 70% (v/v) ethanol, dried under vacuum and resuspended in 50 µL
TE buffer (pH 8.0; 10 mM Tris-HCl, 1 mM EDTA). Genomic DNA was stored at −20 ◦C.

Table 1. The sample characteristics and isolation conditions of the four geothermal regions of southwestern Yunnan
Province. /, Not data available.

Geothermal
Region Hot Spring Sample Sample

Temperture (◦C) Sample pH Isolation
Temperature (◦C) Isolation pH

Lincang (Lc)

4 4-1 75.3 6.92

50, 55, 63, 70, 75

7.0
5-1 / /

8.55 5-2 91.5 9.20
5-3 / /

6 6-1 93.0 8.17 8.0

8A 8-1 79.9 6.34 50, 55, 63, 70, 75 7.0
Baoshan (Bs) 8-2 / /

50, 55 7.08B 8-3 54.8 6.90
8-4 / /

8C 8-5 72.7 6.62 50, 55, 63, 70 7.0

Dali (Dl)

16 16-1 56.9 7.21

50, 55, 63, 70 7.0
17-1 71.1 6.48

17A 17-2 74.8 6.63
17-3 / /

18 18-1 75.0 6.64 50, 55, 63, 70, 75 7.0

Dehong (Dh) 13
13-1 79.4 7.92

50, 55, 63, 70, 75 8.013-2 / /

The 16S rRNA genes were amplified as described by Cui et al. [30] with a Perkin-Elmer
2400 thermal cycler (Perkin-Elmer Cetus Co., Norwalk, CT, USA); 27F (5′-AGAGTTTGA
TCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′) primers [31]
were used. The amplification program consisted of pre-denaturation at 95 ◦C, 4 min;
30 cycles at 95 ◦C, 30 sec; 56 ◦C, 30 sec and 72 ◦C, 1 min and 30 sec; and a final extension at
72 ◦C for 5 min. The final products were analyzed by electrophoresis on 1% agarose, and
the molecular weights of amplified DNA were estimated by comparison with the E. coli
λT14 (TaKaRa, Kusatsu, Japan) DNA ladder.

2.4. Sequence Classification and Phylogenetic Analysis

The sequencing of PCR products was performed using single-pass Sanger sequencing
with primer 27F on an Applied Biosystems DNA sequencer (model 3730 XL), and the length
of all sequences exceeded 700 bp. The 16S rRNA gene sequences were compared within
the NCBI database (http://www.ncbi.nlm.nih.gov/Blast (accessed on 17 April 2020) using
the Basic Local Alignment Search Tool (BLAST) to determine the relative phylogenetic
positions. Phylogenetic analysis was conducted using MEGA 6.0 [32] by first generating
a complete alignment of 16S rRNA gene sequences of the isolates and type strains of
all validly published species within the gene Thermus. Dendrograms were generated
from Knuc values [33] using the neighbor-joining (NJ) method of Saitou and Nei [34], and
bootstrapping was carried out using 1000 replications. The 16S rRNA sequences from
the representative strains in different species were deposited in GenBank under accession
numbers MH827613 to MH827835.

http://www.ncbi.nlm.nih.gov/Blast
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2.5. OTU Assignment and Community Analysis

All good-quality sequences were aligned with CLUSTALX 1.83 [35] and were assigned
to operational taxonomic units (OTUs) based on a cutoff value of 0.03 using DOTUR soft-
ware [36]. The OTU-based similarity or dissimilarity between the culturable communities
in 4 geothermal regions was calculated by “SIMPER” analysis using PAST software [37,38].
The contributions of the OTUs to the similarity or dissimilarity were calculated based
on the relative abundances of OTUs between the groups. Clustering trees and principal
component analysis (PCA) plots were created between the samples based on the average
Bray–Curtis similarity of OTU compositions in the different geothermal regions.

