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Abstract

The bacterial 16S rRNA gene composition and environmental characteristics of four
distinct solfataric-acidic ponds in the Kirishima geothermal area, Kagoshima Prefecture,
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Japan, were compared. The four ponds were selected based on differences in temperature
and the total concentration of examined chemical components : 1) Pond-A : 93C and 1679
mgL™": 2) Pond-B: 66C and 2248 mgL ™" ; 3) Pond-C : 88C and 198 mgL ™" : and 4) Pond-D :
67C and 340mgL . In total, 372 clones of the 16S rRNA gene were classified into 35 phylo-
types. The dominant bacterial group was the class y-Proteobacteria. Bacterial diversity was
greatest in Pond-D, and the dominant phylotype detected (37% of all clones) was closely re-
lated to Acinetobacter junii. Pond-B had the highest relative total concentration of examined
chemical components, and the bacterial community was dominated by a phylotype closely
related to Acidithiobacillus caldus as well as an uncultured species of d-Proteobacteria.
Pond-A and Pond-C had the highest relative temperatures and were dominated by a
phylotype closely related to Acinetobacter johnsonii (accounted for more than 57% of the
identified clones). This study highlights the different bacterial species composition and
biodiversity present in solfataric-acidic ponds characterized by different temperatures and
chemical components.

Key words : Kirishima geothermal area, bacteria, community structure, diversity, chemical
component, 16S rRNA

1. Introduction

Extreme environments are unique locations for studying how organisms interact with and
adapt to their surroundings. In particular, some high temperature environments such as
terrestrial hot springs and oceanic hydrothermal vents may resemble the volcanic habitats that
are thought to have existed on early Earth (Pace, 1991 ; Miller and Lazcano, 1995 ; Baross, 1998).
Indeed, some of the bacterial and archaeal lineages identified from hot springs appear to be
related to lineages close to the root of the phylogenetic tree (Pace, 1997).

Culture-dependent methods have traditionally been the primary means of surveying micro-
bial diversity. However, these methods may underestimate the diversity of microorganisms and
can potentially provide unrealistic descriptions of the microbial community structure. Utilization
of molecular methods targeting the small-subunit (SSU ; 16S or 18S) rRNA gene in environmental
samples has revealed great diversity of uncultured microbes in the natural environment. Given
these new molecular findings, it is currently assumed that cultured species only account for 1%
or less of all prokaryotes present on Earth (Amann et al., 1995).

Prokaryotes are divided into two domains, the Bacteria and the Archaea, based on 16S rRNA
gene phylogenetic analysis (Woese and Fox, 1977 ; Woese et al., 1990). Hot spring prokaryotic
microbial communities have been extensively studied using the 16S rRNA gene in areas such as
Yellowstone National Park in the United States (Barns et al., 1994 ; Barns et al., 1996 ; Hugenholtz
et al., 1998 ; Reysenbach et al., 2000 ; Blank et al., 2002 ; Meyer-Dombard et «l., 2005), Kamchatka
hot springs in Russia (Perevalova et «l., 2008), Montserrat and Saint Lucia in the islands of the
Lesser Antilles (Burton and Norris, 2000 ; Stout et al., 2009), Icelandic hot springs (Perevalova et
al, 2008 ; Kvist et al., 2007), Mt. Unzen hot springs in Japan (Takai and Sako, 1999), Ohwakudani
hot springs in Japan (Kato et al., 2011), Pisciarelli hot springs in Italy (Kvist et al., 2005), Bor
Khlueng hot springs in Thailand (Kanokratana et al, 2004), the Wai-o-tapu geothermal area in
New Zealand (Childs et al., 2008), and the Tengchong hot springs in China (Song et al., 2010).
These pioneering studies have improved our understanding of prokaryotic communities living in
high temperature environments. However, despite decades of research, we still know little
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about the relationship between the environmental characteristics of a given hot springs and its
prokaryotic community. It is important to identify the environmental factors that affect
prokaryotic community structures in individual hot spring habitats. Temperature has perhaps
received the most attention, but other potential constraining factors include pH, oxidation redox
potential, elemental composition, and organic matter composition, among others.

We have surveyed a relatively wide geothermal field, the Kirishima geothermal area in
Japan, and have found that this field contains many acidic ponds of various temperatures and
chemical compositions. The temperature and concentration of chemical components in these
ponds ranges from 63 to 94C and from 92 to 2248 mgL ™!, respectively. Recently, we investi-
gated the archaeal community structures in these ponds and found that the archaeal species
diversity and composition differed between ponds (Satoh et «l., 2013). However, little is known
about the distribution of bacterial communities among these ponds and how this is affected by
larger environmental variables (e.g., temperature and chemical compositions). In this study, the
bacterial community structures and diversity of four distinct solfataric-acidic ponds in the
Kirishima geothermal area, Kagoshima Prefecture, Japan, were compared by 16S rRNA gene
phylogenetic analysis.

2. Experiments

2.1 Sample collection and analysis of chemical composition

The ponds investigated in this study were all located in a 1km® field in/near the region of
the Tearai hot spring (Tsuyuki, 1980). This district is situated 3km southwest of the Ohnami-Ike
volcanic crater lake, in the Kirishima geothermal area, Kagoshima Prefecture (Fig. 1, Table 1).
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Fig. 1 Map of the sampling sites in/near the region of the Tearai hot spring, the Kirishima
geothermal area, Kagoshima Prefecture.
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Table 1 Characteristics of sampling sites, pond waters and sediments in the Kirishima
geothermal area.

Pond-A Pond-B Pond-C Pond-D
Temperature (C) 93 66 38 67
pH 2.6 2.0 24 2.3
Chemical concentration (mgL~')/composition (%)
Fe 388.9 23 1149 51 9.630 5 2718 8
S 663.2 40 702.8 31 59.76 30 61.90 18
Al 4336 26 2879 13 14.57 7 2.021 1
Mg 86.74 5 46.77 2 0.001 0 43.35 13
Si 47.88 3 4552 2 1039 53 1484 44
Ca 54.81 3 10.88 0 7498 4 39.26 12
P 2.85 0 4711 0 1.265 1 1.266 0
Na 0.001 0 0.001 0 0.001 0 8442 2
K 0.001 0 0.001 0 0.001 0 7.384 2
As 9.079 0 1.137 0 0.879 0 0.856 0
Total 1,679 100 2,248 100 1975 100 340.1 100
Latitude (N) 31°54'37.7” 31°54'52.4” 31°55°05.0” 31°55'04.5”
Longitude (E) 130°49°00.6” 130°48'50.3” 130°48°41.1” 130°48°41.0”
Altitude (m) 759 842 884 885
Color of sediments light brown light brown gray gray

Detection limit is 0.001 mgL ™.

