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Subject category: New taxa: Proteobacteria

The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of
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Summary

A novel sulfur-oxidizing autotrophic bacterium, strain JIA" was isolated from a hot
spring microbial mat. The cells were Gram-stain-negative, catalase-negative and
oxidase-positive. As sole electron donor for chemolithoautotrophic growth, strain JIAT
utilized sulfide, thiosulfate, elemental sulfur, and tetrathionate. The G+C content of
genomic DNA was 66 mol%. Major cellular fatty acids (>40% of total) were Cy¢.0 and
summed feature 3 (Cy6. 107C and/or Ci - 106cC). The predominant quinone was Q-8.
Phylogenetic analysis of the 16S rRNA gene indicated that strain JLA' is a relative of
Thiobacillus species, but share with them only 93% or lower sequence similarities. On
the basis of its properties, strain JIAT (= DSM 103923" = NBRC 112474") is proposed

as type strain of a new species of a novel genus, Sulfuritortus calidifontis gen. nov., sp.
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The genus Thiobacillus formerly included phylogenetically diverse bacteria capable

of chemolithoautotrophic growth. Over 20 species have been proposed in this genus

(Kelly et al., 2005), but it currently includes only 4 species with validly published name

(Orlygsson & Kristjansson, 2014). At present the genus Thiobacillus is classified in the

family Hydrogenophilaceae within the order Hydrogenophilales, whose type genus is

the genus Hydrogenophilus (Garrity et al., 2005a; 2005b). The polyphyly of the family

has already been indicated (Orlygsson & Kristjansson, 2014), and the genus

Thiobacillus is phylogenetically separated from the genus Hydrogenophilus suggesting

that reclassification of the genus is desirable. In the present study, a novel

chemolithoautotrophic sulfur-oxidizing bacterium related to the Thiobacillus species

was isolated and characterized.

A sulfur-oxidizing enrichment culture was established with an inoculum of microbial

mat, obtained from Jyozankei hot spring in Japan (42° 57' 53" N 141° 09' 47" E). The

microbial mat was developed on a concrete wall on which the spring water was running

down. At the sampling time, temperature of the running water was approximately 43°C

and its pH was 7.8. For enrichment and isolation, a bicarbonate-buffered low-salt

defined medium previously described (Kojima & Fukui, 2011) was used with some
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modification. The composition of the medium was as follows (I'): 0.5 g MgSO, . 7H,0,
0.1 g CaCl, . 2H,0, 0.1 g NH4CI, 0.1 g KH,PO,, 0.1 g KCI, 1 ml trace element solution,
1 ml selenite-tungstate solution, 1 ml vitamin mixture solution, 30 ml NaHCO3 solution.
The vitamin mixture solution contained following ingredients (I"); 2 mg biotin, 2 mg
folic acid, 10 mg pyridoxine-HCI, 5 mg thiamine-HCI-2H,0, 5 mg riboflavin, 5 mg
nicotinic acid, 5 mg calcium D(+) pantothenate, 5 mg 4-aminobenzoic acid, 5 mg lipoic
acid, and 0.1 mg cyanocobalamine. The other stock solutions were prepared as
described previously (Widdel & Bak, 1992). The enrichment and isolation were
performed at 45°C under anoxic conditions created by filling the headspace of the
culturing containers with N»/CO, (80:20 [vol - vol™]). A piece of microbial mat was
inoculated into the medium, and elemental sulfur (ca. 0.5 g 1) and nitrate (10 mM)
were added to the medium as electron donor and acceptor, rescectively. The enrichment
culture was repeatedly inoculated to the fresh medium. After the 6 times of transfer,
sulfur as the sole electron donor was replaced with thiosulfate (10 mM). The second
thiosulfate-oxidizing culture was subjected to agar shake dilution (Widdel and Bak
1992). A colony was picked up in the same medium, and the resulting culture was
subjected to agar shake dilution again. After verification of purity by microscopy and

repeated sequencing of the 16S rRNA gene, the obtained culture was designated as
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strain J1A.

For the characterization of the obtained strain, “medium S4” (Kojima et al, 2016)

supplemented with 10 mM Na,S,03 was used unless otherwise specified (headspace of

culture bottles was filled with the air). Gram-stain test was conducted with a kit (Fluka).

