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Desulfotomaculum tongense sp. nov., a moderately
thermophilic sulfate-reducing bacterium isolated
from a hydrothermal vent sediment collected
from the Tofua Arc in the Tonga Trench
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Abstract A novel, strictly anaerobic, moderately
thermophilic, endospore-forming, sulfate-reducing
bacterium, designated TGB60-17F, was isolated from
a hydrothermal sediment vent collected from the
Tofua Arc in the Tonga Trench. The strain was
characterized phenotypically and phylogenetically.
The isolated strain was observed to be Gram-positive,
with slightly curved rod-shaped cells and a polar
flagellum. Strain TGB60-17 was found to grow
anaerobically at 37-60 °C (optimum, 50 °C), at pH
6.0-8.5 (optimum, pH 7.0) and with 1.0-4.0 % (w/v)
NaCl (optimum, 3.0 %). The electron acceptors
utilised were determined to be sulfate, sulfite, and
thiosulfate. Strain TGB60-1" was found to utilise
pyruvate and H, as electron donors. Strain TGB60-17
was determined to be related to representatives of the
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genus Desulfotomaculum and the closest relatives
within this genus were identified as Desulfotomaculum
halophilum SEBR 3139", Desulfotomaculum alkal-
iphilum S17 and Desulfotomaculum peckii LIND-
BHTI" (92.7, 92.1, and 91.8 % 16S rRNA gene
sequence similarity, respectively). The major fatty
acids (>20 %) were identified as Ci6.9o and Cig.g
w7c. The G4C content of the genomic DNA of this
novel bacterium was determined to be 53.9 mol%.
Based on this polyphasic taxonomic study, strain
TGB60-1" is considered to represent a novel species in
the genus Desulfotomaculum, for which the name
Desulfotomaculum tongense sp. nov. is proposed. The
type strain of D. fongense is strain TGB60-1T
(= KTCT 4534" = JCM 187337).

Keywords Desulfotomaculum tongense -
Moderate thermophile - Sulfate-reducing
bacteria - Tofua Arc - Tonga Trench

Introduction

The genus Desulfotomaculum was proposed by
Campbell and Postgate (1965) to describe Gram-
positive and obligately anaerobic sulfate-reducing
bacteria that form heat-resistant endospores. Many
Desulfotomaculum species have been isolated from a
wide range of environments, including hot springs/
geothermal groundwaters (Zeikus et al. 1983; Daumas
et al. 1988; Nazina et al. 1988; Love et al. 1993; Henry
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et al. 1994; Liu et al. 1997; Goorissen et al. 2003;
Kaksonen et al. 2006; Haouari et al. 2008), fresh water
(Elsgaard et al. 1994; Kuever et al. 1999), cold marine
sediments (Isaksen et al. 1994; Vandieken et al. 2006),
oilfields (Rosnes et al. 1991; Beeder et al. 1995; Rees
et al. 1995; Nilsen et al. 1996; Tardy-Jacquenod et al.
1996; Nazina et al. 2005), compost/manure (Fardeau
et al. 1995; Pikuta et al. 2000; Krishnamurthi et al.
2013) and anaerobic bioreactors (Min and Zinder
1990; Tasaki et al. 1991; Weijma et al. 2000; Plugge
et al. 2002; Parshina et al. 2005; Kaksonen et al. 2008;
Jabari et al. 2013). Species in the genus Desulfotoma-
culum are grouped in clusters from Ia to If, according
to Stackebrandt and Goebel (1997) and Kuever et al.
(1999). Two species, Desulfotomaculum halophilum
(Tardy-Jacquenod et al. 1998) and Desulfotomaculum
alkaliphilum (Pikuta et al. 2000), are extremophiles
affiliated to the cluster If, i.e., a halophile and an
alkaliphile, respectively.