The Kirishima geothermal region has been characterized by extensive volcanic activity since
the Pleistocene epoch and this is continuing : this activity has resulted in the deposition of a
thick pile of volcanic rocks (Goko, 2000). The Kirishima volcano, which is one of the largest
Quaternary volcanoes in Japan, is part of the northern section of the Kagoshima graben, a
volcano-tectonic depression (Tsuyuki, 1969) caused by the subduction of the Philippine Sea plate.
The volcano occupies a 20 km X 30 km area that is elongated in the northwest-to-southeast direc-
tion and contains more than 20 small volcanoes (Imura et al., 2001).

The sampling location within the Kirishima geothermal area is located on private land, and
thus, the area is not usually exposed to human activity. We obtained permission from an owner
of the land to sample the hot springs and pond water as well as soil and various other samples
of organisms native to the area. There are many hot springs and muddy ponds present in the
area, and these have a variety of temperatures and elemental compositions.

Muddy water samples from each pond were collected in sterile 100 mL glass bottles. The
temperature and pH of the samples were measured at each sampling site. Part of each sample
was filtered using a 0.22 um membrane filter (Asahi Glass) and used for analysis of the chemical
composition, which was performed by inductively coupled plasma optical emission spectroscopy
(ICPS-7000 Ver.2, Shimadzu). We selected four ponds characterized by a wide range of tempera-
tures and chemical compositions for the bacterial community analysis.

2.2 16S rRNA gene clone libraries and sequencing

Environmental DNA was extracted from 10 g of each muddy water sample using the UltraClean
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Soil DNA Kit Mega Prep (Mo Bio Laboratories) according to the manufacturer’s instructions.

The purified DNA was then used as the template for amplification of the bacterial 16S rRNA
gene using the bacteria-specific primer B27F (5-AGAGTTTGATCCTGGCTCAG-3’) and the
universal primer Ul492R (5-GGYTACCTTGTTACGACTT-3’). The PCR conditions included an
initial denaturation step at 94C for 3 min, followed by 35 cycles of denaturation at 94C for 30 s,
annealing at 58C for 30 s, and extension at 72°C for 2 min using Ex Taq DNA polymerase (Takara
Bio). This was followed by a final extension step at 72C for 10 min.

The PCR products were purified using a GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare) and ligated into the pT7 Blue T-Vector (Novagen). Escherichia coli DH5a cells were
transformed with the plasmid library and plated onto LB plates including 100 pgmL ™" ampicillin,
40pgmL ! X-gal, and 0.5 mM IPTG. Blue/white selection was performed by randomly picking
and subculturing individual white colonies in 100 L of 2X YT medium containing 100 pgmL ™"
ampicillin in a 96-well plate at 37C overnight. The inserted 16S rRNA gene was amplified using
1pL of the culture as the template with the forward primer T7P-F (5-TAATACGACTCACTA-
TAGGG-3) and reverse primer T7U-R (5-GTTTTCCCAGTCACGACGT-3). About 800 bp of the
5-region of each 16S rRNA gene clone was sequenced using the aforementioned bacteria-specific
primer B27F and used for the taxonomic and phylogenetic analyses.

2.3 Identification of 16S rRNA gene clones and phylogenetic analysis

16S rRNA gene sequences were edited using MEGA5 (Molecular Evolutionary Genetics
Analysis, http : //www.megasoftware.net/) (Tamura et al, 2011). We also searched for chimera
sequences by manually checking the sequence alignments using GENETYX Ver.10.0.3 software
(Genetyx). Clones with 97% or greater sequence similarity were treated as a phylotype. The
representative sequences of each phylotype were compared with 16S rRNA gene sequences
published in the National Center for Biotechnology Information DNA database using BLAST
(BLASTN ; http : //www.ncbinlm.nih.gov/BLAST/) (Altschul et al., 1990) to identify individual
clones. The representative sequences of each phylotype and related sequences in the GenBank
database were aligned using CLUSTALW Ver.1.83 (Thompson et al, 1994). A maximum likelihood
tree including bootstrap probabilities (1000 samplings) was constructed using MEGAS.

2.4 Statistical analyses

Measurements of diversity ideally include richness, which is the number of different species
or groups present, and evenness, which is the distribution of those groups (Hurlbert, 1971 ;
Stirling and Wilsey, 2001). The Shannon-Weaver index (Shannon et al., 1949), H = —Z(pi)(In p1),
and Simpson’s reciprocal index (Simpson, 1949), 1/D, where D =X (pi)* and pi is the proportion of
phylotypes 7 relative to the total number of phylotypes, both consider richness and evenness
(Stirling and Wilsey, 2001 ; Stout et al, 2009). In this study, the Shannon-Weaver index and
Simpson’s reciprocal index were calculated using ESTIMATES 8.0 (Colwell, 2006). Evenness (J/
=H'/In S) was also calculated (Pielou, 1969). ESTIMATES 8.0 was also used to calculate the
Chaol nonparametric richness estimator (Chao, 1987) and the abundance-based coverage
estimator of species richness (ACE) (Chao et al., 2000). These coverage estimators determine the
number of probable phylotypes in the environment compared with the number observed in the
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sample. Homologous coverage (biodiversity coverage) C was determined using the following
equation : C=1-(N/n), where N is the number of phylotype sequences detected and # is the
total number of clones analyzed (Good, 1953 ; Singleton et al., 2001). Statistical analysis also
included principal components analysis, which was used to determine correlations among
bacterial diversity and environmental factors including temperature and chemical composition.
Canonical correlation analysis was also used to detect correlations between bacterial groups and
temperature or chemical components using XLSTAT software (Addinsoft, New York, NY).

2.5 Nucleotide sequence accession numbers
Representative nucleotide sequences of the phylotypes are available in the DDBJ/EMBL/
GenBank databases under accession numbers AB762419-AB762465.

3. Results and Discussion

3.1 Water chemistry

The four ponds in the Kirishima geothermal area were selected based on their different
temperatures and total concentration of examined chemical components : 1) Pond-A : 93C and
1,679mgL " ; 2) Pond-B : 66C and 2248 mgL ™" : 3) Pond-C : 88 and 198 mgL ™" ; and 4) Pond-D :
67C and 340mgL~". The characteristics of the sampling sites and these ponds are shown in
Table 1. The pH value of the ponds ranged from 2.0-2.6. In the ponds with higher concentra-
tions of the examined chemical components, the concentration and percentage of Fe, S, and Al,
in particular, were higher than in the other ponds.

To clarify the relationships between temperature and chemical composition or among the
chemical components of the four ponds, Pearson’s correlation coefficients () were calculated
(Table 2). Several chemical components were found to be correlated with each other. For

Table 2 Correlation matrix showing r values for Pearson’s correlation among factors in the pond
waters of the Kirishima geothermal area.

