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Microbial Community Analysis of a Coastal Hot Spring in Kagoshima, 
Japan, Using Molecular- and Culture-based Approaches

Ibusuki hot spring is located on the coastline of Kagoshima 
Bay, Japan. The hot spring water is characterized by high 
salinity, high temperature, and neutral pH. The hot spring 
is covered by the sea during high tide, which leads to severe 
fluctuations in several environmental variables. A combi-
nation of molecular- and culture-based techniques was used 
to determine the bacterial and archaeal diversity of the hot 
spring. A total of 48 thermophilic bacterial strains were iso-
lated from two sites (Site 1: 55.6°C; Site 2: 83.1°C) and they 
were categorized into six groups based on their 16S rRNA 
gene sequence similarity. Two groups (including 32 isolates) 
demonstrated low sequence similarity with published species, 
suggesting that they might represent novel taxa. The 148 
clones from the Site 1 bacterial library included 76 opera-
tional taxonomy units (OTUs; 97% threshold), while 132 
clones from the Site 2 bacterial library included 31 OTUs. 
Proteobacteria, Bacteroidetes, and Firmicutes were frequently 
detected in both clone libraries. The clones were related to 
thermophilic, mesophilic and psychrophilic bacteria. Appro-
ximately half of the sequences in bacterial clone libraries 
shared <92% sequence similarity with their closest sequences 
in a public database, suggesting that the Ibusuki hot spring 
may harbor a unique and novel bacterial community. By 
contrast, 77 clones from the Site 2 archaeal library con-
tained only three OTUs, most of which were affiliated with 
Thaumarchaeota.
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Introduction

It has been noted that only a small fraction (<1%) of the 
microorganisms found in nature can be cultured using tra-
ditional cultivation methods (Amann et al., 1995; Pace, 1997). 
Thus, the rapid development of culture-independent mo-
lecular techniques has revolutionized our perspective on 
microbial diversity and ecology over recent decades (Pace, 
1997; Hugenholtz et al., 1998; Rappe and Giovannoni, 2003). 

The construction of clone libraries of 16S rRNA phyloge-
netic markers, based on the direct amplification of genes in 
environmental samples using the polymerase chain reaction 
(PCR), is one of the most widely used methodologies for 
investigating microbial diversity (Amann et al., 1995; Hugen-
holtz et al., 1998; Benlloch et al., 2001). This new approach 
has led to the discovery of numerous novel microbial taxa in 
bacterial and archaeal communities, especially those in ge-
othermal areas (Delong and Pace, 2001; Rappe and Giovan-
noni, 2003; Schleper et al., 2005).
  Ibusuki hot spring is located on the coastline of Kagoshima 
Bay within the Ata caldera in southwest Japan. The geo-
thermal system is related to Quaternary volcanism, which 
formed a sequence of craters and cones in the old Ata cal-
dera (Hatae et al., 1965). Hot, saline water emerges from 
below the ground near the shore in this area. There are ap-
proximately 800 hot spring outlets in Ibusuki city alone 
(Sakamoto et al., 1993) and the total volume discharged is 
approximately 30,000 kL/day (Tsuyuki, 1976). Previous ge-
ochemical studies have suggested that the hot spring water 
is not a simple mixture of local meteoric water and seawater. 
The origin of the water is up to several hundred meters deep 
underground (Akaku et al., 1991) and the major chemical 
components are derived from the interaction between sea-
water and heated rocks in the thermal systems (Matsubaya 
et al., 1973; Ikemi and Chiba, 1993; Oi et al., 1996). Thus, 
the hot spring water is generally deficient in Na+, Mg2+, and 
SO4

2−, but enriched with K+ and Ca2+ compared with seawater. 
The physicochemical properties of the hot spring water is 
relatively stable at each site, but the water temperature and 
the concentrations of the major dissolved components dif-
fer significantly among sites (Matsubaya et al., 1973; Oi et 
al., 1996).
  Another interesting characteristic of the hot spring is that 
some of the outlets are located in the intertidal zone, which 
is covered by the sea during high tide. Therefore, microor-
ganisms present in the hot spring may be subjected to severe 
fluctuations in the levels of several environmental variables, 
such as temperature, light intensity, oxygen concentration, 
and salinity. All these unique characteristics suggest that the 
Ibusuki hot spring may contain microbial communities 
different from those described previously in other thermal 
systems. Indeed, some novel bacterial species have been iso-
lated from the region (Nakagawa et al., 2004; Iizuka et al., 
2006). No archaeal species have yet been isolated from the 
Ibusuki hot spring, but other studies suggest that ammo-
nia-oxidizing archaea (AOA) are abundant in intermediate 
salinity environments, such as an estuary (Beman and Francis, 
2006; Dang et al., 2008; Bernhard et al., 2010). AOA have also 
been frequently detected from many terrestrial and marine 
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Fig. 1. Sampling site. Ibusuki hot 
spring in Kagoshima, Japan. The
hot spring water emerges from 
underground near the shore, cre-
ating a small hot spring pool and
channels (circle).

