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Halomonas bacteria are ubiquitous in global marine environments, however, their 
sulfur-oxidizing abilities and survival adaptations in hydrothermal environments are not 
well understood. In this study, we characterized the sulfur oxidation ability and metabolic 
mechanisms of Halomonas titanicae SOB56, which was isolated from the sediment 
of the Tangyin hydrothermal field in the Southern Okinawa Trough. Physiological 
characterizations showed that it is a heterotrophic sulfur-oxidizing bacterium that can 
oxidize thiosulfate to tetrathionate, with the Na2S2O3 degradation reaching 94.86%. 
Two potential thiosulfate dehydrogenase-related genes, tsdA and tsdB, were identified 
as encoding key catalytic enzymes, and their expression levels in strain SOB56 were 
significantly upregulated. Nine of fifteen examined Halomonas genomes possess TsdA- 
and TsdB-homologous proteins, whose amino acid sequences have two typical Cys-X2-
Cys-His heme-binding regions. Moreover, the thiosulfate oxidation process in H. titanicae 
SOB56 might be regulated by quorum sensing, and autoinducer-2 synthesis protein 
LuxS was identified in its genome. Regarding the mechanisms underlying adaptation 
to hydrothermal environment, strain SOB56 was capable of forming biofilms and 
producing EPS. In addition, genes related to complete flagellum assembly system, 
various signal transduction histidine kinases, heavy metal transporters, anaerobic 
respiration, and variable osmotic stress regulation were also identified. Our results shed 
light on the potential functions of heterotrophic Halomonas bacteria in hydrothermal 
sulfur cycle and revealed possible adaptations for living at deep-sea hydrothermal fields 
by H. titanicae SOB56.
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environmental adaptation
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INTRODUCTION

Deep-sea hydrothermal vents are characterized by darkness, 
high pressures, and steep gradients of chemical factors, such 
as high concentrations of reduced compounds, gases (H2, CH4, 
and H2S), and heavy metals (copper, cadmium, and lead) 
(Patwardhan et  al., 2018; Dick, 2019), in the mixing regions 
between hot hydrothermal fluid and cold deep-sea water. These 
thermal and chemical gradients provide a wide range of niches 
for microbial communities living in and around vents (Nakagawa 
and Takai, 2008; Kentaro and Ken, 2014; Dick, 2019). Inorganic 
sulfur compounds, including hydrogen sulfide, elemental sulfur, 
thiosulfate, and polysulfide, are enriched both in the mixing 
zone and far away from vents (Mullaugh et  al., 2008; Gartman 
et  al., 2011; Beinart et  al., 2015). Following the discovery of 
deep-sea hydrothermal ecosystems in 1977, the microbial 
populations capable of ammonia oxidation, nitrite oxidation, 
sulfur oxidation, and manganese oxidation were detected to 
be the main chemolithoautotrophs to sustain primary production 
in these unique ecosystems (Fortunato et  al., 2018; Dick, 2019; 
Yang et  al., 2019). In addition, partially oxidized inorganic 
sulfur compounds serve as both electron donors and acceptors 
in a variety of energy metabolism processes (Yamamoto and 
Takai, 2011). Therefore, the chemical and microbial oxidation 
and reduction of sulfur compounds are probably responsible 
for the establishment of the complex sulfur-metabolic network 
of hydrothermal ecosystems.

Sulfur oxidation is prevalent in hydrothermal systems, as 
sulfur is often a dominant electron donor in hydrothermal 
vents at fast-spreading ridges, and also key electron sources 
for microbial metabolism (Dick, 2019). The element sulfur can 
exist in various valence states ranging from −2 to +6, which 
results in a variety of reduced inorganic sulfur compounds 
including tetrathionate (S4O6

2−), thiosulfate (S2O3
2−), sulfite 

(SO3
2−), sulfide (S2−), and elemental sulfur (S0). A variety of 

enzymes and proteins involved in the oxidation of sulfur 
compounds were discovered, including sulfur-oxidizing enzymes, 
sulfur transferases, and sulfur carrier proteins (Wang et  al., 
2018a). As one of thiosulfate oxidation pathways, the S4 
intermediate (S4I) pathway is made up of a thiosulfate:quinol 
oxidoreductase (Tqo or DoxDA) and a tetrathionate hydrolase 
(TetH). DoxDA oxidizes thiosulfate to tetrathionate, while TetH 
hydrolyzes tetrathionate to thiosulfate and other products 
(Ghosh and Dam, 2009; Wang et  al., 2018a). S4I pathway is 
widely found in many chemoautotrophic genera including 
Acidithiobacillus, Thermithiobacillus, Halothiobacillus, and 
Tetrathiobacter (Dam et al., 2007; Ghosh and Dam, 2009; Wang 
et al., 2018a), however, few are found in heterotrophic bacteria. 
It was reported that thiosulfate dehydrogenases (TsdA) also 
catalyze the oxidation from thiosulfate to tetrathionate (Mandal 
et  al., 2020). In this reaction, thiosulfate is oxidized in the 
periplasm by thiosulfate dehydrogenase, which requires c-type 
cytochrome as an electron acceptor and/or a c-type heme 
molecule in the protein (Denkmann et  al., 2012; Kurth et  al., 
2016; Jenner et  al., 2019). Several thiosulfate-oxidizing and 
tetrathionate-forming thiosulfate dehydrogenases have been 
identified and characterized in both chemolithotrophic and 

phototrophic sulfur bacteria. Notably, the capability of oxidizing 
thiosulfate to tetrathionate is widely observed among chemo- 
and organo-heterotrophic bacteria, haloarchaea (Sorokin et  al., 
2005) and yeasts. For example, the genera Pseudomonas, 
Halomonas, and Bacillus were all reported to possess the 
tetrathionate-forming ability (Sorokin, 2003; Mandal et  al., 
2020). By forming tetrathionate, these microorganisms may 
use thiosulfate as a supplemental inorganic energy source and 
may actively participate in sulfur cycling when thiosulfate 
is present.