In the present study, we characterized a moderately
thermophilic sulfate-reducing bacterial strain from a
hydrothermal vent sediment collected from the Tofua
Arc in the Tonga Trench, which was designated
TGB60-1" and determined that it belongs to cluster If
in the genus Desulfotomaculum. This study reports the
physiological and biochemical characteristics of strain
TGB60-1".

Materials and methods
Bacterial strain and culture conditions

Sediment samples were collected during April 2011
from a hydrothermal vent in the Tofua Arc of the
Tonga Trench (S24°27'54”, W176°47'55") at a water
depth of 400 m using a remotely operated vehicle
onboard the Korean research icebreaker ARAON.
The samples were stored anaerobically at 4 °C until
their cultivation and analysis. The sediment samples
were inoculated into anaerobic artificial seawater
(ASW) medium and incubated at 50 °C for 2 weeks.
The ASW medium contained the following a:
25 g NaCl, 4.0 g MgCl,-6H,0, 4.3 g MgSQO,, 0.33 g
KCl, 025g NH4Cl, 02g KH,PO,, O0.1¢g
CaCl,-2H,0, 2 g sodium pyruvate, and 1 mg resazu-
rin. The media were flushed under O,-free N, gas for
30 min. Next, 10 ml of the medium was distributed
into 22 ml serum vials (Wheaton) under a stream of
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O,-free N, gas and the medium was adjusted to pH
6.9-7.2 with 1 M NaHCOs. Dithiothreitol (0.3 g 17"
was added as a reducing reagent. The vials were
sealed immediately with butyl rubber stoppers (Bell-
co). The medium was autoclaved at 120 °C for
15 min, before 0.01 ml vitamin solution (Wolin et al.
1963), 0.01 ml trace element SL-10 solution (Widdel
and Pfennig 1981) and 0.01 ml tungsten—selenite
solution (Widdel and Bak 1992) were supplemented
to each tube. The cultures were transferred and
sampled using syringes. To isolate individual colo-
nies, the samples were enriched at 50 °C then spread
and cultivated on solidified ASW medium with 1.5 %
(w/v) agarose in an anaerobic chamber (Coy). The gas
conditions in the anaerobic chamber were 90 % N,
5 % CO,, and 5 % H,. Regular long rod-shaped cells
were observed in the enrichment cultures after
2 weeks of incubation. To obtain pure isolates, the
enriched cultures were spread onto ASW plates in the
anaerobic chamber. Colonies of an isolated strain
designated as TGB60-17 were transferred succes-
sively onto fresh solid media. The colonies were
suspended in 5 % (w/v) dimethyl sulfoxide and stored
at —80 °C in a cryogenic freezer.