3. Results
3.1. Screening of the Culturable Thermus-Like Strains from the Four Geothermal Regions

A total of 17 samples from 10 hot springs, including hot spring water, sediment and
microbial mats, were collected from four geothermal regions in August 2011. These hot
springs exhibited heterogeneity with regard to temperature, pH and conductivity. The
temperature at the sampling sites varied from 54 to 93 ◦C, the pH from 6.3 to 9.2 and
the conductivity from 563 to 2756 µs/cm (Lc: 75–93 ◦C, pH 6.9–9.2, 659–2756 µs/cm,
Bs: 54–80 ◦C, pH 6.3–6.9, 1106–1164 µs/cm; Dl: 71–75 ◦C, pH 6.4–7.2, 1459–1534 µs/cm;
Dh: 79 ◦C, pH 7.92, 578 µs/cm) (Table 1). After the screening, with the exception of
23 Meiothermus strains, a total of 200 strains of Thermus were obtained from the 17 hot
spring samples using three different media, and 30 to 80 strains were obtained from each
geothermal region (Table 2). An OTU-based analysis of the 16S rRNA gene was conducted.
At a 3% cutoff, which is generally considered the label for species, a total of 11 OTUs were
obtained (Supplementary Table S1). The classification of the OTUs against the NCBI and
RDP 16S rRNA reference databases is shown in Table 2.

3.2. Species of Culturable Thermus-Like Bacteria in the Lincang Geothermal Region

Among the 11 OTUs, eight OTUs were isolated from the Lc geothermal region, seven
OTUs were isolated from the Bs geothermal region, five OTUs were isolated from the Dh
geothermal region and four OTUs were isolated from the Dl geothermal region (Figure 1
and Supplementary Table S1). Consequently, the community structure was studied specifi-
cally in the four geothermal regions.
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Table 2. Distribution characteristics of Thermus-like strains from different hot springs of four geothermal regions of southwestern Yunnan Province.

OTU Taxon
Hot Spring/Hot Spring Temperature (◦C) Isolaton Temperature (◦C)

4/75.3 5/91.5 6/93.0 8A/79.9 8B/54.4 8C/72.7 16/56.9 17A/75.3 18/71.1 13/79.0 50 55 63 70 75

OTU1 T. oshimai 2 1 10 10 5 16 1 7 14 19 5
OTU2 T. brockianus 4 7 6 1 2 1 12 1 3 6 13 12
OTU3 T. igniterrae 5 8 3 3 5 2
OTU4 T. amyloliquefaciens 1 2 13 17 4 13 9 7
OTU5 T. arciformis 1 3 1 1 2 2
OTU6 T. tengchongensis 6 14 10 19 5 13 16 15
OTU7 T. caliditerrae 2 1 1 1 3
OTU8 T. sp.1 9 7 2 4 8 2
OTU9 T. sp.2 1 1

OTU10 Meio. nypogaeus 1 1
OTU11 Meio. ruber 1 20 1 7 7 8

Total mumber 13 32 35 38 7 23 1 15 29 30 7 33 68 72 43
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In the Lc geothermal region samples, eight OTUs composed of a group of 80 strains
of Thermus-like bacteria were isolated and screened using three Thermus media and five
temperature conditions. After sequence assignment against the NCBI and RDP databases,
they were clustered into two genera of the family Thermaceae, i.e., Thermus and Meiother-
mus (Figure 2 and Table 2). In the genus Thermus, Thermus tengchongensis was the most
abundant culturable species, which was composed of 30 strains, followed by 16 strains
of unclassified Thermus sp., 13 strains of T. oshimai, 11 strains of T. brockianus, 5 strains of
T. igniterrae, 3 strains of T. amyloliquefaciens and 1 strain of T. arciformis. In addition, one
strain was isolated and classified into the genus Meiothermus in the hot spring samples of
this geothermal region.
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3.3. Species of Culturable Thermus-Like Bacteria in the Baoshan Geothermal Region