Halomonas, the largest genus of the family Halomonadaceae, 
are comprised of 143 species with validly published names (http://
www.bacterio.net/index.html), and most of them were found in 
saline environments, including marine (Xu et  al., 2013), salterns 
(Zhao et  al., 2012), saline lakes and soils (Poli et  al., 2013), 
and in salty foods (Arahal and Ventosa, 2006). Bacteria from 
the genus Halomonas showed optimal growth under conditions 
of 0.5–2.5 M NaCl and exhibited an extraordinary ability to 
rapidly adapt to changes in the external salt concentration (Mata 
et al., 2002). Within Halomonas, the accumulation of compatible 
solutes under high osmotic pressure conditions is a universal 
adaptation mechanism, and these substances mainly include 
glycine, betaine, ectoine, and hydroxyectoine (Grammann et  al., 
2002; Kushwaha et  al., 2019). Over the last decade, interests in 
Halomonas species have been centered on their ability to 
produce exoenzymes, exopolysaccharides, and other commercially 
valuable products (Bouchotroch et  al., 2000; Mata et  al., 2006; 
Chen et  al., 2017), whereas few studies have focused on 
their sulfur-oxidizing activities and ecological functions in 
extreme environments.

The Okinawa Trough is a back-arc basin located adjacent 
to the west of the Ryukyu trench-arc system, along the eastern 
margin of Eurasian continent (Miyazaki et  al., 2017). Several 
hydrothermal fields have been discovered in the middle and 
southern parts of the Okinawa Trough. The hydrothermal fluids 
in the Okinawa Trough are characterized by high alkalinity 
and abundant carbon dioxide, hydrogen sulfide, and methane, 
and sediments are characteristically polymetallic (Miyazaki 
et  al., 2017). In hydrothermal environments, sulfur oxidation 
is the major energy source for primary production, which is 
mainly conducted by chemolithoautotrophic microorganisms 
that are either free-living or associated with invertebrates as 
symbionts (Sievert et al., 2008). It has been reported that 
sulfur-oxidizing bacteria show a relatively high abundance in 
hydrothermal deposits of the Okinawa Trough (Wang et  al., 
2018b). Although autotrophic sulfur-oxidizing bacteria play an 
important role in biogeochemical cycle of hydrothermal vents, 
sulfur metabolism conducted by heterotrophic bacteria is also 
ubiquitous in these environments. The adaptation mechanism 
of heterotrophic sulfur-oxidizing bacteria and their survival 
strategies in deep-sea hydrothermal environments need to 
be  further revealed.

In this study, the sulfur-oxidizing bacterium H. titanicae SOB56, 
which can grow aerobically in artificial seawater (ASW) medium, 
was isolated from sediment of the Tangyin hydrothermal field 
in the Okinawa Trough. General genomic features were elucidated 
through comparative genomic analysis, and its sulfur-oxidizing 
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ability and essential genes involved were identified in a series 
of experiments and bioinformatic analyses. Combined with the 
results of comparative genomic analysis and laboratory experiments, 
its capabilities in sulfur oxidation and adaptation to micro-niches 
in the hydrothermal environment were summarized.

MATERIALS AND METHODS

Bacterial Growth and DNA Extraction
Strain H. titanicae SOB56 was isolated from the sediment of the 
Tangyin hydrothermal field in the Okinawa Trough using a 
standard dilution plating technique (Li et al., 2019) on the modified 
ASW medium. The composition of ASW medium for sulfur-
oxidizing bacterial growth was as follows (L−1): 23.0 g NaCl, 11.6 g 
MgCl2•6H2O, 4.0 g Na2SO4, 1.1 g CaCl2, 0.6 g KCl, 0.2 g NaHCO3, 
1.0 g NH4Cl, 0.05% potassium phosphate solution (pH 7.3), 0.1 mg 
vitamin B12, and 1 ml trace element solution. The trace element 
solution contained the following (L−1): EDTA 50 g, ZnSO4•7H2O 
22 g, CaCl2 5.54 g, MnCl2•4H2O 5.06 g, FeSO4•7H2O 4.99 g, 
(NH4)6•Mo7•4H2O 1.10 g, CuSO4•5H2O 1.57 g, and CoCl2•6H2O 
1.61 g. The pH of trace element solution was adjusted to 6.0 
with KOH (Ruby et  al., 1981). ASW was finally supplemented 
with 10 mM sterile filtered Na2S2O3 solution as sulfur source and 
phenol red as a pH indicator. Incubation was performed in the 
dark at 28°C, and the color change of medium was used to 
determine the metabolic type of H. titanicae SOB56. The genomic 
DNA was extracted by using the phenol-chloroform-isoamylic 
alcohol extraction protocol described by Yin et  al. (Yin et  al., 
2013). The 16S rRNA gene was amplified by PCR using bacterial 
primers 8F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R 
(5′-GGTTACCTTGTTACGACTT-3′) (Yin et al., 2013). The 30 μl 
PCR reactions included 3 μl dNTP (2 mM), 0.3 μl of each primer 
(20 μM), 0.05 U Taq polymerase (Fermentas International Inc), 
and 3 μl 10× Taq buffer. The PCR was performed for 5 min at 
95°C, followed by 30 cycles of 1 min at 95°C, 60 s at 55°C, and 
90 s at 72°C. A final extension step of 10 min at 72°C was used. 
The PCR products of the 16S rRNA gene and genomic DNA 
were both sent to Beijing Genomics Institute (BGI, Shenzhen, 
China) for sequencing.