Physiological, morphological, and biochemical
characteristics

Bacterial growth was determined by quantifying
sulfide production from sulfate in the growth
medium (Triiper and Schlegel 1964) and by mea-
suring the optical density at 600 nm. The cells were
tested using a Gram-staining kit (Difco), according
to the manufacturer’s instructions, and confirmed
with the KOH test (Ryu 1938). The cell morphology
was examined using light microscopy (Eclipse 80i;
Nikon) and thin-section transmission electron
micrography (55 VP; Carl Zeiss); the presence of
flagella was determined by transmission electron
microscopy (EM-109; Carl Zeiss) after negative
staining with 1 % (w/v) phosphotungstic acid. A
motility test was performed using semi-solid agar
(0.25 %, w/v). Spore formation was determined
microscopically using phase-contrast microscopy
(Eclipse 80i) and growth was tested after heat
treatment at 80 °C for 12 h. The optimal conditions
for growth were determined using ASW medium
with 0-16 % (w/v) NaCl (at intervals of 1 %) and at
25, 30, 37, 40, 50, 60, and 70 °C. To analyze the
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growth in different pH conditions, the medium was
adjusted at pH 5.0-10.0 (at intervals of 0.5 pH
units) with sterile 1 N HCl or NaOH under O,-free
N, gas and calibrated at 25 °C using a pH meter.
For the growth test with yeast extract or tryptone,
ASW medium was supplemented with 0.01 % (w/v)
yeast extract or tryptone instead of the vitamin
solution. To analyze the utilization of different
carbon sources, pyruvate was replaced by each of
the following substrates in the ASW medium
(adjusted to pH 7.0 at 25 °C): H,/CO, (80:20,
170 kPa), 10 mM pyruvate, acetate, lactate, malate,
formate, ethanol, butanol, fumarate, succinate, pro-
pionate, glycerol, n-butyrate, isobutyrate, methanol,
2-propanol, lysine and methionine, 5 mM valerate,
acetone, glucose, fructose, alanine, cysteine, gluta-
mate, aspartate, glycine betaine, glycine, phenol and
benzoate, 2 mM crotonate, octanoate, nonanoate,
tartrate, 2-oxoglutarate, thioglycolate, thioacetamide
and nicotinate, 2.5 mM palmitate, 0.5 mM catechol
and 0.25 mM indole. The utilization of carbon
sources was determined by measuring the bacterial
growth (ODggy) or the production of hydrogen
sulfide. To test the capacity for using different
electron acceptors, MgSO, was replaced with
MgCl,-6H,0 in the ASW medium. The utilization
of various electron acceptors was tested in the
presence of pyruvate as the carbon and energy
source. The electron acceptors were added as
autoclaved or filter-sterilized stock solutions. The
final concentrations of the electron acceptors were
20 mM NHQSO4, 2 mM Nast::,, 10 mM Na25203,
10 g (I7") elemental sulfur (S, 20 mM iron(III)
citrate and 10 mM KNOj;. The reduction of electron
acceptors was determined by measuring the bacterial
growth and by measuring changes in the electron
acceptors: hydrogen sulfide production from
Na,SO,4, Na,SO;, Na,S,05, and S% ferrous iron
production from iron(Ill) citrate; and nitrate
removal. Hydrogen sulfide, ferrous iron and nitrate
were analyzed as described by Triiper and Schlegel
(1964), Lovley and Phillips (1986), and Benson
(2002), respectively. End products of pyruvate
oxidation with sulfate were analyzed using HPLC
for the liquid medium and gas chromatography for
the gases released after 2 days of incubation at
50 °C. Desulfoviridin and c-type cytochromes in the
crude bacterial extract were analyzed as described
by Postgate (1959).

Determination of thel6S rRNA gene sequence
and phylogenetic analysis

The 16S rRNA gene sequence of isolate TGB60-1"
was determined for the phylogenetic analysis. The
genomic DNA was extracted from isolate TGB60-1"
using a commercial DNA extraction kit (Solgent). The
16S rRNA gene was amplified from the genomic DNA
using the universal bacterial primers, 27f (5-AGA
GTTTGATCMTGGCTCAG-3') and 1492r (5'-TAC
GGYTACCTTGTTACGACTT-3') (Lane 1991). The
purified PCR products were sequenced by Cosmo
Genetech Co. Ltd using 27f, 338f, 786r, and 1492r
primers. The 16S rRNA gene sequence was assembled
using SeqMan (DNAStar). The 16S rRNA gene
sequences of related taxa were obtained from the
GenBank database and used for the phylogenetic
analysis. Sequence alignments were performed using
SILVA (http://www.arb-silva.de/aligner) and consid-
ered the secondary structure of the rRNA gene (Pru-
esse et al. 2007). Gaps were edited using the BioEdit
program (Hall 1999). The evolutionary distances were
calculated using Kimura’s two-parameter model
(Kimura 1983). The phylogenetic trees were con-
structed with the neighbor-joining (NJ) (Saitou and
Nei 1987), minimum-evolution (ME) (Nei et al. 1998),
and maximum-likelihood (ML) (Felsenstein 1981)
methods using the MEGA 5 program (Tamura et al.
2011) with 1,000 randomly selected bootstrap repli-
cates. The nucleotide similarity values of the 16S
rRNA gene sequences were calculated using EzTaxon
(http://www.eztaxon-e.ezibiocloud.net/) (Kim et al.
2012).