Variables Temp. Fe S Al Mg S Ca P Na K As 10 Shannon
Temp. 100 —040 005 031 012 —029 029 —-029 -055 -055 —001 -014 —034
Fe ~040 100 084 062 034 -076 -026 099 -046 -046 090 092 068
s 005 084 100 095 071 —093 021 091 -057 -057 099 098 —074
Al 031 062 095 100 082 —090 044 072 —057 -057 090 087 —068
Mg 012 03¢ 071 082 100 -049 082 044 —002 -002 061 064 —014
si ~029 -076 —093 -090 -049 100 000 -083 084 084 —-094 -089  0.93
Ca 029 -026 021 044 082 000 100 -015 033 033 007 008 032
P ~029 099 091 072 044 -083 -015 100 -051 -051 095 097 —072
Na ~055 —046 -057 —057 -002 08 033 -051 100 100 —062 -051  0.96
K ~055 —046 -057 —057 -002 08 033 -051 100 100 -062 -051  0.96
As ~001 090 099 090 061 -094 007 095 -062 -062 100 099 079

Total conc. =014 0.92 0.98 0.87 064 —089 0.08 097 -051 -051 0.99 100 -071
Shannon  -034 -068 -074 -068 —0.14 0.93 032 -072 0.96 096 -079 -071 1.00

Values in bold are different from 0 with a significance level a=0.10. The only Shannon-Weaver index for bacterial clone
libraries is shown. Temp., Total conc. and Shannon indicate Temperature, total concentration of examined chemical
components and Shannon-Weaver index, respectively.
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Fig. 2 Principal components analysis showing the environmental variables of the four ponds.
(a) Factor loadings on principal components 1 and 3, (b) relationships between the four
ponds and the principal components.

example, Fe was strongly correlated with P, and As, and S was strongly correlated with Al Si, P,
and As. The total concentration of the examined chemical components was also strongly
correlated with Fe, S, P, and As. Temperature was not statistically correlated with any of the
chemical components.

We also attempted to perform the principal components analysis to distinguish the four
ponds based on environmental variables (Fig. 2). All the variables characterizing the sites were
explained by three principal factors : Factor 1 (F1) 61%, Factor 2 (F2) 21%, and Factor 3 (F3)
18%. F1 was strongly loaded by Si (positively) and S, As, and Al (negatively) ; F2 was strongly
loaded by Ca ; and F3 was strongly loaded by temperature. In this analysis, we focused on the
principal components 1 and 3 (PC1 and PC3), which affected F1 and F3, respectively. Strong
contributions to PC1 were made by S, As, Al, and Si and moderate contributions were made by
P, Fe, K, and Na. Temperature contributed strongly to PC3 (Fig. 2a). These environmental
variables were defining characteristics of the four ponds (Fig. 2b), and we therefore discuss the
bacterial community structures by concentrating on these elements and the different tempera-
tures of the ponds in the following sections.

3.2 Bacterial 16S rRNA gene clone libraries

The 16S rRNA gene clone libraries of domain Bacteria were successfully constructed using
environmental DNA extracted from four muddy water samples. A total of 372 clones (Pond-A :
95, Pond-B : 94, Pond-C : 92, Pond-D : 91 clones) of the bacterial 16S rRNA gene were analyzed.
No chimerical sequences were detected. The clones were classified into 35 phylotypes on the
basis of the sequence similarity values, and these consisted of 10 classes : Flavobacteria,
y-Proteobacteria, B-Proteobacteria, o-Proteobacteria, Nitrospirae, d-Proteobacteria, Bacilli, Actino-
bacteria, Thermotogae, and Aquificae (Table 3, Fig. 3).
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Table 3 Affiliation and closest published species or clones of 35 phylotypes of bacteria detected
in the ponds of the Kirishima geothermal area.

L . . 165 rRNA Number of clones detected
Phylotypes Affiliation Closest species or clones (accession number) _gene from each site
similarity
%) ng\qd P?Lr;ld Pf)(l:ld I’?Sd

class Flavobacteria
ST16B10-59  Elizabethkingia miricola Elizabethkingia miricola (EU375848) 99.0 3 6
(=ST15B2-2)
ST8B3-52 Chryseobacterium aquaticum — Chryseobacterium aquaticum (AM748690) 100.0 2

class y-Proteobacteria
ST8B3-2 Acinetob joh ] Acinetob h i1 (NR044975) 989 64 52
(=ST16B3-5)
ST15B2-3  Acinetobacter junii Acinetobacter junii (NR026208) 99.7 34
ST8B3-33 Acinetobacter sp. Subsurface groundwater clone BANW433 (DQ264432) 96.8 1 1
(=ST2B3-83)
ST2B3-1 Acidithiobacillus caldus Acidithiobacillus caldus (NR026517) 99.6 41 4
(=ST15B3-22)
ST8B3-10  Pseudomonas poae Pseudomonas poae (AJ492829) 994 7
ST8B3-13 Uncultured Pseudomonadaceae  Maple sap clone 100p3_613 (F]J934668) 954 1
ST16B4-80  Uncultured Pseudomonadales ~Subsurface groundwater clone BANW563 (DQ264531) 97.1 1 2
(=ST15B8-1)
ST15B8-95 Uncultured Pseudomonadales Coastal urnaban watershed clone CO1JMA (JF692239) 95.3 2
ST8B3-37 Uncultured Pseudomonadales Subsurface groundwater clone BANW416 (DQ264418) 98.0 2
ST8B3-15 Uncultured Pseudomonadales Lake stream water clone D-79 (HQ860678) 944 1
ST2B3-60 Uncultured y-Proteobacteria ~ Bioleaching pulp with pH <2.0 clone zy-5 (EF672753) 925 1
ST15B2-44  Uncultured y-Proteobacteria  Acinetobacter junii (NR026208) 90.8 1

class B-Proteobacteria
ST8B3-23  Acidovorax temperan. Acidovorax temperans (NR028715) 99.2 3 11
(=ST16B3-18)
ST16B3-9  Delftia tsuruhatensis Delftia tsuruhatensis (NR024786) 995 8 5
(=ST15B2-50)
ST16B3-16  Naxibacter alkalitolerans Massilia alkalitolerans (AY679161) 98.0 3 3
(=ST15B3-82)
ST16B4-10  Paracoccus marinus Paracoccus marinus (AB185957) 984 6
ST8B3-40 Curvibacter lanceolatus Curvibacter lanceolatus (NR024702) 99.5 1
ST2B4-26 Ralstonia pickettii Ralstonia pickettii (NR043152) 100.0 1
ST8B3-18  Methylophilus leisi Methylophilus leisi i (NR041258) 995 1
ST16B5-42  Uncultured Comamonadaceae  Spacecraft assembly clean room Delftia sp. clone GI5-13-D06 (F]192433) 985 1 2
(=ST15B2-13)
ST8B3-46 Uncultured Methylophilaceae ~ Uranium-contaminated aquifer clone 1013-28-CG9 (AY532564) 934 1
ST8B3-58 Uncultured Methylophilaceae  River site p-proteobacterium clone RBE2CI-98 (EF111184) 91.1 1