Genome Sequencing, Analysis, and 
Annotation
Genomic DNA of H. titanicae SOB56 was sequenced on the 
Illumina HiSeq  4,000 platform with a 270 bp paired-end library 
and the PacBio RSII platform. 718 Mb and 610 Mb clean reads 
were obtained from Illumina and PacBio platforms after filtering 
with SOAP nuke (Chen et al., 2018) and SMRT Analysis version 
2.2.0 (https://smrt-analysis.readthedocs.io/en/latest/SMRT-Analysis-
Release-Notes-v2.2.0/) using default parameters, respectively. To 
obtain better de novo assembly results, the two datasets of clean 
reads were combined for a hybrid assembly. A total of 5,279,693 bp 
complete genome was obtained after assembling and polishing 
using Canu v1.1 (Koren et  al., 2017) and Pilon v1.16 (Walker 
et al., 2014) with default parameters. Genes were initially predicted 
and annotated by RAST Server pipeline (Aziz et  al., 2008), and 
the function of predicted coding protein sequences (CDSs) (mainly 

involved in sulfur oxidation) were identified by comparing against 
the NCBI non-redundant (NR) database (Pruitt et  al., 2007) and 
Uniprot (SwissProt and TrEMBL) (Apweiler et  al., 2004) using 
BLASTP with a minimum 40% identity and 70% coverage. Further 
functional information was obtained using functional domain 
search by the HMMER program against Pfam database (Finn 
et  al., 2014). COG annotation was performed with rpsBlast 
(E-value <10−3) searching against the corresponding database 
(Roman et  al., 2000). Sequences of all the protein-coding genes 
were uploaded to the KEGG database for the annotation of 
metabolic pathways (Kanehisa et  al., 2004). Annotations were 
mainly based on the results from NCBI and Uniprot when in 
the case of conflicts. Complete genome sequence of H. titanicae 
SOB56 was submitted to NCBI (https://www.ncbi.nlm.nih.gov/), 
and the GenBank BioProject ID is PRJNA644742.

Genomic Comparison of Halomonas 
Genomes
At the time of analysis (December 2019) the complete genome 
sequences of 14 Halomonas were downloaded from the NCBI 
database. The CDSs of all the genomes were predicted accordingly 
using the RAST Server pipeline. The average nucleotide identities 
(ANIs) between genomes were calculated with JSpeciesWS 
(Richter et al., 2016) based on BLAST+. GET_HOMOLOGUES 
v3.0.3 (Contreras-Moreira and Vinuesa, 2013), which included 
three different clustering algorithms, the Bidirectional best hit 
(BDBH), COGtriangles (Kristensen et al., 2010), and OrthoMCL 
(Li et  al., 2003) algorithms, was used to cluster orthologous 
genes and identify the core- and pan-genome with default 
settings. MAFFT (Kazutaka et  al., 2002) was used for multiple 
sequence alignment, and TrimAl v1.2 (Capella-Gutierrez et  al., 
2009) was used to prune the alignment results with the parameter 
“-gt 1.” IQ-TREE (Minh et  al., 2020) was used to predict the 
best nucleotide substitution model for the phylogenetic tree, 
and core genome tree was constructed using RAxML v8.2.4 
(Stamatakis, 2006) based on the maximum-likelihood (ML) 
algorithm (Gamma Distribution, DAYHOFF Model) with 1,000 
bootstrap replicates. Homologous sequences that are closely 
related to TsdBA were aligned using BLAST (Altschul et  al., 
1997) with a minimum 40% identity and 70% coverage. ProtParam 
(Gasteiger et al., 2005) and TMHMM Server v2.0 (Krogh et al., 
2001) were used to predict molecular weight and transmembrane 
structure of the predicted protein TsdBA, respectively. The 
signal peptide sites of TsdBA were predicted by using the 
SignalP v5.0 (Petersen et  al., 2011). The reviewed thiosulfate 
dehydrogenase sequences, which were closely related with TsdBA 
from the Uniprot database (Apweiler et al., 2004), were selected 
for multiple alignments and further phylogenetic analysis. In 
addition, the description files of crystal structures about TsdA 
from Allochromatium vinosum 180 (PDB code: 4WQ7) and 
TsdB from Marichromatium purpuratum 984 (PDB code: 5LO9), 
were obtained from PDB database (https://www.rcsb.org/) for 
further multiple alignment. The multiple alignment of protein 
sequences from different strains was carried out with ClustalX 
v2.0 (Larkin et  al., 2007) and ESPript 3.0 (Robert and Gouet, 
2014), and the phylogenetic tree was constructed using MEGA 
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v7.0 (Kumar et  al., 2016) based on the NJ algorithm with 
1,000 bootstrap replicates.

Oxidation of Thiosulfate and RT-qPCR
The growth characterization and sulfur-oxidizing ability of strain 
SOB56 were detected in MMT medium with and without 
10 mM Na2S2O3 as the sulfur source. The MMT medium 
contained the following (L−1): NaCl 30 g, NH4Cl 0.5 g, CaCl2•2H2O 
0.1 g, K2HPO4 0.5 g, MgCl2 0.4 g, trace element solution 1 ml, 
anhydrous sodium acetate 0.8 g, and yeast extract 0.2 g. The 
pH of the MMT medium was adjusted to 7.0. Bacterial growth 
was measured by a full wavelength spectrophotometer (Multiskan 
GO, Thermo) at 600 nm, and the pH was recorded by a pH 
meter (DELTA 320, Mettler Toledo). The degradation of Na2S2O3 
was tested by spectrophotometric iodometric determination. 
Thiosulfate can be oxidized to tetrathionate in alkaline solution, 
and 2 mol of tetrathionate will generate 3 mol of thiosulfate 
when alkaline is enough (Zhang and Dreisinger, 2002). The 
amount of all thiosulfate was also detected by spectrophotometric 
iodometric method after enough alkali solution was added, 
and the concentration of tetrathionate was calculated according 
to the amount of generated thiosulfate.