Catalase activity was assessed by pouring 3% H,O, solution onto the cells. Oxidase

activity was tested by using an oxidase test reagent (bioMérieux). The G+C content of

the genomic DNA was determined by HPLC method (Katayama-Fujimura et al., 1984),

using a kit (YYamasa Shoyu). The analyses of fatty acids and quinone were carried out at

the Techno Suruga Co. Ltd (Shizuoka, Japan), with cells grown at 45°C for 2 days. The

cellular fatty acid profile was analyzed by using the Sherlock Microbial Identification

System version 6.0 (MIDI), according to the standard protocol with database TSBAG.

The isoprenoid quinones were extracted by chloroform/methanol extraction (Bligh &

Dyer, 1959) and analyzed by HPLC with a multiwavelength detector.

Utilization of electron donors was tested in the medium used for the isolation, under

aerobic conditions. Heterotrophic growth with complex liquid media was tested for R2A

(Daigo), diluted (1/10) R2A, nutrient broth (NB, Difco), Luria-Bertani broth (LB,

Merck) and tryptone soya broth (TSB, OXOID) at 45°C under aerobic conditions.

Effects of the temperature on growth were examined under thiosulfate-oxidizing and
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nitrate-reducing conditions in the medium used for the isolation. To test the effect of
temperatures, the strain was cultured at 10, 13, 15, 18, 22, 25, 28, 30, 37, 45, 48, and
50°C. The effect of pH on the growth was tested at 37°C, with a method previously
described (Kojima et al., 2015). The tested pH and buffering reagents used were as
follows; pH 6.1, 6.2, 6.3, 6.6, 6.7 and 6.8 with MES; pH 7.0, 7.2, 7.3, 7.5 and 7.7 with
MOPS; pH 8.0 and 8.4 with Tricine; pH 8.7, 8.9, 9.2, 9.3, and 9.6 with CHES. The
effect of salt concentration was tested by culturing strain JLAT in the presence of
varying concentrations of NaCl (0, 1, 2, 3, 4 and 5% w/v), at 45°C under the oxic
conditions.

For phylogenetic analysis, almost entire 16S rRNA gene was amplified with the primer
pair 27F and 1492R (Lane, 1991). The resulting PCR product was directly sequenced.
The obtained sequence of strain JIA" was aligned with reference sequences retrieved
from the public database (GenBank/EMBL/DDBJ) by using the program CLUSTAL X
version 2.1 (Larkin et al., 2007). The reference sequences included 35 species
representing all betaproteobacterial orders and 6 environmental clone sequences. The
environmental sequences were selected on the basis of their high sequence similarity
with strain JLAT (97% or more) as revealed by a BLAST search. All positions with gaps

were excluded from the calculation, and 1295 positions were used to construct
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phylogenetic trees. Phylogenetic trees were reconstructed by using the methods of
maximum likelihood, neighbor-joining and minimum evolution with the program

MEGA version 7.0.20 (Kumar et al., 2016).

The isolated bacterium, strain JLAT was facultative anaerobe which grows under oxic
or nitrate-reducing conditions. Cells of strain JLAT were motile and curved to spiral rods,
1.3-4.5 pm long and 0.4-0.5 pm wide (Fig. S1). The growth of the strain JLAT was
observed over a temperature range between 15°C and 48°C, with an optimum growth at
45°C. The range of pH for growth was 6.2-8.7, and the optimum pH was 6.8-7.3.
Negative effect of NaCl on the growth was observed at concentration of 1% and strain
J1AT exhibited no growth in the presence of 2% or more NaCl.

The cells were Gram-stain-negative, catalase-negative and oxidase-positive. The G+C
content of the genomic DNA of was 66 mol% (HPLC). The major cellular fatty acids
were Cigs:0(48.6%) and summed feature 3 (Cy6-107¢C and/or Cyg . 1006¢; 40.3 %). The
other fatty acids detected were summed feature 8 (Cig:1mw7¢ and/or Cig.1m6¢C; 3.9 %),
Cio.0 3-OH (2.4%), C17-0 (1.2%), cyclo-Ci7. o (1.2%), Cus:109¢ (1.1%), Cis .o (0.6%),
C14:0 (0.5%), C17.108cC (0.2%), Ci6:105¢C (0.1%), Ci5.106¢ (0.1%). The predominant

quinone was identified as Q-8 (95%). As minor quinones, Q-7 and Q-9 were also
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detected.