hot springs around the world (Zhang et al., 2008; Wang et al., 
2009). Nevertheless, the microbial diversity of this unique 
environment has remained unexplored.
  This study was conducted to determine the bacterial and 
archaeal diversity of the Ibusuki hot spring using a combi-
nation of molecular- (16S rRNA gene clone library analysis) 
and culture-based approaches. This combination of both 
methods may lead to a more comprehensive characterization 
of the microbial diversity present in the environment and 
identify novel microbial species.

Materials and Methods

Study site and sampling procedure
Sampling was conducted at two sites (Site 1 and Site 2) on 
Yunohama beach (31°13 32 N, 130°39 18 E), Ibusuki, Kago-
shima, Japan, during the low tide in March, 2011 (Fig. 1). 
The sampling sites were submerged beneath the sea during 
the high tide period and they reappeared on the beach for 
only a few hours twice each day. Both sampling sites were 
approximately 1 m from the shore at the time of sampling, but 
were not covered by the waves. The distance between the 
two sites was approximately 10 m. At both sites, hot spring 
water emerged continuously from underground, creating 
small hot water pools and channels toward the sea. Water 
samples and sediment water samples were collected asepti-
cally at a depth of 10 cm in the hot water pool at each site. 
The water temperature was measured in situ. The samples 
were transported to the laboratory at ambient temperature and 
part of the water samples was immediately filtered through 
a 0.2-μm membrane filter (Corning International, USA), 
followed by measurement of the pH and salinity. The water 
temperature was higher at Site 2, while the pH and salinity 
were similar at both sites: Site 1: 55.6°C, pH 6.9, and salinity 
1.5%; Site 2: 83.1°C, pH 6.9, and salinity 1.3%. The sediment 
water samples were stored at 4°C until further analysis.

Isolation and characterization of microbes
Isolation and purification were conducted using modified 
Brock’s basal salts (MBS) medium containing the following 
constituents per L of deionized water: 1.30 g (NH4)2SO4, 
0.20 g KH2PO4, 0.25 g MgSO4∙7H2O, 0.07 g CaCl2∙2H2O, 
2.00 mg FeCl3∙6H2O, 1.80 mg MnCl2∙4H2O, 4.50 mg Na2B4O7∙ 
10H2O, 0.22 mg ZnSO4∙7H2O, 0.05 mg CuCl2∙2H2O, 0.03 mg 
VOSO4∙2H2O, and 0.01 mg CoSO4∙7H2O, which was sup-
plemented with 0.1% (w/v) yeast extract and 1.5% (w/v) sea 

salts. The pH of the MBS medium was adjusted to 6.9 with 
NaOH. For plate cultivation, 1.2% (w/v) gellan gum (Wako, 
Japan) was added to the MBS medium. A 100-μl aliquot of 
the hot spring water from two sediment water samples was 
spread on to plates. The plates were incubated at 60°C for 
Site 1 sample and at 75°C for Site 2 sample for up to 3 days. 
Single colonies were picked and purified by repeated streak-
ing on plates. Some colonies isolated from Site 1 sample did 
not grow fast at 60°C, so they were incubated at 50°C in a 
further experiment.
  The enzymatic activities of the isolates were examined using 
MBS medium gellan gum plate containing 1% (w/v) mi-
crocrystalline cellulose (MCC) (cellulose microcrystalline; 
Merck, Germany), 0.5% (w/v) colloidal chitin, 2% (w/v) xylan 
(xylan from oat spelt; Sigma, USA), 1% (w/v) starch (starch, 
soluble; Wako), or 1% (w/v) skim milk (skim milk powder, 
Wako). Cells were inoculated onto plates and incubated at 
the same temperature used for isolation/purification (50, 
60, or 75°C) for up to 7 days. The substrate degrading ac-
tivities were detected based on halo formation.
  Cells grown in MBS medium were resuspended in 100 μl 
of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) con-
taining Triton X-100 (0.2%, w/v) and heated at 70°C for 5 
min, followed by DNA extraction using a DNA extraction 
machine (GC12, Precision System Science, Japan). The 16S 
rRNA gene was amplified by PCR using the primers B27F 
(5 -AGAGTTTGATCMTGGCTCAG) and U1492R (5 -GG 
YTACCTTGTTACGACTT). The 50-μl reaction mixtures 
contained 0.5 μM of each primer, 25 μl of Premix Ex Taq 
DNA polymerase (TaKaRa Bio, Japan), and 2 μl of genomic 
DNA. The thermal cycle was performed using an iCycler 
(Bio-Rad, USA) and the PCR cycle consisted of initial de-
naturation at 94°C for 3 min, followed by 30 cycles of de-
naturation at 94°C for 30 sec, annealing at 61°C for 30 sec 
and extension at 72°C for 1 min 40 sec, and a final extension 
step at 72°C for 2 min. The sequences obtained were aligned 
automatically using the CLUSTALW program in GENETYX 
Version 12.1.0 (Genetyx, Japan), and manually checked or 
edited when necessary (Thompson et al., 1994). The se-
quences were compared to the closest relatives in the DNA 
Data Bank of Japan (DDBJ) using the nucleotide Basic Local 
Alignment Search Tool (BLASTN) program (Altschlul et al., 
1990). The sequences were categorized into groups using a 
98.7% similarity threshold (Stackebrandt and Ebers, 2006).