class a-Proteobacteria
ST2B3-49 Acidicaldus organivorans Acidicaldus organivorans (AY140238) 99.6 1

class Nitrospirae
ST2B3-57 Uncultured Nitrospirales Acid mine drainage sediment clone H50 (DQ328622) 99.6 1

class 8-Proteobacteria
ST2B3-15 Uncultured §-Proteobacteria  Extreme acid mine drainage clone BA71 (AF225447) 97.3 41

class Bacilli
ST2B3-24 Staphylococcus epidermidis Staphylococcus epidermidis (NR036904) 100.0 1 13
(=ST15B2-14)
ST16B3-94  Uncultured Paenibacillaceae  Bacillus sp. YNPRH6P-1 (AF465647) 99.2 7
ST2B3-86 Uncultured Bacillales Drinking bulk water clone SW-3S_A04 (JX286150) 99.5 3
ST8B3-7 Uncultured Bacillales Banana plantation soil clone WB128 (JX133663) 88.0 5

class Actinobacteria
ST8B3-32 Propionibacterium acnes Propionibacterium acnes (NR040847) 99.3 5 10
(=ST15B9-35)
ST2B3-20 Uncultured Acidimicrobiales Hot spring clone SK299 (AY882848) 99.2 1

class Thermotogae
ST2B4-6 Uncultured Thermotogae Thermal spring sediment clone kmal34 (HM149925) 98.6 2 1
(=ST15B8-31)

class Aquificae
ST15B2-55  Hydrogenobaculum sp. Hot spring Hydrogenobaculum sp. clone KOZ166 (EF156606) 976 3
Total 95 94 92 91
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Fig. 3 Phylogenetic tree of bacterial 16S rRNA gene clones detected in the four ponds from the
Kirishima geothermal area. Bootstrap values (>50%) based on 1000 replicates are indicated at

nodes.

The scale bar indicates the number of nucleotide substitutions per position.

The

number in parenthesis with next to the phylotype name represents the number of clones from
each phylotype. The DNA database accession numbers are also indicated in parentheses.
Archaeoglobus fulgidus was used as an outgroup species. The phylotype names derived from
Ponds-A, B, C, and D are shown in blue, yellow, red, and green, respectively.
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3.3 Bacterial community in Pond-A

Pond-A was characterized by relatively high temperature and high total concentration of
the examined chemical components. Analysis of 16S rRNA gene sequence similarities of the 95
clones derived from the pond revealed 14 phylotypes, which was the largest number of phylo-
types detected of all four ponds (Table 3). Of the sequences derived from this pond, 87% were
very similar to those of cultured species (>98.9%), including Chryseobacterium aquaticum (Kim et
al., 2008) from the class Flavobacteria ; Acinetobacter johnsonii (Bouvet and Grimont, 1986) and
Pseudomonas poae (Behrendt et al., 2003) from the class y-Proteobacteria ; Acidovorax temperans
(Willems et al., 1990), Curvibacter lanceolatus (Ding and Yokota, 2004) and Methylophilus leisingeri
(Doronina and Trotsenko, 1994) from the class B-Proteobacteria ; and Propionibacterium acnes
from the class Actinobacteria (Douglas and Gunter, 1946 ; Moore and Cato, 1963 ; Bojar and
Holland, 2004). The largest number of clones was assigned to a single phylotype, ST8B3-2, which
accounted for 67% of all clones derived from this pond. This phylotype was also dominant in
Pond-C and was very similar to the sequence of A. johnsonii (98.9%), which is an aerobic, gram-
negative, heterotrophic bacteria with an optimal growing temperature of 15-30C ; no growth
occurs at 37C. The genus Acinetonbacter is widely distributed in soil, water (Baumann, 1968),
and sewage (Warskow and Juni, 1972). The second dominant phylotype was ST8B3-10, which
was very similar to the P. poae sequence (99.4%). This species is an aerobic, gram-negative,
heterotrophic, fluorescent bacteria that has an optimal growth temperature of 21C ; no growth
occurs at 41C. The bacteria was isolated from the phyllosphere of grasses (Behrendt et al.,
2003). These were unexpected results because these mesophilic microbes should not have been
able to grow in Pond-A given its high temperature. At the moment, we have no reasonable
explanation for these findings, but it is known that some species with closely related 16S rRNA
gene sequences have different optimal growth temperatures. For example, we recently described
a novel Paenibacillus species that is the only thermophilic strain of the genus Paenibacillus,
which has to date only consisted of mesophilic species (Ueda et al.,, 2013). On the other hand, the
remaining 13% of all clones derived from Pond-A were classified into seven phylotypes, and they
did not show any significant similarity with any cultured species. The Shannon-Weaver index
score for Pond-A was the third highest among these four ponds ; it was lower than those of
Pond-C and Pond-D but higher than that of Pond-B (Table 4).

3.4 Bacterial community in Pond-B

Pond-B was characterized by a relatively low temperature and a high total concentration of
the examined chemical components ; it had the lowest Shannon-Weaver index diversity score of
all four ponds (Table 4). A total of 94 clones were derived from Pond-B, and these were
determined to constitute 11 phylotypes (Table 3). Nearly half of the sequences in this pond
showed a significantly close relationship with one of the following four cultured species (>99.6%) :
Acidithiobacillus caldus (Hallberg and Lindstorm, 1994 ; Kelly and Wood, 2000) from the class
y-Proteobacteria ; Ralstonia pickettii (Ralston et al., 1973 ; Yabuuchi et al, 1995) from the class
B-Proteobacteria ; Acidicaldus organivorans (Johnson et al., 2006) from the class a-Proteobacteria ;
and Staphylococcus epidermidis from the class Bacilli (Schleifer and Kloos, 1975). Almost all the
clones were assigned to a single phylotype, ST2B3-1, which was very similar to the sequence of
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A. caldus (99.6%) ; these clones accounted for 44% of all clones derived from this pond. A. caldus
is an aerobic, gram-negative, moderately thermophilic, sulfur-oxidizing acidophile with an optimal
growth pH of 2-25 and temperature of 45C. This species is also capable of chemolithotrophic
growth on reduced sulfur and molecular hydrogen. On the other hand, 53% of the Pond-B clones
constituted seven phylotypes that showed no significant similarity with any cultured species ;
this was the highest percentage of cultured species among the four ponds. Most of the uncultured
clones were assigned to the phylotype ST2B3-15, which affiliated with the class é-Proteobacteria
(Fig. 3). This phylotype showed the closest match to a published environmental clone BA7I,
which was detected from a lithotrophic biofilm at an extreme acid mine drainage site (DNA
database Accession No. AF225447) (Bond et al., 2000). The clones of this phylotype were the most
dominant in this pond, similar to the aforementioned ST2B3-1 phylotype.