Cultures of H. titanicae SOB56 were grown in MMT medium 
with and without Na2S2O3 (10 mM) as the sulfur source. Cells 
were harvested after the cell density at 600 nm (OD600) reached 
0.3, and three independent experiments were performed. RNA 
was extracted using the RNA extraction kit (Omega) according 
to the manufacturer’s instructions. Contaminating DNA was 
removed using the DNAfree kit (Ambion), and the purified 
RNA was transcribed to yield cDNA. The quantitative real-
time PCR was performed using a StepOne real-time PCR 
System (AB Applied Biosystems) with a total reaction mixture 
of 20 μl containing 250 nM primers, 10 μl of SYBR Green qPCR 
mix, 8.5 μl of RNase-free water, and 0.2 μl of cDNA template. 
The PCR was performed for 5 min at 95°C, followed by 40 cycles 
of 1 min at 95°C, 30 s at 50°C, and 30 s at 72°C. Each sample 
was run in triplicate, and cycle threshold (CT) values and 
melting curves of each reaction were analyzed using StepOne 
Software v2.2. The recA was used as a reference gene (Florindo 
et al., 2012). Calibration curves (tsdA4151, tsdB4152, and recA) 
were generated using 10-fold dilutions of H. titanicae SOB56 
genomic DNA. The primers used for qPCR are listed in 
Supplementary Table S1. Relative gene expression level was 
analyzed using 2−ΔΔCt method (ΔΔCt = ΔCt(test) − ΔCt(calibrator), 
ΔCt(test) = Ct(target, test) − Ct(reference, test) and ΔCt(calibrator) = Ct(target, 

calibrator) − Ct(reference, calibrator)) (Wang et  al., 2017).

Other Characteristics Related to Survival 
in Hydrothermal Environments
To determine the concentration of exopolysaccharides (EPS), 
strain SOB56 were cultured in MB medium. Cells were harvested 
by centrifugation at 4°C after a 24 h of cultivation. The EPS 
concentration of each samples was determined using the phenol/
sulfuric acid method (Tsai and Frasch, 1982) with glucose as 
a standard, which was measured by a full wavelength 
spectrophotometer (Multiskan GO, Thermo) at 485 nm (Balsanelli 

et al., 2014). To measure the biofilm formation of strain SOB56, 
cells were harvested after a 24 h of cultivation in MB medium 
without shaking. Then the biofilm was fixed with methanol, 
stained with crystal violet, and washed with 33% glacial acetic 
acid to release the bound dye, the final absorbance was measured 
at 570 nm (OD570 nm) using a microplate absorbance reader (Tecan 
Sunrise, Australia). To test anaerobic growth, bacterial cultures 
were cultured in ASW medium supplemented with 10 mM nitrate 
as an electron acceptor in an anaerobic jar filled with nitrogen 
and a packet of AneroPack-Anaero (Mitsubishi Gas Chemical 
Co.) at 28°C for at least 1 month. Cultures without nitrate were 
used as controls. The nitrate reduction ability was detected with 
Griess reagents (three technical replicates; Daniela et  al., 2008). 
In the NaCl tolerance experiment, distilled water was used to 
prepare the synthetic marine ZoBell broth (per liter: 5 g peptone, 
1 g yeast extract, and 0.01 g FePO4), and NaCl concentrations 
were adjusted to 0%, 0.5%, and 1–37% (w/v, at intervals of 
1.0%). Growth of strain SOB56 under different concentrations 
of metal ions (100 μM and 1 mM Zn2+, Co2+, Hg2+, Cu2+, 50 μM, 
and 100 μM Ni2+) were examined using MB medium, and bacterial 
growth was measured by a full wavelength spectrophotometer 
(Multiskan GO, Thermo) at 600 nm. For each condition and 
culture described above, there were three biological replicates.

RESULTS

General Genome Characteristics of 
Halomonas titanicae SOB56 and Other 
Halomonas Genomes
The 16S rRNA gene sequence similarity of strain SOB56 is 100% 
compared with H. titanicae BH1T, which was first obtained from 
the RMS (Royal Mail Ship) Titanic wreck site during the Akademic 
Keldysn expedition in 1991 (Sánchez-Porro et  al., 2010). The 
complete genome sequence of H. titanicae SOB56 forms a whole 
circle chromosome, and it is composed of 5,279,693 bp, and the 
calculated G + C content is 54.6%. A total of 4,771 coding genes 
(CDSs), 18 rRNA genes (six 5S rRNA, six 16S rRNA, and six 
23S rRNA) and 60 tRNA genes are identified in the genome of 
H. titanicae SOB56 (Table  1). Among the predicted genes, 4,452 
CDSs are assigned to 22 different clusters of orthologous groups 
(COGs), while 2,555 CDSs are annotated in the KEGG database.

At the time of writing, 228 genomes of the genus Halomonas 
have been sequenced and deposited in the NCBI database 
(Supplementary Table S2), and 14 other complete genomes from 
this genus are selected for further analysis. Most of these Halomonas 
genomes were obtained from salt lakes and wastewater 
(Supplementary Table S3). The genome sizes of the 14 related 
genomes ranges from 3,543,891 bp to 5,327,410 bp. The G + C 
contents range from 52.1% to 68.4%. The numbers of genes and 
proteins range from 3,321 to 4,875 and 3,231 to 4,792, respectively.