Community DNA extraction and purification
Community DNA was extracted from the sediment water 
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samples using a DNA extraction machine or a DNA extrac-
tion kit (UltraClean Soil DNA Mega Prep Kit, MO BIO 
Laboratories, USA). The sample tube was shaken vigorously 
to remove microbial cells from the sediment in the water 
samples. The supernatant water was centrifuged at 15,000 
rpm for 3 min at 4°C. A 5-ml sample of filtered seawater 
was added to the tube and the same procedure was repeated 
five times. The cells were resuspended in 100 μl of TE buffer 
containing Triton X-100 and heated at 70°C for 5 min, fol-
lowed by DNA extraction using the DNA extraction machine. 
The extracted DNA was used for bacterial community 
analysis. For the archaeal community analysis, sufficient 
DNA for PCR could not be extracted using the procedure 
described above. Therefore, community DNA was extracted 
directly from the sediments (1.0 g) using the DNA extraction 
kit, according to the manufacturer’s instructions.
  The extracted DNA was purified using GFX PCR DNA 
and a Gel Band Purification Kit (GE Healthcare, USA), ac-
cording to the manufacturer’s instructions, and used for 
PCR amplification of the 16S rRNA gene.

PCR amplification and construction of 16S rRNA gene clone 
libraries
The bacterial 16S rRNA gene was amplified using the pri-
mers B27F and U1492R, while the archaeal 16S rRNA gene 
was amplified using the primers A21F (5 -TTCCGGTTGA 
TCCYGCCGGA) and U1492R. The 25-μl reaction mixtures 
contained 0.5 μM of each primer, 12.5 μl of Premix Ex Taq 
DNA polymerase, and 1 μl of community DNA. The thermal 
cycle was performed using an iCycler and the PCR cycle for 
primer pair B27F-U1492R consisted of initial denaturation 
at 94°C for 3 min, followed by 30 cycles of denaturation at 
94°C for 30 sec, annealing at 61°C for 30 sec and extension 
at 72°C for 1 min 40 sec, and a final extension step at 72°C 
for 2 min. The following conditions were used for primer 
set A21F-1492R: initial denaturation at 94°C for 3 min, 30 
cycles of denaturation at 94°C for 30 sec, annealing at 58°C 
for 30 sec, and extension at 72°C for 2 min, with a final ex-
tension at 72°C for 5 min. The amplified DNA was purified 
using the GFX Kit mentioned above.
  The 16S rRNA gene fragments obtained by PCR were 
cloned into the pT7 Blue T-vector (Novagen, Germany) and 
the recombinant plasmids produced were transformed into 
Escherichia coli DH5α (TaKaRa Bio). The transformants 
were plated on LB plates containing 100 μg/ml ampicillin 
(Wako), 40 μg/ml X-gal (TaKaRa Bio), and 0.5 mM IPTG 
(TaKaRa Bio). Blue/white selection was conducted where 
individual white colonies were picked randomly and sub-
cultured in 100 μl of LB medium containing 100 μg/ml am-
picilin using a 96-well plate at 37°C overnight. The inserted 
16S rRNA gene in the plasmid was amplified by PCR using 
1 μl of the culture as the template with the primers T7P-F 
(5 -TAATACGACTCACTATAGGG) and T7U-R (5 -GTT 
TTCCCAGTCACGA CGT) for bacteria and A21F and 
U1492R for archaea. The PCR cycle for the primer pair 
T7P-F-T7U-R consisted of initial denaturation at 94°C for 
3 min, followed by 35 cycles of denaturation at 94°C for 30 
sec, annealing at 51°C for 30 sec, and extension at 72°C for 
2 min, with a final extension step at 72°C for 5 min.