3.5 Bacterial community in Pond-C

Pond-C was another pond with a relatively high temperature, and 92 clones were derived
from this pond. These were classified into nine phylotypes, which is the lowest value of species
richness among the four ponds (Table 4). The diversity index score in Pond-C was the second
highest among the four ponds, ie. it was lower than that of Pond-D but higher than those of
Pond-A and Pond-B. Ninety percent of the sequences from this pond were very similar to the
following cultured species (>98.0%) : Elizabethkingia miricola (Kim et al., 2005) from the class
Flavobacteria ; A. johnsonii from the class y-Proteobacteria ; and A. temperans, Delftia tsuruhatensis
(Shigematsu et al., 2003), Massilia alkalitolerans (Kampfer et al., 2011) and Paracoccus marinus
(Khan et al, 2008) from the class B-Proteobacteria (Table 3). Most clones were assigned to a
single phylotype, ST8B3-2, which was also dominant in Pond-A, and accounted for 57% of the
clones derived from Pond-C. The second most dominant phylotype was ST8B3-23, which was
very similar to the A. temperans sequence (99.2%). A. temperans is an aerobic, gram-negative
bacteria that, has been reported as an abundant member of activated sludge microbial commu-
nities (Willems et al., 1990 ; Heijstra et al., 2009). On the other hand, the remaining 10% of the
clones in Pond-C were allocated to three phylotypes that did not show any significant similarity
with any cultured species.

3.6 Bacterial community in Pond-D

Pond-D, which was characterized by a relatively low temperature and a low total
concentration of the examined chemical components, was the most diverse of the four ponds, as
assessed by the Shannon-Weaver index and Simpson’s reciprocal index (Table 4). A total of 91
clones were derived from this pond and these consisted of 13 phylotypes. Eighty-two percent
of the sequences from this pond were very similar to those of the following cultured species
(>98.0%) : E. miricola from the class Flavobacteria ; A. junii (Bouvet and Grimont, 1986) and A.
caldus from the class y-Proteobacteria ; D. tsuruhatensis and M. alkalitolerans from the class
B-Proteobacteria ; and S. epidermidis from the class Bacilli and P. acnes of the class Actinobacteria
(Table 3). A single phylotype, ST15B2-3, contributed 37% of all clones derived from this pond.
This phylotype was only detected in this pond and was very similar to the A. junii sequence
(99.7%). A. junii is an aerobic, gram-negative, heterotrophic bacteria with an optimal growth
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temperature of 15-30C : no growth occurs at 44C. The second most dominant phylotype was
ST2B3-24, which accounted for 14% of the clones in this pond. This phylotype was very similar
to the S. epidermidis sequence (100.0%). S. epidermidis is an aerobic, gram-positive, heterotrophic
bacteria that is ubiquitous in the environment. It has been isolated from human skin ; animal
products such as meat, milk, and cheese ; and other sources including soil, sand, seawater,
freshwater, dust, and air (Kloos et al., 1991 ; Wieser and Busse, 2000). On the other hand, 18% of
the clones from Pond-D consisted of six phylotypes that did not show any significant similarity
to any cultured species. Most of these uncultured clones were assigned to the ST15B2-55
phylotype, which is affiliated with the class Aquificae (Fig. 3). This phylotype was only detected
in this pond and showed the closest match to a published environmental clone KOZ166 (97.6%)
detected from Yellowstone National Park (DNA database Acc. No. EF156606).

3.7 Bacterial diversity and community structure in relation to different temperatures
and different total concentrations of the examined chemical components

At least 85% of the 16S rRNA gene sequences from each pond could be analyzed since the
homologous coverage values were 0.85 or above for all ponds (Table 4). When diversity was
compared for ponds of different temperatures (Temp. approx. 90C, Pond-A +Pond-C vs. Temp.
approx. 70C, Pond-B + Pond-D), the lower temperature ponds showed higher diversity according
to the Shannon-Weaver index and Simpson’s reciprocal index values (Table 4). On the other
hand, when ponds with different concentrations of the examined chemical components were
compared, the diversity indices for the ponds with lower concentrations of the chemical com-
ponents (Pond-C + Pond-D, Total conc. <350mgL™") were higher than those for the ponds with
higher concentrations (Pond-A +Pond-B, Total conc. >1,600mgL™"). As a result, the bacterial
diversity was highest in the pond characterized by a lower temperature and a lower concentra-
tion of chemical components (Pond-D). In contrast, the combination of higher temperature and

Table 4 Diversity index scores for clone libraries of bacteria detected in the ponds of the Kirishima
geothermal area.

Sample Shannon  Simpson Rich Even S,z Sca  Coverage T?Eﬁqggpe

Pond-A 138 214 14 0521 238 263 08 %

Pond-B 125 261 11 0523 288 215 088 9%

Pond-C 148 283 9 0676 102 100 090 9

Pond-D 2.04 512 13 079 142 133 086 91

o D 166 251 21 0544 310 413 089 187

o 223 642 21 0733 204 202 089 185
-1

P el 200 470 24 0630 429 420 087 189
-1

e el 2.33 700 17 0823 179 175 091 183

Diversity index scores measured were Shannon-Weaver (Shannon), Simpson’s reciprocal index (Simpson),
Richness (Rich), Evenness (Even), the coverage estomators S,z and Sc,, and the homologous coverage.
Total conc. indicates total concentration of examined chemical components.
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higher total concentration of the examined chemical components (Pond-A) resulted in the lowest
diversity in this study.

With regard to species composition and distribution, these were different in ponds charac-
terized by different temperatures and different total concentrations of the examined chemical
components. As shown in Table 3, the dominant bacterial group across all ponds was the class
v-Proteobacteria. At a lower taxonomic level, within the class y-Proteobacteria, phylotype
ST8B3-2, which is very similar to the A. johnsonii sequence (98.9%) and is affiliated with the
order Pseudomonadales, was only detected in the higher temperature ponds (Pond-A + Pond-C).
On the other hand, phylotype ST2B3-1, which is very similar to the A. caldus sequence (99.6%)
and is affiliated with the order Acidithiobacillales, was only detected in the lower temperature
ponds (Pond-B +Pond-D). These results suggest that the species composition and distribution
within the class y-Proteobacteria differs for higher and lower temperature ponds. On the other
hand, the species composition and distribution also varied between ponds with different total
concentrations of the examined chemical components. Phylotype ST8B3-33, which is affiliated
with the genus Acinetobacter spp., was only detected in the ponds with higher concentrations of
the total examined chemical components (Pond-A +Pond-B). In contrast, phylotypes such as
ST16B3-9, ST16B3-16, and ST16B5-42, which are affiliated with the order Burkholderiales, were
only detected in ponds with lower total concentrations of the examined chemical components
(Pond-C + Pond-D).