Chemolithoautotrophic growth of strain JLAT was supported by thiosulfate (10, 20
mM), sulfide (2 mM), tetrathionate (10 mM), and elemental sulfur (0.5 g I™). The
following electron donors did not support growth of strain JLAT: acetate, formate,
lactate, fumarate, malate, succinate, glucose, mannose and ethanol (all 5 mM). Strain
J1AT exhibited no growth on R2A, diluted R2A, NB, LB, or TSB.

The analysis of 16S rRNA gene revealed that strain JLA" is closely related to members
of the genus Thiobacillus (Fig. 1, Fig. S2). The sequence similarity with the type strains
of the validaded Thiobacillus species ranged 92-93%. Environmental clones most
closely related to strain JIAT have been reported from a freshwater aquifer (Gray &
Engel, 2013). In the phylogenetic tree constructed with the maximum likelihood method,
strain JLAT and closely related environmental sequences formed a distinct cluster which
represents a sister group of the genus Thiobacillus (Fig. 1). This branching pattern was
consistently observed in phylogenetic trees constructed with the methods of
neighbor-joining and minimum evolution, which generated trees of identical topology
(Fig. S2). In all trees constructed, the clade including strain JLAT and Thiobacillus

species was phylogenetically distant from the genus Hydrogenophilus (Fig. 1, Fig. S2).
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The independent phylogenetic position and low sequence similarities (93% or lower)
to the related species suggest that strain JLA' represents a novel species of a new genus.
In addition, its twisted cell morphology is distinct from that of rod-shaped Thiobacillus
species (Kelly et al., 2005). On the basis of these findings, Sulfuritortus calidifontis gen.
nov., sp. nov. is proposed to accommodate strain JIAT as the type strain. The
phylogenetic analysis also showed that the genera Thiobacillus and Sulfuritortus should
not be placed in the family Hydrogenophilaceae or other existing family in the class
Betaproteobacteria (Fig. 1, Fig. S2). A major reclassification of higher taxa in this class
may be required to define taxonomy of the genera Thiobacillus and Sulfuritortus

adequately.

Description of Sulfuritortus gen. nov.

Sulfuritortus (Sul.fu.ri.tor'tus. L. neut. n. sulfur sulfur; L. masc. n. tortus twist, torsion;
N.L. masc. n. Sulfuritortus sulfur-oxidizing twisted organism)

Grow chemolithoautotrophically by the oxidation of inorganic sulfur compounds. Major
cellular fatty acids are Ci5:9 and Cis.1. The predominant quinone is Q-8. Based on 16S
rRNA gene sequence analysis, affiliated to the class Betaproteobacteria. The type

species is Sulfuritorttus calidifontis.
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Description of Sulfuritortus calidifontis sp. nov.

Sulfuritortus calidifontis (ca.li.di.fon’tis. L. adj. calidus hot; L. n. fons, fontis spring,
fountain; N.L. gen. n. calidifontis of a hot spring).

Cells are motile, Gram-stain-negative, 1.3-4.5 um long, 0.4-0.5 um wide and curved to
spiral rods in shape. Facultatively anaerobic. Autotrophic growth occurs with oxidation
of sulfide, thiosulfate, tetrathionate and elemental sulfur. Catalase-negative and
oxidase-positive. The temperature range for growth is 15-48°C, with an optimum of
45°C. The pH range for growth is 6.2-8.7, and optimum growth occurs at pH 6.8-7.3.
The G+C content of genomic DNA is 66 mol%. The type strain JLAT (= DSM 103923"

= NBRC 112474") was isolated from microbial mat of a hot spring in Japan.

Acknowledgment

Authors are grateful to Arisa Shinohara for technical assistance.
Funding information

This work was supported by KAKENHI Grant Number 15K07209 to Kojima.
Conflicts of interest statement

The authors declare that there is no conflict of interest.