Phylogenetic and statistical analysis of the 16S rRNA gene 
sequences
The sequences obtained were aligned automatically using 
the CLUSTALW program in GENETYX Version 12.1.0, and 
manually checked or edited when necessary. The sequences 
were grouped into operational taxonomic units (OTUs) using 
a 97% similarity threshold (Rohwer et al., 2002; Shaw et al., 
2008). A representative 16S rRNA gene sequence from each 
OTU was used for further analysis. The sequences were 
screened manually for potential chimeric artifacts by com-
paring the phylogenetic affiliations of their 5 and 3 ends. 
Nonchimeric sequences (in the range of 461–533 bp for 
bacterial clones and 471–491 bp for archaeal clones) were 
compared to their closest relatives in the DDBJ database 
using BLASTN. Phylogenetic analyses were conducted us-
ing GENETYX Version 12.1.0 and Molecular Evolutionary 
Genetics Analysis (MEGA) version 5.0 (Tamura et al., 2011). 
About 470 bp were used for analysis both for bacteria and 
archaea. Phylogenetic trees were constructed using the neigh-
bor-joining method with the Kimura-2 model. The boot-
strap values were calculated based on 1,000 replicates.
  The Shannon-Wiener diversity index (Magurran, 2004), 
Chao1 nonparametric richness estimator (Chao, 1987), and 
abundance-based coverage estimator of species richness (ACE; 
Chao and Lee, 1992) were calculated, and rarefaction curves 
were constructed using EstimateS Version 7.5 (Colwell, 2009). 
The coverage of the clone libraries was calculated as C = 1 − 
(n/N), where n is the number of unique sequences in the 
sample, and N is the total number of sequences (Good, 
1953; Singleton et al., 2001).

Gene accession numbers
The sequences were deposited in the DDBJ database as fol-
lows: isolated strains (AB761387–AB761392), Bacteria-re-
lated clones (AB703469–AB703575), and Archaea-related 
clones (AB703576–AB703578).

Results and Discussion

Isolation and characterization of microbes
A total of 48 strains were isolated as pure cultures from the 
hot spring samples. Starch- and casein-degrading activities 
were detected in 31 and six strains, respectively. No MCC-, 
colloidal chitin-, nor xylan-degrading activities were de-
tected within 7 days. The 48 isolates were categorized into 
six groups designated as Groups A–F based on their 16S 
rRNA gene sequence similarity (Table 1). They were all as-
sociated with bacterial divisions, and no archaeal species 
were isolated in this study.
  The majority of the isolates (34 strains in Groups D and E) 
were closely related (>97% sequence similarity) to Rhodo-
thermus marinus, a thermophilic, halophilic, heterotrophic 
bacterium that has been isolated from marine hot springs 
around the world (Alfredsson et al., 1988; Nunes et al., 1992; 
Moreira et al., 1996; Sako et al., 1996). However, many of 
them (30 strains in Group D) had a 16S rRNA gene sequence 
similarity below the species threshold value (98.7%; Stacke-
brandt and Ebers, 2006), suggesting that they might repre-
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Table 1. Summary of the isolates from the Ibusuki hot spring. Amylase and caseinase activities were detected by the halo formation on plates and are de-
scribed as a percentage or - (negative).
Sampling 

point Group Rep. strain
(Accession No.)

Number of 
strains Amylase Caseinase Closest species (Accession No.) Sequence similarity (%)

Site 1
A IBS-6001 (AB761387) 3 - - Albidovulum inexpectatum (AF465833) 100
B IBS-6004 (AB761388) 2 - 100% Bacillus firmus (D16268) 94.8 
C IBS-6005 (AB761389) 1 - 100% Thermoactinomyces vulgaris (AF138739) 100

Site 2
D IBS-7004 (AB761391) 30 93% - Rhodothermus marinus (AF217494) 97.4–97.8
E IBS-7010 (AB761392) 4 75% - Rhodothermus marinus (AF217494) 99.5
F IBS-7002 (AB761390) 8 - 38% Thermus thermophilus (X07998) 99.6