Phylogenetic and Functional Properties of 
15 Halomonas Genomes
To investigate the phylogenetic relationships of the 15 Halomonas 
genomes, a phylogenetic tree was constructed based on the 
single-copy core genes (Figure  1A). In total, 15 genomes were 
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divided into two clades in the core genome tree, H. titanicae 
SOB56 was most closely related to H. titanicae ANRCS81 and 
was clustered with eight other Halomonas genomes. The ANI 
values calculated through genomic pairwise comparisons further 
confirmed their genetic relatedness. The ANI values of the 
genomes in the clade including H. titanicae SOB56 ranged 
from 75.98% to 96.77%, which were higher than those of 
other Halomonas genomes (Figure  1B).

According to the KEGG annotation, the 15 Halomonas genomes 
shared many common characteristics regarding to central 
metabolism and energy metabolism, such as the TCA cycle, 
glycolysis, carbohydrate, and nitrogen metabolism (Supplementary 
Figure S1). Genes related to dissimilatory nitrate reduction, nitrite 
oxidation, and nitrous oxide reduction existed in H. titanicae 
SOB56, including genes encoding for nitrate reductase, nitrite 
reductase, and nitrous oxide reductase, which lead to the conversion 
of nitrate to nitrite, nitrite to ammonia, and nitrous oxide to 
nitrogen, respectively. According to the results of the core-genome 
phylogenetic tree and ANI values, H. titanicae SOB56, H. titanicae 
ANRCS81, H. ventosae sp. R57-5, and H. glaciei sp. KO116 shared 
2,871 common core genes and over 84% ANI similarity. Therefore, 
they were selected for further COG annotation and comparison. 
The whole-genome COG annotation results indicated that COG 
R (general function prediction only) and E (amino acid transport 
and metabolism) accounted for a large proportion of the genomes 
of all four organisms (Supplementary Figure S2A). Nevertheless, 
the COG annotation results for species specific genes showed 
considerable differences in COG functional categories 
(Supplementary Figure S2B), which might be  correlated with 
their diverse phylogeny and trophic strategies. In addition, 
H. titanicae SOB56 and ANRCS81 have 321 and 334 species-
specific genes, respectively, and these genes have similar relative 
abundance in COG categories since the high genetic relationship 
between the two strains.

Growth of Halomonas titanicae SOB56 in 
Thiosulfate-Containing Substrates
The growth curve and thiosulfate degradation activity of 
strain SOB56 were detected using spectrophotometry and 
spectrophotometric iodometric determination, respectively. After 
approximately 18 h of cultivation, strain SOB56 entered the 
stationary stage (Figure  2A). During the cultivation process, the 
pH value of the culture increased during the first 20 h and then 
stabilized, and the final pH was increased by 1.68 units from 
the initial pH (Figure 2B). In addition, the endpoint concentration 
of thiosulfate sodium was only 0.45 mM (Figure  2C) and over 
94.86% thiosulfate was degraded. Meanwhile, it can be  found 
that tetrathionate was accumulated while the thiosulfate was 
degraded (Figure  2D), and the concentration of tetrathionate 
reached 8.23 mM after 24 h of cultivation.

Identification and Expression Levels of 
Thiosulfate Dehydrogenase-Encoding 
Genes tsdBA in Halomonas titanicae SOB56
In the genome of H. titanica SOB56, TsdA4151 was predicted 
a c-type cytochrome containing thiosulfate dehydrogenase 
enzyme and TsdB4152 was a c4-type cytochrome protein 
containing redox partner via local BLAST and phylogenetic 
analysis (Table  2; Supplementary Figure S3). TsdA4151 and 
TsdB4152 were composed of 338 and 221 amino acids and 
showed predicted molecular weights of 37.82 kDa and 23.50 kDa, 
respectively. The first 29 amino acid residues of TsdA4151 
constituted a typical Sec-dependent leader peptide, including 
a transmembrane domain, while the first 24 amino acids of 
TsdB4152 constitute a signal peptide. Phylogenetic analysis 
showed that TsdA4151 of H. titanica SOB56 was clustered 
with TsdA from Pseudomonas stuzeri, Thiomonas intermedia, 
Psychrobacter arcticus, and A. vinosum. TsdB4152 was 
related to thiosulfate dehydrogenase electron acceptor 
TsdB from P. stuzeri and T. intermedia (Supplementary 
Figure S3). Therefore, TsdA4151 and TsdB4152 may contribute 
to the thiosulfate oxidation pathway in H. titanicae SOB56. 
Furthermore, by searching for genes involved in sulfur 
metabolism, the homologous genes encoding for Sox complex 
(SoxXYZABCDEFG), thiosulfate:quinone oxidoreductase 
(DoxDA) and sulfite dehydrogenase (SoeABC) were absent in 
SOB56 genome.

The expression levels of genes tsdA4151 and tsdB4152 in 
strain SOB56 were detected using RT-qPCR under cultivation 
conditions with or without the addition of Na2S2O3. The relative 
expression levels of tsdA4151 and tsdB4152 during cultivation 
with Na2S2O3 were significantly upregulated (4.3 times and 
21.5 times, respectively, p < 0.01) (Figure  2E). In addition, the 
expression level of tsdB4152 was much higher than that of 
tsdA4151. This result indicated that both genes were involved 
in the metabolism of Na2S2O3 in strain SOB56.

Distribution and Characteristics of 
TsdA- and TsdB-Encoding Genes in 15 
Halomonas Genomes
The homologous proteins of TsdA were found in nine Halomonas 
genomes (Table 2), and all of them were annotated as cytochrome 
c family proteins. The amino acid sequence identities among 
these TsdA proteins ranged from 40.1% to 53.7%. The molecular 
weights of these nine proteins ranged from 35.52 to 39.09 kDa. 
Moreover, a gene encoding thiosulfate dehydrogenase electron 
acceptor (TsdB) was located immediately upstream of the tsdA 
gene in each of the nine Halomonas genomes.

TsdA and TsdB sequences from the nine Halomonas strains 
and related bacteria were analyzed via multiple alignments 

TABLE 1 | Genome features of Halomonas titanicae SOB56.