3.8 Geochemistry and bacterial diversity or group correlations

As shown in Table 2, bacterial diversity was statistically correlated with Si, Na, and K. To
clarify the relationships between bacterial groups and the temperature or chemical composition
of the four ponds, canonical correlation analysis was performed (Fig. 4). Specific bacterial groups

Variables (axes F1 and F2: 66 %)

5-Proteobacteri el || P As
a-Proteobacteria , [/’S
Nitrospirae T, bf:'z, todad A
0.5\
M
:\? 0.2
(323
e
N + t + t +
S 075 05  -0.25 0.75
8
w 25 y-Prqteobatteria,
Temg l pacteria
ST Aquifica
075 + Bacilli
) Si lavo
B-Proteobacteria

Factor 1 (33 %)
Fig. 4 Canonical correlation analysis showing correlations between environmental

factors and proportions of individual bacterial groups. Bacterial groups are shown
in abbreviations in a rhombus shape. Environmental factors are shown in circles.
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were found to be correlated with particular factors : the classes d-Proteobacteria, a-Proteobacteria,
and Nitrospirae were strongly correlated with Fe and P, the classes Bacilli and Flavobacteria
with Si, Na, and K, and Actinobacteria with Na and K. On the other hand, the classes
y-Proteobacteria and Thermotogae were positively and negatively correlated with temperature,
respectively. These statistical analyses indicated that there are correlations between bacterial
diversity and environmental factors, and these will allow us to begin tracing trends in environ-
mental effects on bacterial diversity. However, linking these types of studies with culture-based
studies will provide more insight into how specific elements affect bacterial communities.

4. Conclusion

In this study, 16S rRNA gene phylogenetic analysis was performed to compare the bacterial
community structure and diversity of four distinct solfataric-acidic ponds in the Kirishima
geothermal area, Kagoshima Prefecture, Japan. The four ponds displayed a wide range of
temperatures and chemical compositions. Principal components analysis showed that these four
ponds were clearly distinguished by different chemical compositions and temperatures. In
general, the dominant bacterial group in the four ponds was the class y-Proteobacteria followed
by the classes B-Proteobacteria, d-Proteobacteria, Bacilli, and Actinobacteria. Members of the
classes Flavobacteria, Aquificae, Thermotogae, a-Proteobacteria, and Nitrospirae were also de-
tected, but they were not as abundant. On the other hand, the bacterial diversity and commu-
nity composition at the species level was clearly different among ponds with different tempera-
tures and chemical compositions. Bacterial diversity was most affected by temperature, and
species composition appeared to be affected by both chemical composition and temperature.
Although other environmental factors could also have influenced the bacterial community
structure, the present data will be helpful for improving our understanding of the bacterial
ecology in the solfataric-acidic ponds. In addition, the 16S rRNA gene clones that showed no
significant similarity with any cultured species should allow us to isolate some novel bacterial

species via culturing experiments.

Acknowledgments

We thank Mr. Fuchinoue and Mr. Wada for their support with field sampling. We also
thank Prof. Dr. Taguchi and Dr. Kok for their valuable suggestions for improving this paper.
The authors would like to thank Enago (www.enego.jp) for English language review.

References

Altschul, SF. Gish, W., Miller, W., Myers, EW. and Lipman, D.J. (1990) : Basic local alignment
search tool. J. Mol. Biol., 215, 403-410.

Amann, R.I, Ludwig, W. and Schleifer, K.H. (1995) : Phylogenetic identification and in situ
detection of individual microbial cells without cultivation. Microbiol Rev., 59,143-169.

Barns, SM., Fundyga, RE. Jeffries, M.W. and Pace, N.R. (1994) : Remarkable archaeal diversity
detected in a Yellowstone National Park hot spring environment. Proc. Natl. Acad. Sci. USA,
91, 1609-1613.

113



e, VO, AR, IlARE—, HIRHIEK MR

Barns, SM., Delwiche, C.F., Palmer, J.D. and Pace, N.R. (1996) : Perspectives on archaeal diversity,
thermophily and monophyly from environmental rRNA sequences. Proc. Natl. Acad. Sci.
USA, 93, 9188-9193.

Baross, J.A. (1998) : Do the geological and geochemical records of the early earth support the
prediction from global phylogenetic models of a thermophilic cenancestor. Thermophiles :
the keys to Molecular Evolution and the Origin of Life, 3-18.

Baumann, P. (1968) : Isolation of Acinetobacter from soil and water. J. Bacteriol., 96, 39-42.

Behrendt, U, Ulrich, A. and Schumann, P. (2003) : Fluorescent pseudomonads associated with the
phyllosphere of grasses ; Pseudomonas trivialis sp. nov., Pseudomonas poae sp. nov. and
Pseudomonas congelans sp. nov. Int. J. Syst. Evol. Microbiol,, 53, 1461-1469.

Blank, C.E., Cady, S.L. and Pace, N.R. (2002) : Microbial composition of near-boiling silica-depositing
thermal springs throughout Yellowstone National Park. Appl. Environ. Microbiol., 68, 5123-
5135.

Bojar, R.A. and Holland, K.T. (2004) : Acne and <i> propionibacterium acnes </i>. Clin. Dermatol.,
22, 375-379.

Bond, P.L., Smriga, S.P. and Banfield, J.F. (2000) : Phylogeny of microorganisms populating a thick,
subaerial, predominantly lithotrophic biofilm at an extreme acid mine drainage site. Appl
Environ. Microbiol,, 66, 3842-3849.

Bouvet, P.JM. and Grimont, P.A.D. (1986) : Taxonomy of the genus Acinetobacter with the recog-
nition of Acinetobacter baumannii sp. nov., Acinetobacter haemolyticus sp. nov., Acinetobacter
johmnsonii sp. nov., and Acinetobacter junii sp. nov. and emended descriptions of Acinetobacter
calcoaceticus and Acinetobacter lwoffir. Int. J. Syst. Bacteriol,, 36, 228-240.

Burton, N.P. and Norris, P.R. (2000) : Microbiology of acidic, geothermal springs of Montserrat :
environmental rDNA analysis. Extremophiles, 4, 315-320.

Chao, A. (1987) : Estimating the population size for capture-recapture data with unequal
catchability. Biometrics, 783-791.