Fig. 2. Rarefaction curves for Site 1 bacterial ( ), Site 2 bacterial (�), and 
Site 2 archaeal ( ) OTUs in 16S rRNA gene clone libraries. The lines 
represent 95% confidence intervals.

sent novel species. Two isolates in Group B also had a distant 
phylogenetic relationship (<95%; genus threshold; Ludwig 
et al., 1998; Kamke et al., 2010) to the nearest published 
species Bacillus firmus, which is a mesophilic, alkaline-tol-
erant bacterium (Guffanti et al., 1980), suggesting that they 
may represent novel taxa, although further experiments are 
required to confirm their taxonomic positions. Other isolates, 
i.e., three in Group A, one in Group C, and eight in Group F, 
were closely related to Albidovulum inexpectatum, Thermo-
actinomyces vulgaris, and Thermus thermophilus, respectively 
(Table 1). A. inexpectatum is a slightly thermophilic, non- 
photosynthetic bacterium previously isolated from marine 
hot springs (Albuquerque et al., 2002). T. vulgaris has been 
isolated from various environments such as soil, sediments, 
and composts (Flockton and Cross, 1975; Shoreit, 1992). 
Their thermostable enzymes have been investigated inten-
sively, including amylases and proteases (Hausdorf et al., 
1980; Ohtaki et al., 2006; Yang et al., 2009). However, only 
casein-degrading activities were detected in this study. T. 
thermophilus is a widely distributed thermophilic bacte-
rium that was previously isolated from inland hot springs, 
shallow marine hot springs, and even from a deep sea hy-
drothermal vent (Oshima and Imahori, 1974; Marteinsson 
et al., 1999). The isolation of these species from the Ibusuki 
hot spring indicates that they may be geographically widely 
distributed in hot and saline environments. Our enzymatic 
activity test showed that 5 of the 6 groups of isolated strains 
had either amylases or caseinases that were stable at high 
temperature. These physiological characteristics of the isolates 
indicate that heterotrophic aerobic bacteria are important 
components that degrade polysaccharides in shallow hydro-
thermal systems, as previously reported in the Mediterranean 
Sea (Lucila et al., 1996).

Diversity and novelty of the microbial communities
Bacterial 16S rRNA gene clone libraries were successfully 
constructed from both sampling sites. A total of 148 clones 
from the Site 1 bacterial library contained 76 OTUs (97% 
threshold), while 132 clones from the Site 2 bacterial library 
contained 31 OTUs. An archaeal 16S rRNA gene clone library 
was constructed only from Site 2 and the 77 clones con-
tained three OTUs. Good’s coverage and rarefaction curves 
indicated that the natural archaeal communities were suffi-
ciently covered by our sequencing effort, although the true 
diversity of bacterial communities may be higher than that 
measured in this study (Table 2 and Fig. 2). Statistical analyses 
using the Shannon-Wiener diversity index, Chao 1 richness 
estimator, and ACE suggested that Site 1 had a higher bac-

terial diversity than Site 2 (Table 2). This was in agreement 
with previous findings, which state that the bacterial diversity 
decreases with increasing temperature (Miller et al., 2009). 
Archaeal communities were less diverse than the bacterial 
ones (Table 2). Although careful interpretation is needed to 
compare the diversity index with other studies that have used 
different methodologies, the bacterial diversity in Ibusuki 
hot spring (Shannon-Weiner index: 2.3–3.9) appeared to be 
much higher than that (0.2–1.9) in other saline geothermal 
systems (Jing et al., 2006; Tobler and Benning, 2011) and it 
was closer to that (3.0–3.8) in terrestrial hot springs (Elshahed 
et al., 2003).
  All archaeal clones shared >98% sequence similarity with 
the nearest 16S rRNA gene sequences deposited in the DDBJ 
database. However, many of the bacterial clones had only 
distant sequence similarity with DDBJ entries. Approximately 
41% (Site 1) and 52% (Site 2) of the bacterial clones in our 
libraries shared <92% similarity with previously characterized 
sequences. This level of novelty was similar to that in the 
coral-associated bacterial communities described by Rohwer 
et al. and much higher than that observed in other marine 
environments (Rohwer et al., 2002). Furthermore, 7% (Site 1) 
and as many as 19% (Site 2) of the sequences were distantly 
(<78% sequence similarity) related to any described bacterial 
species. This suggests that some members of the bacterial 
communities in the Ibusuki hot spring are highly novel and 
they might represent new bacterial divisions. The unique 
environmental conditions found in the Ibusuki hot spring 
may explain the novelty and diversity of the bacterial com-
munities in the area.
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Table 2. Coverage and diversity indices for bacterial and archaeal 16S rRNA gene clone libraries from Site 1 (55.6°C) and Site 2 (83.1°C). Archaeal 16S 
rRNA genes were not detected from Site 1. OTU was determined by 97% sequence similarity cut-off. 