Analysis of cellular fatty acids and determination
of the DNA G+C content

To analyze the cellular fatty acids, strain TGB60-1"
was cultivated for 3 days in ASW medium at 50 °C
and pH 7.0. The cellular fatty acids were saponified,
methylated, and extracted according to the Sherlock
Microbial Identification System protocol (MIDI
2001). The fatty acids were analyzed by gas
chromatography (Hewlett Packard 6890) and iden-
tified using the Microbial Identification software
package (Sasser 1990). The DNA G+C content of
strain TGB60-1" was determined using a fluoromet-
ric technique based on real-time PCR (Gonzalez and
Saiz-Jimenez 2002).
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Fig. 1 Cell morphology of strain TGB60-17. a Phase-contrast
micrograph (bar, 2 pm); b transmission electron micrograph
(bar 0.5 pm); ¢, d thin-section transmission electron

Results and discussion

The colonies of strain TGB60-1" were observed to be
black and measured <1 mm in diameter. The cells of
strain TGB60-17 were observed to be straight,
0.4-0.5 pm in diameter and 1.5-2.0 um in length.
The cells were found to be motile, possess a flagellum
and stain Gram-positive (based on Gram-staining and
the KOH test). The presence of a Gram-positive cell
wall type was confirmed using thin-section transmis-
sion electron micrography (Fig. 1). The spores were
observed to be located at the cell termini. Strain
TGB60-17 was found to be able to grow with
1.0-4.0 % (w/v) NaCl (optimum, 3.0 %), but not in
the absence of NaCl or at >5.0 % (w/v). Thus, NaCl is
required for growth. Growth of strain TGB60-1" was
observed at 37-60 °C (optimum, 50 °C) and at pH
6.0-8.5 (optimum, 7.0). Strain TGB60-1T was found
to grow with yeast extract or tryptone instead of
vitamins. Strain TGB60-1" is able to utilise pyruvate
as a sole carbon and energy source and H, is utilised
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(b)

micrographs showing the Gram-positive type of cell wall (bars
0.2 and 0.1 pm, respectively)

autotrophically as an electron donor with CO, in the
presence of sulfate as the terminal electron acceptor.
Strain TGB60-1T was determined to reduce sulfate,
thiosulfate, and sulfite to sulfide in the presence of
pyruvate as an electron donor and carbon source.
However, elemental sulfur, nitrate, and iron (III)
citrate were not reduced in the presence of pyruvate or
H, with CO,. Pyruvate was not fermented in the
absence of sulfate. The end products of pyruvate
oxidation with sulfate were identified as acetate and
COsy,. In the crude bacterial extract, desulfoviridin and
c-type cytochromes were not detected. A comparison
of the characteristics of strain TGB60-1" and closely
related type strains in the genus Desulfotomaculum
showed that the isolate could be distinguished from the
reference strains (Table 1).

The 16S rRNA gene sequence of strain TGB60-1"
determined is 1,447 bp in length (GenBank/EMBL/
DDBIJ accession number JX183068). The phyloge-
netic analysis based on the 16S rRNA gene sequences
showed that strain TGB60-17 belongs to the family
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Table 1 Selective phenotypic characteristics of strain TGB60-1" and phylogenetically related Desulfotomaculum species
Characteristic 1 2 3 4

Cell morphology

Shape Rod Rod Vibrio Rod

Motility + + - -

Size (um) 0.4-0.5 x 1.5-2.0 0.5 x 3.0-6.0 0.6-0.7 x 3.0-3.5 2.0-5.0 x 1.0
pH range (optimum) 6.0-8.5 (7.0) 6.9-8.0 (7.3) 7.8-9.2 (8.7) 5.9-9.2 (6-6.8)
Temperature range (optimum) (°C) 35-60 (50) 3040 (35) 37-58 (53) 50-65 (55-60)
NaCl range (optimum) (%, w/v) 1.04.0 (3.0 1.0-14.0 (4.0-6.0) 0.1-5.0 (0.1-1.0) 0.14 (2-3)
Electron donors (4 sulfate)