Contigs Total length (bp) G + C content (%) Gene numbers 
(total)

CDSs (total) rRNAs tRNAs

H. titanicae SOB56 1 5,279,693 54.6 4,853 4,771 18 60
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(Figure 3). Two typical conserved regions containing a cysteine 
(Cys)-X2-cysteine (Cys)-histidine (His) sequence, representing 
a typical heme c binding site, were found in all TsdA and 
TsdB sequences. The two hemes in TsdA are covalently bound 
sites to the polypeptide chain through thioether bonds formed 
by cysteine residues Cys76 and Cys79 for the first heme and 
Cys187 and Cys190 for the second heme. Sequence alignment 

of various TsdA proteins (Figure 3A) reveals a conserved Cys123 
close to the first heme. The first heme iron is hexacoordinated 
with His80 as the proximal axial ligand and Cys123 as the distal 
one (Brito et  al., 2015). In TsdA of A. vinosum, the second 
heme iron is axially coordinated by His191 and Lys235 (Brito 
et  al., 2015), but in M. purpuratum 984, T. intermedia K12 
and all Halomonas species, the Lys235 equivalent position is 

A

B

FIGURE 1 | The phylogenetic relationship of 15 complete Halomonas genomes. (A) The ML tree constructed from single-copy orthologous genes of Halomonas. 
Percentage bootstrap values above 50% (1,000 replicates) are shown at branch nodes, and the scale bar indicates the number of substitutions per site. (B) The ANI 
values among these Halomonas genomes. Cobetia amphilecti N-80 is used as outgroup.
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asparagine (Asn), and in Pseudomonas stutzeri A1501 is replaced 
by serine (Ser). Remarkably, a conserved Met236 is followed in 
all TsdA proteins. Furthermore, the secondary structure indicates 
these TsdA proteins harbor eight helices in total, and every 
four helices surround each heme molecule (Figure  3A). In a 
number of microorganisms, for example, T. intermedia, P. stutzeri, 
M. purpuratum, Sideroxydans lithotrophicus, Thiocystis violascens, 

and Thiorhodococcus drewsiithe, tsdA gene is immediately 
preceded by tsdB encoding for another diheme cytochrome 
(Denkmann et  al., 2012; Kurth et  al., 2016), and the same 
character is also observed in Halomonas. The alignment of 
various TsdB proteins (Figure  3B) reveals that two hemes are 
formed by cysteine residues Cys44 and Cys47 for the first heme, 
and Cys144 and Cys147 for the second one. Two conserved 

A B

C D

E F

FIGURE 2 | The growth of train SOB56 and its Na2S2O3 oxidizing ability. (A) The change of OD600 nm. (B) The change of pH. (C) The change of S2O3
2− 

concentration. (D) The change of S4O6
2− concentration. (E) Expression of genes tsdA4151 and tsdB4152 in Halomonas titanicae SOB56. Three biological replicates 

and three technical replicates were used for each gene/condition. The error bars represent the standard deviations for three replicates. For statistical analysis, 
significance was analyzed with a t-test of unpaired unequal variance, ***p < 0.01. The error bars represent the standard deviations for three replicates. (F) Biofilm 
formation of H. titanicae SOB56.
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methionine residues but no conserved histidines or cysteines 
were identified in these TsdB proteins, which indicate both 
of hemes have axial coordination by His/Met.

The arrangement of upstream and downstream genes of tsdA 
and tsdB in the nine Halomonas genomes was also analyzed. A 
common upstream gene of tsdB was a gene encoding the 
two-component system regulator QseB, while the downstream 
genes of tsdA included genes encoding the thiol: disulfide 
interchange protein DsbG, three riboflavin metabolism-related 
proteins (RibH, RibBA, and RibD), the transcriptional termination 
protein NusB, and two thiamine-monophosphate kinases (EC 
2.7.4.16) (Figure  4). A gene encoding a signal transduction-
related histidine kinase was predicted to be  located next to qseB 
in H. titanicae SOB56 as well as in four other Halomonas genomes, 
and a thioredoxin-encoding gene was found adjacent to DsbG 
in six Halomonas genomes, except for H. titanicae SOB 56, 
H. titanicae ANRCS81, and H. aestuarii Hb3. Moreover, four 
genes encoding methyl receptor chemotaxis proteins (MCPs) were 
predicted near tsdA and tsdB in H. titanicae SOB56, which might 

play important roles in sensing and responding to the 
hydrothermal environment.

Other Characteristics of Sulfur Metabolism 
in Halomonas titanicae SOB56
Genes involved in assimilatory sulfate reduction were present 
in H. titanicae SOB56 (Figure 5). Sulfate uptake was performed 
by the sulfate and thiosulfate ABC transporter CysAWTP or 
by two different kinds of sulfate permeases. One sulfate permease 
belonged to the high-affinity transporter SulP, and the other 
one was a hypothetical sulfate permease (CysZ). In H. titanicae 
SOB56, the whole metabolic process from sulfate to cysteine 
was identified, in which sulfate is gradually reduced to sulfite 
by adenylyltransferase (CysDN), adenylylsulfate kinase CysC, 
3′(2′), 5′-bisphosphate nucleotidase CysQ and APS reductase 
(CysH). An assimilatory sulfite reductase (CysIJ) and cysteine 
synthase (CysK) were also identified, which reduce sulfite to 
sulfide and catalyze the synthesis of cysteine from O-acetylserine 
and sulfide, respectively (Kredich, 1992; Sievert et al., 2008). 