Domain Sample No. of clones No. of OTUs Coverage (%) Shannon Chao 1 ACE
Bacteria Site 1 148 76 67.6 3.87 132 146

Site 2 132 31 84.1 2.31 73 115
Archaea Site 2 77 3 98.7 0.19 3 4

(A)

(B)

Fig. 3. Community structure of the two clone libraries. (A) Site 1 bacterial 
library. (B) Site 2 bacterial library. The larger circle represents the phylo-
type composition at the phylum level, while the smaller inset circle rep-
resents the phylotype composition of Proteobacteria subdivisions. The 
proportion of phylotypes is described as a percentage. TD, Thermodesul-
fobacteria; Plancto, Planctomycetes; C/V, Chlamydiae/ Verrucomicrobia 
group; Chloro, Chloroflexi; Cya, Cyanobacteria.

  In this study, different DNA extraction methods were used 
for the bacterial and archaeal analyses because sufficient 
DNA was not obtained for PCR amplification of the arch-
aeal 16S rRNA gene using the bacterial analysis method. 
Furthermore, an archaeal clone library was constructed only 
from Site 2, which had a very low diversity community com-
pared with the bacterial clone libraries. These results indicate 
that archaea may not be the dominant microorganisms in 
the Ibusuki hot spring, or that the PCR condition used in 
this study may not be suitable for detecting the archaeal 
communities present in the hot spring.

Bacterial community composition and phylogenetic analysis
Despite the big differences in water temperature (~30°C) 
and the estimated diversity (Table 2), the two bacterial 16S 
rRNA gene clone libraries had similar community struc-
tures (Fig. 3). This might be explained by the similarities of 
other environmental variable, such as the pH, salinity, and 
the chemical composition of the water, which originated 
from a common geographical source.
  Proteobacteria constituted the most abundant phylum (Site 
1: 58%; Site 2: 42% of the sequences). In this group, the alpha-, 

gamma-, and delta-proteobacteria subclasses were detected 
frequently in both clone libraries (Fig. 3). Alpha- and gamma- 
proteobacteria are the major bacterial components found 
in coastal seawater (Na et al., 2011), where they play im-
portant roles in organic decomposition. The predominance 
of these phyla has been reported in other studies of saline 
geothermal waters (Petursdottir et al., 2009; Tobler and 
Benning, 2011). Furthermore, Petursdottir et al. (2009) re-
ported that the Rhodobactereaceae family, which is a major 
bacterial lineage, especially in coastal waters, was predom-
inant in a saline geothermal lagoon in Iceland. This was also 
true for the Ibusuki hot spring (Fig. 4). These results sug-
gests that the microbial communities found in coastal geo-
thermal ecosystems, including the Ibusuki hot spring, are 
composed primarily of members with a marine origin. Over 
half of the alpha-proteobacterial 16S rRNA genes were closely 
related to cultured species (>97% sequence similarity) that 
were previously isolated from marine and terrestrial environ-
ments, such as sea water, marine biofilms, and soil (Fig. 4). 
Surprisingly, the described growth temperatures of these 
species, with the exception of Albidovulum inexpectatum, 
were lower than 45°C (the temperatures of both sampling 
sites were above 55°C) and one species (Octadecabacter 
antarcticus: U14583) was a psychrophile that was originally 
isolated from Antarctic sea ice (Gosink et al., 1997; Pukall 
et al., 1999; Yoon and Oh, 2005; Kwon et al., 2007; Yoon et 
al., 2009; Vandecandelaere et al., 2009a, 2009b). It is possible 
that contaminated DNA from the adjacent seawater was 
amplified by PCR and that it comprised a proportion of the 
clone libraries. However, a previous investigation of the 
microbial ecology of intertidal hot springs based on in situ 
enrichments clone analysis indicated that mesophilic and 
pyschrophilic marine-related microorganisms might develop 
a tolerance to heat (Hobel et al., 2005). Thus, there is a pos-
sibility that those found in the Ibusuki hot spring had also 
developed resistance to heat and were naturally present in 
the hot spring. One sequence (IBS1-009) was closely related 
(97.3% sequence similarity) to Albidovulum inexpectatum, 
which was isolated using the culture-based approach in this 
study. The gamma-proteobacterial genes were related to ma-
rine environmental clones or only distantly (<92% sequence 
similarity) related to previously characterized species. One 
beta-proteobacteria-related sequence (IBS2-001) was affili-
ated with Ralstonia pickettii, a typical pathogen that causes 
respiratory tract infections in patients with cystic fibrosis 
(Coenye et al., 2002). Most of the delta-proteobacterial genes 
were related to uncultured sequences that were previously 
retrieved from marine environments. Many unclassified 
Proteobacteria-related genes were also detected. They were 
related to marine, hydrothermal, or terrestrial hot spring 
clones.
  Bacteroidetes and Firmicutes were the second and third 
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(A) (B)