Pyruvate + + — -

H,/CO, + w - +

Lactate - + + -

Malate - w — —

Formate — + + —

Acetate — - + -

Ethanol — + +

Butanol — w — +
DNA G+C content (mol%) 53.9 56.3 40.9 44.4

Taxa: 1, Desulfotomaculum tongense TGB60-17 sp. nov.; 2, D. halophilum SEBR 3139" (data from Tardy-Jacquenod et al. 1998); 3,
D. alkaliphilum S17T (Pikuta et al. 2000); 4, D. peckii LINDBHTI1T (Jabari et al. 2013). The characteristics are scored as follows: +,

positive reaction; —, negative reaction; w, weak reaction

Peptococcaceae and the lineage Desulfotomaculum,
which was supported by the high bootstrap values of
the NJ, ME and ML phylogenetic trees (84, 85, and
84 %, respectively) (Fig.2). Strain TGB60-1T is
closely related to D. halophilum SEBR 31397, D.
alkaliphilum S1* and Desulfotomaculum peckii
LINDBHTI1" (92.7,92.1, and 91.8 % 16S rRNA gene
sequence similarity, respectively) in cluster If of the
genus.

The major fatty acids of strain TGB60-1T were
identified as Cy¢.9 (45.6 %) and C5.; w7c¢ (22.8 %).
The other fatty acids in strain TGB60-17 were
identified as Cig.; @9c (7.0 %), Ci6.1 @Tc (5.6 %),
Cis.o DMA (dimethyl acetal) (4.2 %), is0-Cig.
(36 %), C17:0 (27 %), C17:0 Cyclo (23 %), iSO-ClG:O
(2.1 %), Cyg.1 @5¢ (2.1 %) and Cg.0 @9¢ (2.0 %). The
DNA G+HC content of the genomic DNA of strain
TGB60-1T was determined to be 53.9 mol%, which is
similar to that of D. halophilum SEBR 3 1397 (56.3 %)
but different from those of the other closely related
type strains (Tardy-Jacquenod et al. 1998; Pikuta et al.
2000; Jabari et al. 2013). Based on the phenotypic and
genomic differences described here, strain TGB60-17
can be assigned to a novel species in the genus

Desulfotomaculum, for which the name Desulfotoma-
culum tongense sp. nov. is proposed.

Description of Desulfotomaculum tongense sp. nov

Desulfotomaculum tongense (tong.en’se. N.L. neut.
adj. tongense, of or belonging to Tonga). Cells are
motile, Gram-positive and spore-forming rods
(0.4-0.5 x 1.5-2.0 um). Growth occurs at 37-60 °C
(optimum, 50 °C), pH 6.0-8.5 (optimum, pH 7.0) and
with 1.0-4.0 % NaCl (optimum, 3.0 %). Requires
sodium ions for growth. Pyruvate and hydrogen are
utilised with CO, as electron donors in the presence of
sulfate. Growth occurs with yeast extract or tryptone in
the absence of vitamins. Cannot utilise acetate, lactate,
malate, formate, ethanol, butanol, fumarate, succinate,
propionate, glycerol, n-butyrate, isobutyrate, valerate,
crotonate, octanoate, nonanoate, palmitate, tartrate,
benzoate, 2-oxoglutarate, thioglycolate, thioaceta-
mide, methanol, 2-propanol, acetone, glucose, fruc-
tose, catechol, alanine, lysine, methionine, cysteine,
glutamate, aspartate, glycine betaine, glycine, indole,
phenol or nicotinate in the presence of sulfate.
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89/89/-, Desulfotomaculum kuznetsovii 177 (Y11569)