In the Bs geothermal region samples, seven OTUs composed of a group of 68 strains
of Thermus-like bacteria were isolated and screened using three Thermus media and five
temperature conditions. After sequence assignment against the NCBI and RDP databases,
they were clustered into two genera of the family Thermaceae, i.e., Thermus and Meiothermus
(Figure 3 and Table 2). In the genus Thermus, Thermus oshimai was the most abundant
culturable species in this geothermal region, which was composed of 31 strains, followed
by 9 strains of T. brockianus, 3 strains of T. arciformis, 3 strains of T. caliditerrae and 1 strain of
an unclassified Thermus sp. Another 21 strains were affiliated with 2 species of the genus
Meiothermus, 20 strains were affiliated with Meiothermus ruber, and the last 1 belonged to
Meiothermus hypogaeus.
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3.4. Species of Culturable Thermus-Like Bacteria in the Dali Geothermal Region

From the Dl geothermal region, four OTUs, composed of a group of 45 strains of
Thermus-like bacteria, were isolated from hot spring water and sediment collected in this
geothermal region and were screened using three Thermus media and four temperature
conditions (Figure 4 and Table 2). After the sequence assignment against the NCBI and
RDP databases, two genera of the family Thermaceae were assigned, i.e., Thermus and
Meiothermus (Figure 4). Thermus amyloliquefaciens was the predominant culturable Thermus
species, containing 30 strains. In addition, 13 strains of T. brockianus and 1 strain of T. oshimai
were also detected. Another strain belonged to Meiothermus ruber.
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3.5. Species of Culturable Thermus-Like Bacteria in the Dehong Geothermal Region

In this study, five OTUs, composed of a group of 30 strains of Thermus-like bacteria,
were detected from hot spring water and sediment collected in this geothermal region and
screened using three Thermus media and five temperature conditions (Figure 5 and Table 2).
After sequence assignment against the NCBI and RDP databases, 30 strains were assigned
to the genus Thermus (Figure 5). Thermus tengchongensis was the predominant culturable
species, containing 19 strains. Eight strains of T. igniterrae, one strain of T. brockianus, one
strain of T. arciformis and one strain of T. caliditerrae were also detected.
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3.6. Distribution of Culturable Thermus-Like Bacteria in the Four Geothermal Regions

To compare the habitat preference of the culturable Thermus-like bacteria, the beta-
diversity of these bacteria was studied between the four geothermal regions in southwest-
ern Yunnan Province. Samples from the hot springs in the Lc and Bs, Dl, and Dh geothermal
regions shared the highest number of OTUs (four OTUs), in comparison with the Bs and
Dl hot springs (three OTUs), Bs and Dh hot springs (three OTUs) and Dl and Dh hot
springs (one OTU) (Figure 1). Only one OTU was shared among all four regional hot spring
samples, which was OTU 1 (T. brockianus). Figure 6 shows that Thermus-like bacteria in the
four regional samples could be clustered into five groups based on OTU composition. The
culturable Thermus-like bacteria had low similarity in the four geothermal regions. Thermus
species of the hot springs in the Lc geothermal region had a relatively closer relationship (24%
Bray–Curtis similarity) with the Thermus-like bacteria of the hot springs in the Bs geothermal
region. Based on SIMPER analysis in PAST, OTU 6 (T. tengchongensis) contributed most to the
Bray–Curtis dissimilarity (22.8% contribution), followed by T. oshimai (19.9% contribution),
T. amyloliquefaciens (16.3% contribution) and T. brockianus (11.8% contribution), which to-
gether contributed 70.8% of the Bray–Curtis dissimilarity. This implied that these species
might have habitat preferences in the hot springs of the four geothermal regions.