Fig. 4. Bacterial phylogenetic tree based on 16S rRNA gene sequences 
from Site 1 (55.6°C) and Site 2 (83.1°C) of the Ibusuki hot spring. Sequences 
from this study are indicated in bold. Bootstrap values of over 50% (1,000
replicates) are indicated at the nodes. The scale bar represents 10% nucleo-
tide sequence difference. (A) Proteobacteria. (B) Bacteroidetes, Deino-
coccus-Thermus (D/T), Firmicutes, Cyanobacteria (Cya), Planctomycetes
(Plancto). (C) Chloroflexi (Chloro), Chlamydiae/ Verrucomicrobia group
(C/V), Thermodesulfobacteria, and other unclassified bacteria.
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(C)

Fig. 4. Continued

Fig. 5. Archaeal phylogenetic tree based on 16S rRNA 
gene sequences from Site 2 (83.1°C) of the Ibusuki hot 
spring. Sequences from this study are indicated in 
bold. Bootstrap values of over 50% (1,000 replicates) 
are indicated at the nodes. The scale bar represents 
10% nucleotide sequence difference.

most abundant phyla in the 16S rRNA gene clone libraries 
(Site 1, 17% and 13%; Site 2, 10% and 13% of the sequences, 
respectively) (Fig. 3). Many of the genes were related to un-
cultured sequences that were previously detected in saline 
environments such as seawater, marine sediments, and de-
salination plants (Fig. 4). Two Bacteroidetes-related sequences 
from Site 1 (IBS1-004 and IBS1-017) and one Firmicutes- 
related sequence from Site 2 (IBS2-016) were affiliated with 

cultured species, but they were also mesophilic bacteria (Kloos 
and Schleifer, 1975; Nedashkovskaya et al., 2005; Khan et 
al., 2006). One sequence from Site 2 (IBS2-111) was distantly 
related (91% sequence similarity) to Rhodothermus marinus, 
which was the major isolate in this study. Bacteroidetes is 
the most dominant heterotroph in marine ecosystems after 
Proteobacteria (Stevens et al., 2005). The predominance of 
heterotrophs in the Ibusuki hot spring suggests that the 
microbial community in the hot spring plays a significant 
role in the mineralization of organic compounds in the hot 
intertidal zone.
  The sulfate reducer Thermodesulfobacteria was detected 
in both clone libraries, although it was more abundant in the 
Site 2 bacterial library (Fig. 3). Thus, chemoautotrophic or 
chemoorganotrophic sulfur reduction might occur in the 
Ibusuki hot spring. The three genes detected (IBS1-142, 
IBS2-005, and IBS2-067) were distantly related to known 
DDBJ sequences (<94% sequence similarity), suggesting that 
they may represent new genera within Thermodesulfobacteria 
(Fig. 4).
  Planctomycetes, a budding, peptidoglycan-lacking bacte-
rial group that is widely distributed in aquatic and terres-
trial habitats (Wagner and Horn, 2006), was also detected in 
both clone libraries (Fig. 3). Some members of the Plancto-
mycetes were recently recognized as anaerobic ammonia 
oxidation (anammox) bacteria that contribute significantly 
to the oceanic nitrogen cycle (Strous et al., 1999). However, 
the clones IBS1-126, IBS1-147, and IBS2-027 detected in 
the Ibusuki hot spring may not be involved with anaerobic 
ammonia oxidation, because they were related to marine 
aggregate clones rather than anammox clones.
  There was no significant differences between the two bac-
terial community structures, but some of the minor phylo-
types were unique in each library. One Chlamydiae/Verru-
comicrobia group-related gene (IBS1-123) was detected 
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only in the Site 1 bacterial library (Fig. 3). IBS1-123 was dis-
tantly (90% sequence similarity) related to the transparent 
exopolymer-producing bacterium Lentisphaera araneosa, 
which was isolated from coastal seawater using the dilution 
to extinction method (Cho et al., 2004). By contrast, one 
Chloroflexi-related gene (IBS2-095) and one Cyanobacteria- 
related gene (IBS2-139) were detected only in the Site 2 
bacterial library (Fig. 3). Positive correlations have been de-
tected between green non-sulfur bacteria, Chloroflexi, and 
filamentous Cyanobacteria in thermal systems in many 
studies (Brock, 1978; Ward et al., 1987, 1998). Chloroflexi- 
and Cyanobacteria-related genes were also detected in in-
tertidal hot springs in Iceland (Hobel et al., 2005). The 
Chloroflexi-related clone IBS2-095 was distantly related 
(91% sequence similarity) to Caldilinea aerophila, a ther-
mophilic chemoorganotrophic bacterium (Sekiguchi et al., 
2001). The Cyanobacteria-related clone IBS2-139 was very 
distantly related (<88% sequence similarity) to Oscillatoria 
spongeliae, a marine sponge-associated filamentous Cyano-
bacteria (Hinde et al., 1994). Jing et al. (2006) found that 
Oscillatoria-related sequences were abundant in intertidal 
geothermal vents and they might have been adapted to 
fluctuating environmental variables in the tidal gradient. 
However, the water temperature in that hot spring was only 
37–54°C, whereas that in this study (Site 2: 83.1°C at the 
time of sampling) was even beyond the upper temperature 
limit for photosynthetic activities (Reysenbach et al., 1994; 
Kubo et al., 2011). IBS2-139 may be a thermotorelant spe-
cies that can grow phytosynthetically only during the high 
tide period.
  Despite the existence of Deinococcus-Thermus (T. thermo-
philus) in the Ibusuki hot spring, no Deinococcus-Thermus- 
related genes were detected in the clone libraries constructed 
from the same sample. This is not surprising because only 
<1% of the microorganisms present in nature can be cultured 
using conventional methods (Amann et al., 1995; Pace, 1997). 
With the exception of Albidovulum inexpectatum, it is pos-
sible that the isolated species may not be dominant species in 
the hot spring, and instead they may be fast-growing bac-
teria that were adapted to the growth conditions used in 
this study.