A B

FIGURE 3 | Multiple sequence alignment of the TsdA (A) and TsdB (B) in Halomonas titanicae SOB56 and related organisms. Protein secondary structures were 
shown on the top of sequences. Referred crystal structures of TsdA and TsdB were from Allochromatium vinosum 180 (PDB code: 4WQ7) and Marichromatium 
purpuratum 984 (PDB code: 5LO9), respectively. Heme-binding motifs are indicated by gray boxes, and putative distal heme ligands are marked by black squares. 
Strictly conserved residues are marked with bold font in sequences.

TABLE 2 | Homologous proteins of TsdA in Halomonas genomes.

Name Number and annotation 
function

TsdA reference proteins 
(Uniprot ID)

Corresponding species E-value Coverage Identity

H. titanicae SOB56 TsdA4151; cytochrome c family sp|D5WYQ5|TSDA_THIK1 T. intermedia K12 5.82E-81 0.92 0.403
H. aestuarii Hb3 WP_071942102.1 cytochrome c sp|A4VND8|TSDA_PSEU5 P. stutzeri A1501 1.6E-115 0.92 0.537
H. campaniensis LS21 WP_038486983.1 cytochrome c sp|D5WYQ5|TSDA_THIK1 T. intermedia K12 4.84E-82 0.77 0.455
H. ventosae sp. R57-5 WP_050713698.1 

MULTISPECIES: cytochrome c
sp|D5WYQ5|TSDA_THIK1 T. intermedia K12 1.57E-81 0.92 0.404

H. titanicae ANRCS81 CP039374.2 cytochrome c sp|D5WYQ5|TSDA_THIK1 T. intermedia K12 1E-84 0.97 0.401
H. lutescens sp. GFAJ-1 WP_009098701.1 cytochrome c sp|D5WYQ5|TSDA_THIK1 T. intermedia K12 1.87E-82 0.72 0.458
H. zhaodongensis sp. GT WP_083006270.1 cytochrome c sp|D5WYQ5|TSDA_THIK1 T. intermedia K12 5E-82 0.76 0.455
H. glaciei sp. KO116 WP_035555383.1 cytochrome c sp|D5WYQ5|TSDA_THIK1 T. intermedia K12 7.99E-83 0.76 0.457
H. hydrothermalis Y2 WP_096923463.1 cytochrome c sp|D5WYQ5|TSDA_THIK1 T. intermedia K12 3.13E-82 0.75 0.448
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Moreover, H. titanicae SOB56 has a gene encoding rhodanese 
(EC 28.1.1), which catalyzes the conversion of thiosulfate to 
sulfite and performs thiosulfate assimilation (Adams et  al., 
2002). The gene encoding for rhodanese is one of the 321 
specific genes observed in H. titanicae SOB56 through COG 
strain-specific gene annotation, which was not identified among 
other Halomonas genomes.

In addition, the co-clustering of genes encoding components 
of the DsrMKJOP sulfite reduction complex was identified in 
H. titanicae SOB56, these proteins may mainly function in 
the transport of sulfur atoms because of the absence of 
DsrAB. Three genes encoding DsrEFH, which belonging to 
the DsrMKJOP gene cluster, were also found in strain SOB56. 
DsrE, DsrF, and DsrH were homologs of TusD, TusC, and 
TusB in the sulfur relay system and were involved in the 
biosynthesis of 2-thiouridine. Furthermore, IscS and TusE were 
present, IscS specifically transfers sulfur to DsrE (Cort et  al., 
2008), while TusE binds the TusBCD complex and stimulates 
sulfur transfer from TusA to TusD (Ikeuchi et  al., 2006). 
Homologs of TusBCD and TusE were mainly found in 
Gammaproteobacteria as well as in some phototrophic bacteria 
with a large gene cluster responsible for sulfur oxidation (Andrea 
and Christiane, 1998; Dahl et  al., 2005).

Carbon and Nitrogen Metabolism and 
Respiration of Halomonas titanicae SOB56
In H. titanicae SOB56, a series of genes involved in carbon 
metabolism account for a relatively higher abundance than 
genes involved in other metabolic pathways, and crucial central 

metabolism pathways are present, for example, glycolysis and 
the tricarboxylic acid cycle. Genes encoding for key enzymes 
involved in amino sugar and nucleotide sugar metabolism, 
organic acid conversion, and pentose phosphate pathway were 
also identified. Strain H. titanicae SOB56 could form visible 
colonies on the agar plate, and the nitrate reduction test was 
positive with Griess reagents under the anaerobic condition. 
Similarly, genes encoding membrane-associated nitrate reductase 
(NarGHI) and cytoplasmic assimilatory nitrite reductase (NirBD) 
(Doroshchuk et al., 2006), which could catalyze the conversion 
of nitrate to nitrite and nitrite to ammonia, were present in 
the genome. Two pathways of ammonium assimilation and 
glutamate biosynthesis were identified, and the key catalytic 
enzymes were NADP-linked glutamate dehydrogenase and 
glutamine synthetase (Reitzer, 2003; Muro-Pastor et  al., 2005; 
Suzuki and Knaff, 2005; Leigh and Dodsworth, 2007). In 
addition, strain SOB56 possesses nitric oxide reductase (NorBC) 
and the nitrous oxide reductase complex (Nos), which catalyze 
the conversion of nitric oxide to nitrous oxide and nitrous 
oxide to nitrogen, respectively. The essential enzymes for 
denitrification, such as nitrite reductases (NirK or NirS), are 
absent in H. titanicae SOB56 (Figure  5). Urease-coding genes 
ureABCDEFG that catalyze the degradation of urea to ammonia 
and carbamide acid were found in the genome. In addition, 
there are more than 400 genes related to amino acids and 
derivatives metabolisms and ammonia ion assimilation, which 
enable the bacterium to utilize various organic nitrogen effectively.