Chao, A., Hwang, W.H., Chen, Y.C. and Kuo, C.Y. (2000) : Estimating the number of shared species
in two communities. Stat. Sin., 10, 227-246.

Childs, A.M., Mountain, B.W., O'Toole, R. and Stott, M.B. (2008) : Relating Microbial Community
and Physicochemical Parameters of a Hot Spring : Champagne Pool, Wai-o-tapu, New
Zealand. Geomicrobiology J., 25, 441-453.

Colwell, R.K. (2006) : EstimateS : Statistical estimation of species richness and shared species
from samples, Version 8. Persistant URL <purl.oclc.org/estimates>.

Ding, L. and Yokota, A. (2004) : Proposals of Curvibacter gracilis gen. nov., sp. nov. and Herbaspirillum
puter sp. nov. for bacterial strains isolated from well water and reclassification of [Pseudomonas]
huttiensis, |Pseudomonas) lanceolata, [Aquaspirillum] delicatum and [Aquaspirillum]
autotrophicum as Herbaspirillum huttiense comb. nov., Curvibacter lanceolatus comb. nov.,
Curvibacter delicatus comb. nov. and Herbaspirillum autotrophicum comb. nov. Int. J. Syst.
Evol. Microbiol,, 54, 2223-2230.

Doronina, N.V. and Trotsenko, Y.A. (1994) : Methylophilus leisingerii sp. nov., a new species of
restricted facultatively methylotrophic bacteria. Mikrobiologiya, 63, 298-302.

Douglas, H.C. and Gunter, S.E. (1946) : The taxonomic position of Corynebacterium acnes. ].

114



55 63 % (2013) JEE LIS DR 7% 05 M D IR ME B B U s | 2 M BT SRS D fit A

Bacteriol,, 52, 15-23.

Goko, K. (2000) : Structure and hydrology of the Ogiri field, West Kirishima geothermal area,
Kyushu, Japan. Geothermics, 29, 127-149.

Good, L]. (1953) : The population frequencies of species and the estimation of population para-
meters. Biometrika, 40, 237-264.

Hallberg, K.B. and Lindstrom, E.B. (1994) : Characterization of Thiobacillus caldus sp. nov., a
moderately thermophilic acidophile. J. Gen. Microbiol., 140, 3451-3456.

Heijstra, B.D,, Pichler, F.B, Liang, Q.F., Blaza, R.G. and Turner, S.J. (2009) : Extracellular DNA and
Type IV pili mediate surface attachment by Acidovorax temperans. ANTON. LEEUW. INT. J.
G., 95, 343-349.

Hugenholtz, P., Pitulle, C., Hershberger, K.L. and Pace, N.R. (1998) : Novel division level bacterial
diversity in a Yellowstone hot spring. ] Bacteriol, 180, 366-376.

Hurlbert, SH. (1971) : The nonconcept of species diversity : a critique and alternative parameters.
Ecology, 52, 577-586.

Imura, R., Kobayashi, T. and Senta, C.C.S. (2001) : Geological map of Kirishima volcano. Geological
Survey of Japan (in Japanese with English abstract).

Johnson, D.B, Stallwood, B., Kimura, S. and Hallberg, K.B. (2006) : Isolation and characterization
of Acidicaldus organivorus, gen. nov., sp. nov. : a novel sulfur-oxidizing, ferric iron-reducing
thermo-acidophilic heterotrophic Proteobacterium. Arch. Microbiol., 185, 212-221.

Kanokratana, P., Chanapan, S. Pootanakit, K. and Eurwilaichitr, L. (2004) : Diversity and abun-
dance of Bacteria and Archaea in the Bor Khlueng hot spring in Thailand. J. Basic
Microbiol., 44, 430-444.

Kato, S, Itoh, T. and Yamagishi, A. (2011) : Archaeal diversity in a terrestrial acidic spring field
revealed by a novel PCR primer targeting archaeal 16S rRNA genes. FEMS MICROBIOL.
LETT, 319, 34-43.

Kelly, D.P. and Wood, A.P. (2000) : Reclassification of some species of Thiobacillus to the newly
designated genera Acidithiobacillus gen. nov., Halothiobacillus gen. nov. and Thermithiobacillus
gen. nov. Int. J. Syst. Evol. Microbiol,, 50, 511-516.

Khan, S.T., Takaichi, S. and Harayama, S. (2008) : Paracoccus marinus sp. nov., an adonixanthin
diglucoside-producing bacterium isolated from coastal seawater in Tokyo Bay. Int. J. Syst.
Evol. Microbiol,, 58, 383-386.

Kim, KK, Kim, MK, Lim, J.H,, Park, HY. and Lee, S.T. (2005) : Transfer of Chryseobacterium
meningosepticum and Chryseobacterium miricola to Elizabethkingia gen. nov. as Elizabethkingia
meningoseptica comb. nov. and Elizabethkingia miricola comb. nov. Int. J. Syst. Evol. Microbiol,
55, 1287-1293.

Kim, KK, Lee, K.C., Oh, HM. and Lee, ].S. (2008) : Chryseobacterium aquaticum sp. nov., isolated
from a water reservoir. Int. J. Syst. Evol. Microbiol,, 58, 533-537.

Kloos, W. E., Schleifer, K-H. and Gotz, R. (1991) : The genus Staphylococcus. In The Prokaryotes :
a Handbook on the Biology of Bacteria: Ecophysiology, Isolation, Identification, Application,
2" edn, 1369-1420.

Kvist, T., Ahring, B.K. and Westermann, P. (2007): Archaeal diversity in Icelandic hot springs.
FEMS MICROBIOL. ECOL. 59, 71-80.

115



e, VO, AR, IlARE—, HIRHIEK MR

Kvist, T., Mengewein, A., Manzel, S., Ahring, B.K. and Westermann, P. (2005) : Diversity of
thermophilic and non-thermophilic crenarchaeota at 80 degrees C. FEMS MICROBIOL.
LETT. 244, 61-68.

Kampfer, P., Lodders, N., Martin, K. and Falsen, E. (2011) : Revision of the genus Massilia La Scola
et al. 2000, with an emended description of the genus and inclusion of all species of the
genus Naxtbacter as new combinations, and proposal of Massilia consociata sp. nov. Int. J.
Syst. Evol. Microbiol., 61, 1528-1533.

Meyer-Dombard DR, Shock EL and Amend JP (2005) : Archaeal and bacterial communities in
geochemically diverse hot springs of Yellowstone National Park, USA. Geobiology, 3, 211-
227.

Miller, SL. and Lazcano, A. (1995) : The origin of life—did it occur at hightemperatures? J. Mol.
Evol, 41, 689-692.