10



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

References

Bligh, E. G. & Dyer, W. J. (1959) A rapid method of total lipid extraction and

purification. Can J Biochem Physiol 37, 911-917.

Garrity, G. M., Bell, J. A. & Lilburn, T. (2005a) Order Il. Hydrogenophilales ord. nov.

In: Bergey's Manual of Systematic Bacteriology, 2nd edn., vol. 2, part C, p. 763. Edited

by D. J. Brenner, N. R. Krieg, J. T. Staley &, G. M. Garrity. New York: Springer.

Garrity, G. M., Bell, J. A. & Lilburn, T. (2005b) Family I. Hydrogenophilaceae fam.

nov. In: Bergey's Manual of Systematic Bacteriology, 2nd edn., vol. 2, part C, p. 763.

Edited by D. J. Brenner, N. R. Krieg, J. T. Staley &, G. M. Garrity. New York: Springer.

Gray, C. J., & Engel, A. S. (2013). Microbial diversity and impact on carbonate

geochemistry across a changing geochemical gradient in a karst aquifer. ISME J 7,

325-337.

11



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

Katayama-Fujimura, Y., Komatsu, Y., Kuraishi, H. & Kaneko, T. (1984).
Estimation of DNA base composition by high-performance liquid chromatography of its

Nuclease Pl hydrolysate. Agric Bio. Chem 48, 3169-3172.

Kelly, D. P.,, Wood, A. P. & Stackebrandt, E. (2005) Genus Il. Thiobacillus Beijerinck
1904b 597", In: Bergey's Manual of Systematic Bacteriology, 2nd edn., vol. 2, part C,
pp. 764-771. Edited by D. J. Brenner, N. R. Krieg, J. T. Staley &, G. M. Garrity. New

York: Springer

Kojima, H. & Fukui, M. (2011). Sulfuritalea hydrogenivorans gen. nov., sp. nov., a
facultative autotroph isolated from a freshwater lake Int J Syst Evol Microbiol 61,

1651-1655.

Kojima, H., Shinohara, A. & Fukui, M. (2015). Sulfurifustis variabilis gen. nov., sp.
nov., a novel sulfur oxidizer isolated from a lake, and proposal of Acidiferrobacteraceae

fam. nov. and Acidiferrobacterales ord. nov. Int J Syst Evol Microbiol 65, 3709-3713.

Kojima, H., Watanabe, T. & Fukui, M. (2016). Sulfuricaulis limicola gen. nov., sp.

12



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

nov., a sulfur oxidizer isolated from a lake Int J Syst Evol Microbiol 66, 266-270.

Kumar, S., Stecher, G. & Tamura, K. (2016) MEGAT7: Molecular Evolutionary

Genetics Analysis version 7.0 for bigger datasets. Mol biol Evol 33, 1870-1874.

Lane, D. J. (1991). 16S/23S rRNA sequencing. In Nucleic Acid Techniques in Bacterial

Systematics, chapter 6, pp. 115-175. Edited by E. Stackebrandt & M. Goodfellow.

Chichester: Wiley.

Orlygsson, J. & Kristjansson, J. K. (2014). The family Hydrogenophilaceae. In The

Prokaryotes-Alphaproteobacteria and Betaproteobacteria, 4th edn, pp. 859-868. Edited

by Rosenberg E., DeLong E. F., Lory S., Stackebrandt E., Thompson F. Berlin:

Springer.

Widdel, F. & Bak, F. (1992). Gram-negative mesotrophic sulfate-reducing bacteria. In

The Prokaryotes 2nd edn, vol. 4, pp. 3352-3378. Edited by A. Balows, H. G. Trlper, M.

Dworkin, W. Harder & K.-H. Schleifer. New York: Springer-Verlag.

13



229
230

231

232

233

234

235

236

Figure legend

Fig. 1 Maximum-likelihood tree based on the 16S rRNA gene sequence of strain JLAT,
related environmental sequences and species from all orders of the class
Betaproteobacteria. Bootstrap values larger than 50 (percentages of 1000 replications)

are shown at nodes. Bar, 0.02 changes per position.
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