The PCA plot indicated that OTU 1 (T. oshimai) and OTU 11 (Meio. ruber) preferred
to inhabit the hot springs of the Bs geothermal region rather than the hot springs of the
Lc, Dh and Dl geothermal regions (Figure 7). For example, OTU 1 (T. oshimai) accounted
for 16.3% and 2.2% of the culturable Thermus-like bacteria in the Lc and Dl hot springs,
respectively, but no strains of OTU 1 were isolated from the Dh hot springs (Table 2). OTU 3
(T. igniterrae) and OTU 6 (T. tengchongensis) contributed most to the dissimilarity between
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the Lc and Dh geothermal regions and the two other geothermal regions. Specifically,
OTU 8 (unclassified Thermus) was only isolated from hot springs in the Lc geothermal
region and had a relative abundance of 20% in this region (Table 2). In the Dl geothermal
region, OTU 2 (T. brockianus) and OTU 4 (T. amyloliquefaciens) contributed most to the
dissimilarity between this geothermal region and the three other geothermal regions
(Figure 7). In particular, OTU 4 (T. amyloliquefaciens) was the most abundant culturable
Thermus strain, accounting for 66.7% of Thermus strains in this geothermal region. However,
a lower abundance (3.8%) was detected in the Lc geothermal region (Table 2), and no
strains were obtained from the two other geothermal regions. OTU 2, which was the only
OTU among all four regional hot spring samples, was the second most abundant culturable
Thermus strains and accounted for 28.9% of the relative abundance. In addition, OTU 9
(unclassified Thermus) and OTU 11 (Meiothermus hypogaeus) were only isolated from the
BS geothermal region, and both had a relative abundance of 2.9%. The culturable Thermus
strains presented 65% dissimilarity among the hot springs of the four geothermal regions.
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4. Discussion

In this study, the highest Thermus diversity was found at 63 ◦C, and under this isola-
tion temperature, nine OTUs were detected (Table 2). This conclusion was supported by
previous studies, in which Meiothermus had a lower optimal temperature growth range
(50–60 ◦C) than Thermus strains (65–75 ◦C) [22,39,40]. T. brockianus was the most abundant
species in the four geothermal regions, indicating that this may be a universal culturable
Thermus species in southwestern Yunnan Province. A total of 13 strains were found in 2 Dl
hot spring samples under 4 isolation temperatures (55, 63, 70 and 75 ◦C), 11 strains were
found in 2 Lc hot spring samples with isolation temperatures of 70 and 75 ◦C, 9 strains were
found in 3 Bs hot springs with isolation temperatures of 63, 70 and 75 ◦C, and 1 strain was
found in a Dh hot spring with an isolation temperature of 75 ◦C. The optimum isolation
temperature of T. brockianus was 70–75 ◦C (Table 2). The conclusion here was supported by
previous studies in which T. brockianus was reported to have a broad global distribution
across hot springs in Iceland [41,42], Yellowstone National Park in the US [23,43] and the
Rehai region of Tengchong County in Yunnan Province, China [28]. T. oshimai is another
Thermus species that was isolated from hot springs in Portugal, Iceland and Azores [44],
the Great Basin in the US [45] and the Rehai region of Tengchong County in China [27]. In
this study, 45 strains, which were isolated from three geothermal regions at an optimum
isolation temperature of 63–70 ◦C, clustered with T. oshimai with 98.87–100% sequence
similarities. These strains dominated in Bs hot springs (31 out of 45) and Lc hot springs
(13 out of 45) with one strain from the Dl hot springs. Thermus amyloliquefaciens was a
recently named Thermus species isolated from the Niujie hot spring of the Dl geothermal
region, Yunnan Province, China [19]. In this study, 33 strains from two geothermal regions
had 98.03–99.65% sequence similarities to T. amyloliquefaciens YIM 77409T. Thermus amy-
loliquefaciens was also predominantly isolated from hot springs in the Dl geothermal region,
with an optimum isolation temperature of 63–70 ◦C. Another three isolates were detected
in Lc hot springs. Another abundant Thermus species, Thermus thengchongensis, was found
in heated soil samples collected in Rehai National Park, Tengchong [17]. By contrast,
T. thengchongensis was not detected in Thengchong hot springs in the Bs geothermal region.
In this study, 30 strains of T. thengchongensis were isolated from the Lc geothermal region,
and 20 strains were isolated from the Dh geothermal region with an optimum isolation
temperature of 70–75 ◦C (Table 2).