Moore, W.E.C. and Cato, E.P. (1963) : Validity of Propionibacterium acnes (Gilchrist) Douglas and
Gunter comb. nov. J. BACTERIOL., 85, 870-874.

Pace, N.R. (1991) : Origin of life-facing up to the physical setting. Cell, 65, 531-533.

Pace, N.R. (1997) : A molecular view of microbial diversity and the biosphere. Science, 276, 734~
740.

Perevalova, A.A., Kolganova, T.V., Birkeland, N.K., Schleper, C., Bonch-Osmolovskaya, E.A. and
Lebedinsky, A.V. (2008) : Distribution of Crenarchaeota Representatives in Terrestrial Hot
Springs of Russia and Iceland. Appl. Environ. Microbiol., 74, 7620-7628.

Pielou, E.C. (1969) : Association tests versus homogeneity tests: their use in subdividing quadrats
into groups. Plant Ecol,, 18, 4-18.

Ralston, E., Palleroni, N.J. and Doudoroff, M. (1973) : Pseudomonas pickettii, a new species of
clinical origin related to Pseudomonas solanacearum. Int. J. Syst. Bacteriol,, 23, 15-19.

Reysenbach, A.L., Ehringer, M. and Hershberger, K. (2000) : Microbial diversity at 83 degrees C
in Calcite Springs, Yellowstone National Park : another environment where the Aquificales
and “Korarchaeota” coexist. Extremophiles, 4, 61-67.

Satoh, T. Watanabe, K., Yamamoto, H., Yamamoto, S. and Kurosawa, N. (2013) : Archaeal Com-
munity Structures in the Solfataric Acidic Hot Springs with Different Temperatures and
Elemental Compositions. Archaea, 2013-723871, 1-11.

Schleifer, K.H. and Kloos, W.E. (1975) : Isolation and characterization of Staphylococci from human
skin I. Amended descriptions of Staphylococcus epidermidis and Staphylococcus saprophyticus
and descriptions of three new species : Staphylococcus cohnii, Staphylococcus haemolyticus,
and Staphylococcus xylosus. Int. J. Syst. Bacteriol,, 25, 50-61.

Shannon, C.E., Weaver, W., Blahut, R.E. and Hajek, B. (1949) : The mathematical theory of com-
munication. University of Illinois press Urbana.

Shigematsu, T., Yumihara, K., Ueda, Y., Numaguchi, M., Morimura, S. and Kida, K. (2003) : Delftia
tsuruhatensis sp. nov., a terephthalate-assimilating bacterium isolated from activated sludge.
Int. J. Syst. Evol. Microbiol,, 53, 1479-1483.

Simpson, EH. (1949) : Measurement of diversity. Nature, 163, 688.

Singleton, D.R., Furlong, M.A., Rathbun, S.L. and Whitman, W.B. (2001) : Quantitative comparisons
of 16S rRNA gene sequence libraries from environmental samples. Appl. Environ. Microbiol.,

116



55 63 % (2013) JEE LIS DR 7% 05 M D IR ME B B U s | 2 M BT SRS D fit A

67, 4374-4376.

Song, Z.Q., Chen, J.Q. Jiang, H.C, et al. (2010) : Diversity of Crenarchaeota in terrestrial hot
springs in Tengchong, China. Extremophiles, 14, 287-296.

Stirling, G. and Wilsey, B. (2001) : Empirical relationships between species richness, evenness, and
proportional diversity. Amer. Nat., 158, 286-299.

Stout, L.M., Blake, R.E., Greenwood, J.P., Martini, A.M. and Rose, E.C. (2009) : Microbial diversity
of boron-rich volcanic hot springs of St. Lucia, Lesser Antilles. FEMS Microbiol. Ecol., 70,
402-412.

Takai, K. and Sako, Y. (1999) : A molecular view of archaeal diversity in marine and terrestrial
hot water environments. FEMS Microbiol. Ecol., 28, 177-188.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M. and Kumar, S. (2011) : MEGA5 : molec-
ular evolutionary genetics analysis using maximum likelihood, evolutionary distance, and
maximum parsimony methods. Mol. Biol. Evol,, 28, 2731-2739.

Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) : CLUSTAL W : improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res., 22, 4673-4680.

Tsuyuki, T. (1969) : Geological study of hot springs in Kyushu, Japan (5). Some hot springs in the
Kagoshima graben, with special references to thermal water reservoir. Reports of the
Faculty of Science, Kagoshima University, 2, 85-101 (in Japanese with English abstract).

Tsuyuki, T. (1980) : Geological hazards and their evaluations in volcanic area (1)—Types of
landslides in the Kirishima volcanic area. Reports of the Faculty of Science, Kagoshima
University, 13, 91-103 (in Japanese with English abstract).

Ueda, J., Yamamoto, S. and Kurosawa, N. (2013) : Paenibacillus thermoaerophilus sp. nov., a mod-
erately thermophilic bacterium isolated from compost. Int. J. Syst. Evol. Microbiol., [Epub
ahead of print].

Warskow, A.L. and Juni, E. (1972) : Nutritional requirements of Acinetobacter strains isolated from
soil, water, and sewage. J. Bacteriol,, 112, 1014-1016.

Wieser, M. and Busse, H.]J. (2000) : Rapid identification of Staphylococcus epidermidis. Int. J. Syst.
Evol. Microbiol,, 50, 1087-1093.

Willems, A., Falsen, E., Pot, B. et al. (1990) : Acidovorax, a New Genus for Pseudomonas facilis,
Pseudomonas delafieldii, E. Falsen (EF) Group 13, EF Group 16, and Several Clinical Isolates,
with the Species Acidovorax facilis comb. nov., Acidovorax delafieldii comb. nov., and Acidovorax
temperans sp. nov. Int. J. Syst. Bacteriol., 40, 384-398.

Woese, CR. and Fox, G.E. (1977) : Phylogenetic structure of the prokaryotic domain : the primary
kingdoms. Proc. Natl. Acad. Sci. USA, 74, 5088-5090.

Woese, CR., Kandler, O. and Wheelis, M.L. (1990) : Towards a natural system of organisms : pro-
posal for the domains Archaea, Bacteria, and Eucarya. Proc. Natl. Acad. Sci. USA, 87, 4576-
4579.

Yabuuchi, E.,, Kosako, Y., Yano, I, Hotta, H. and Nishiuchi, Y. (1995) : Transfer of two Burkholderia
and an Alcaligenes species to Ralstonia gen. nov. : Proposal of Ralstonia pickettii (Ralston,
Palleroni and Doudoroff 1973) comb. nov., Ralstonia solanacearum (Smith 1896) comb. nov.
and Ralstonia eutropha (Davis 1969) comb. nov. Microbiol. Immunol., 39, 897.

117