Desulfotomaculum solfataricum V21T (AY084078)
Desulfotomaculum thermosubterraneum RL50JIIT (DQ208688)

Desulfotomaculum luciae SLTT (AF069293) Ie

O
1473/ @

99/99/97. 81/82/81

Desulfotomaculum salinum 4357 (AY918122)
Desulfotomaculum australicum AB33T (M96665)
Desulfotomaculum thermocisternum DSM 102597 (U33455)
100/100/ IOO.Desulfot{)maculum thermobenzoicum TSBT (AJ294429)
Desulfotomaculum thermoacetoxidans CAMZ" (Y11573)
Desulfotomaculum geothermicum BSDT (Y11567)
Desulfotomaculum thermosapovorans MLFT (Y11575)
Desulfotomaculum gibsoniae Groll™ (Y11576)
? Desulfotomaculum sapomandens DSM 32237 (AF168365)
Sporotomaculum hydroxybenzoicum DSM 54757 (Y 14845)
Sporotomaculum syntrophicum DSM 147957 (AB076610)
Desulfotomaculum alcoholivorax RE35E1T (AY548778)
Desulfotomaculum arcticum 157 (DQ148942)

100/100/100. 10071007100

96/97/86,
92/94/92. 100/100/100. Y

O

[ ]
88/88/97 97/96/92°

100/100/1 00.

84/85/-.
84/85/84.

92/90/79
83/84/-.
95/95/95,
* °
99/99/96
100/100/100, °
98/97/91

0.01

Desulfotomaculum halophilum SEBR 31397 (U88891)
Desulfotomaculum tongense TGB60-17 (JX183068)
Desulfotomaculum peckii LINDBHT1T (JX861507)

Desulfotomaculum putei SMCC W459T (AF053929)
Desulfotomaculum varum RH04-3T (GU126374)

Desulfotomaculum hydrothermale Lam5™ (EF081293)
° 100/100/100g Desulfotomaculum carboxydivorans CO-1-SRBT (AY961415)

Id

Ib

Desulforomaculum alkaliphilum S17 (AF097024)

If

Desulfotomaculum aeronauticum 97 (X98407)
Desulforomaculum defluvii ASLFS102T (AM1841385)
Desulforomaculum ruminis DSM 21547 (Y11572)

Ia

Desulfotomaculum nigrificans NCIMB 83957 (HG005352)
Desulfotomaculum acetoxidans 55757 (Y11566) ] Ie

Moorella glycerini JW-AS-Y6T (U82327)
Caldicoprobacter algeriensis TH7IC1T (GU216701)

Fig. 2 Phylogenetic tree based on the 16S rRNA gene
sequences of strain TGB60-1T and closely related taxa, which
were constructed using the neighbor-joining algorithm. The
numbers on the nodes indicate the bootstrap values (>70 %)
calculated using the neighbor-joining/minimum-evolution/

Pyruvate is not fermented in the absence of sulfate.
Sulfate, thiosulfate and sulfite are reduced, but not
elemental sulfur, nitrate or iron (III) citrate. No
desulfoviridin and c-type cytochromes are observed
in crude bacterial extracts. The major fatty acids
(>20 %) are Cy4.9 and C;g.; w7c. The DNA G+C of
the type strain content is 53.9 mol%.

The type strain, TGB60-17 (= KCTC 4534" =
JCM 18733T), was isolated from a hydrothermal vent
sediment collected from the Tofua Arc in the Tonga
Trench. The GenBank/EMBL/DDBJ accession num-
ber for the 16S rRNA gene sequence of strain TGB60-
17 is JX183068.
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maximum-likelihood methods, which are expressed as percent-
ages of 1,000 replicates. Moorella glycerini JW-AS-Y6" and
Calicoprobacter algeriensis TH7C1" were used as outgroups.
Bar 0.01 accumulated change per nucleotide
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