In addition to the abundant Thermus species, strains of other Thermus were also
detected in this study, such as T. igniterrae, T. arciformis and T. caliditerrae. Thirteen strains
(eight from Dh hot springs and five from Lc hot springs) were similar to T. igniterrae
(99.65–99.89% sequence similarities), which were primarily isolated from hot springs in
Iceland [46]. Therefore, this study is the first to report that T. igniterrae was isolated from the
hot spring samples of Yunnan Province in China with an isolation temperature of 55–75 ◦C
(Table 2). Five strains (three from Bs hot springs, one from Dh hot springs and one from
Lc hot springs) could be classified as T. arciformis with 98.14–99.44% sequence similarities;
this species was isolated from the Tibet hot springs in China [20]. Four strains (three from
Bs hot springs and one from Dh hot springs) could be classified as T. caliditerrae, with
98.14–99.44% sequence similarities. This species was recently isolated from the Tengchong
geothermal region of Yunnan province, China [18]. Some other Thermus species were
first reported in this study, including seventeen isolates that could not be assigned to any
described Thermus species (similarity < 97%). These strains formed two clusters in the
phylogenetic tree, representing two potential novel species (Thermus sp. 1 and Thermus
sp. 2), and strains from the same geothermal region clustered together. The optimum
isolation temperature of those strains was 63–70 ◦C. Sixteen strains from Lc hot springs
were related to T. scotoductus (96.1–97.0% sequence similarities). Thermus scotoductus was
found to have a broad global distribution, being detected from hot springs in Iceland [47],
South Africa [48], New Mexico [41] and Portugal [49]. One isolate from Bs hot springs
formed a single branch, and it was related to T. caliditerrae (95.24% sequence similarity);
this isolate may represent a novel species.



Diversity 2021, 13, 455 12 of 14

5. Conclusions

To isolate the Thermus-like strains, it is necessary to design isolation procedures
that can be adapted to isolate this community. In this study, three media and four or
five temperatures were selected to isolate culturable Thermus-like strains (Table 1). In
total, 223 yellow/red-pigmented colonies of Thermus-like bacteria were obtained from
17 hot spring samples of the four geothermal regions. At 50 ◦C, only seven Thermus-like
strains were isolated, and all seven strains were affiliated with the genus Meiothermus.
Another 16 strains belonging to the genus Meiothermus were isolated at 55 and 63 ◦C. Above
63 ◦C, no Meiothermus strain was detected (Table 1). In addition, at 55, 63 and 75 ◦C, 26,
59 and 43 Thermus strains were isolated, respectively. The optimum isolation temperature
appeared to be 70 ◦C, and at this isolation temperature, 72 Thermus strains were isolated
from the four geothermal regions. The highest Thermus diversity was found at 63 ◦C, and
under this isolation temperature, nine OTUs were detected (Table 2).

The uneven distribution of richness shown by the Venn diagram (Figure 1) indicated
that the structure of Thermus-like bacteria might be different among the four geothermal
regions. The results of the cluster analysis showed that the samples from the same geother-
mal region were clustered into the same group in addition to the 16 hot spring samples of
the Dl geothermal region. Culturable Thermus-like bacteria in the Dh and Lc geothermal
regions had a closer relationship (nearly 24% Bray–Curtis similarity) relative to the cultur-
able Thermus-like bacteria in the two other geothermal regions (Figure 6), implying that the
culturable Thermus-like bacteria had more similar community compositions in the Dh and
Lc geothermal regions in comparison with the two other geothermal regions. This result
confirmed that the culturable Thermus-like bacteria had a niche preference among the four
geothermal regions.

A total of 223 strains of Thermus-like bacteria isolated from the 4 geothermal regions
were classified into 2 genera (Meiothermus and Thermus) and 11 species based on the colony
color and 16S rRNA nucleotide sequence analyses. In this study, most isolates found in
three geothermal regions belonged to T. oshimai. Only one species of Thermus, T. brockianus,
was the dominant and universal culturable bacteria in all four geothermal regions. This
species had different distribution characteristics among the four geothermal regions. In
addition, two other species of Thermus, i.e., T. amyloliquefaciens and T. tengchongensis, were
dominant culturable bacteria in these geothermal regions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13090455/s1, Table S1: The Thermus-like bacteria in each OTU from four geothermal regions
at cutoff 0.03.
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