Archaeal community composition and phylogenetic analysis
The 77 Archaeal 16S rRNA gene clones contained only three 
OTUs and they were distributed in the two major Archaeal 
domains: Euryarchaeota and the recently proposed Thau-
marchaeota, which is a marine mesophilic archaeal group 
(Brochier-Armanet et al., 2008) (Fig. 5). The Euryarchaeota- 
related gene (IBS2A-002) was closely related (99% sequence 
similarity) to an environmental clone previously isolated 
from a hydrothermal sulfide structure, although it is very 
distantly related (<75% sequence similarity) to any cultured 
species. The two Thaumarchaeota-related genes (IBS2A-009 
and IBS2A-020) were closely related (98–99% sequence sim-
ilarity) to a sulfide chimney clone and a bay sediment clone. 
Interestingly, they were also related (92–94% sequence sim-
ilarity) to Candidatus Nitrosocaldus yellowstonii, a thermo-
philic ammonia-oxidizing archaea (AOA) that was isolated 
from Yellowstone National Park via enrichment cultivation 
(Torre et al., 2008). Recently, members of the Thaumar-

chaeota have been recognized as important participants in 
global geochemical cycles (Brochier-Armanet et al., 2008). 
The dominance of AOA in intermediate salinity environ-
ments has also been suggested (Beman and Francis, 2006; 
Dang et al., 2008; Bernhard et al., 2010). These results sug-
gest that the archaeal species present in the Ibusuki hot 
spring may be involved with sulfur and nitrogen cycling. 
Further experiments based on functional gene analysis are 
needed to support this hypothesis.

Conclusion

This study elucidated the bacterial and archaeal diversity in 
the Ibusuki hot spring using a combination of molecular- 
and culture-based approaches. Six distinct bacterial linages 
were isolated, including two possibly novel taxa. Phyloge-
netic and statistical analysis of the 16S rRNA genes showed 
that microbial communities present in the Ibusuki hot spring 
were composed primarily of heterotrophic Proteobacteria. 
Most of the genes were related to thermophilic, mesophilic, 
and psychrophilic bacteria with marine and coastal origins. 
Chemoorganotrophic and photoautotrophic bacterial genes 
were also detected. These structural features have also been 
reported in other saline geothermal systems. However, the 
Ibusuki hot spring had higher bacterial diversity and great-
er novelty. By contrast, the archaeal community was less 
diverse and possibly less abundant in the hot spring, al-
though they may have important roles in biogeochemical 
cycling.
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