Regarding aerobic respiration, H. titanicae SOB56 contained 
genes encoding complexes I-IV of the respiratory chain, including 
NADH ubiquinone oxidoreductase (NuoABCDEF, complex I), 

FIGURE 4 | Distribution of tsdA, tsdB, and its adjacent genes in Halomonas genomes.
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succinate dehydrogenase (SdhABCD and FrdA, complex II), 
the cytochrome bc1 complex (PetAB, complex III), and 
cytochrome c oxidoreductase (CcoNOPQ, complex IV). 
Additionally, it exhibited a bd-type cytochrome oxidase (CydAB) 
and low oxygen adapted cbb3-type cytochrome c oxidase. The 
presence of the atpABCDEFGH genes in its genome indicates 
that the respiratory chain is linked to an F0F1 ATPase that 
generates ATP.

Motility, Chemotaxis, Biofilm, and 
Exopolysaccharide Production
The genome of H. Titanicae SOB56 comprised 48 genes involved 
in flagellar assembly, including the complete set of genes for 
flagellar biosynthesis and flagellar structure proteins (Figure 5). 
This was consistent with a previous study showing that H. titanicae 
BH1 exhibits motility via peritrichous flagella (Sánchez-Porro 
et  al., 2010). Transcriptional regulators of flagellar synthesis 
were also identified in the genome, such as Flgm, Flia (σ28), 
Flhc, and Flhd. In addition, genes encoding chemotaxis proteins 
related to motility, such as CheAWRBYZ and methyl-accepting 
chemotaxis protein (MCP), were present.

H. titanicae SOB56 could form biofilms in MB medium, 
and the amount of biofilm increased continuously within 48 h 

(Figure 2F). A homologous gene cluster of the Wsp chemosensory 
system was present in its genome, and this cluster included 
WspA, WspE, and WspR, which might be  involved in the 
regulation of biofilm formation (Hickman et  al., 2005). 
Furthermore, strain SOB56 processed a large array of genes 
related to the synthesis and export of exopolysaccharides (EPS), 
including genes encoding exopolysaccharide synthase and glycosyl 
transferases. EPS (0.4 mg ml−1) from H. titanicae SOB56 were 
detected after cultivation in MB medium for 24 h. It could 
be  inferred that the synthesized EPSs might help H. titanicae 
SOB56 increase its substrate uptake rate by attaching to 
organic material in hydrothermal sediment. Moreover, 40 CDSs 
encoding GGDEF (diguanylate cyclase), EAL (diguanylate 
phosphodiesterase), and PAS (Per-Arnt-Sim) domains were 
found in the genome, which have been proven to play key 
roles in biofilm formation and motility.

Metal Resistance and Osmotic Stress 
Regulation of Halomonas titanicae SOB56
The genome of H. titanicae SOB56 contained various genes related 
to heavy metal resistance and efflux systems (Supplementary 
Table S4; Figure  5), including two genes encoding heavy metal 
translocating P-type ATPases, which may participate in the transport 

FIGURE 5 | The metabolic features of Halomonas titanicae SOB56.
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of Pb2+, Cd2+, Zn2+, Hg2+, and Cu2+ against the concentration 
gradient to the periplasm (Nies, 1999). Zn2+, Co2+, Cu2+, Cd2+, 
and Ni2+ might be  transported by RND family efflux transporter 
proteins from both the cytoplasm and the periplasm to the outside 
of the cell (Nies, 1999; Choudhury and Srivastava, 2001). P-type 
ATPases are usually regulated by MerR family regulators responding 
to the intracellular heavy metal concentration (Choudhury and 
Srivastava, 2001; Brown et al., 2003), and four homologs of MerR 
family regulators were found in H. titanicae SOB56. Three mercuric 
transport proteins (MerE, MerC, and MerT) for organic mercury 
uptake (Sone et  al., 2010) were also present. In addition, two 
mercuric-resistance operon regulatory proteins and one mercuric 
ion reductase (MerA), which can catalyze the transformation of 
Hg2+ to Hg0 (Felske et  al., 2003), were identified in the genome. 
Simultaneously, strain SOB56 could grow in the MB medium 
with 100 μM and 1 mM Zn2+, Co2+, Cu2+, and 50 μM and 100 μM 
Ni2+ (Supplementary Figure S4). However, 100 μM Hg2+ inhibited 
the growth of strain SOB56 that may due to the relatively high 
concentration. These shreds of evidence might contribute to the 
strategies available for H. titanicae SOB56 to adapt metal-rich 
deep-sea hydrothermal environments.

Bacteria in the genus Halomonas are typical moderate 
halophiles showing a wide range of salinity adaptability. Therefore, 
the growth of strain SOB56 under different Na+ concentrations 
showed the ability that could grow in the range of 0%–24% 
(w/v) NaCl concentrations (Supplementary Figure S5). In total, 
24 genes in t H. titanicae SOB56 were found to be  involved 
in choline and betaine uptake and biosynthesis. Betaine can 
be  synthesized by choline dehydrogenase (EC 1.1.99.1), which 
is a membrane-bound oxygen-dependent enzyme, possibly in 
combination with betaine aldehyde dehydrogenase (EC 1.2.1.8) 
(Wargo et  al., 2008). A common strategy of osmo-adaptation 
in bacteria is the accumulation of compatible solutes (Kuhlmann 
and Bremer, 2002), such as ectoine. H. titanicae SOB56 contained 
five genes involved in the biosynthesis and regulation of ectoine, 
including EctABCD. It was indicated that it might be  capable 
of accumulating ectoine and its hydroxylated derivative hydroxy-
ectoine (García-Estepa et al., 2006). Osmo-regulated periplasmic 
glucan (OPG) concentrations in the periplasm have been 
reported to increase in response to a decrease in environmental 
osmolarity (Bohin, 2000). There are five genes in strain SOB56 
that are involved in the synthesis of osmo-regulated periplasmic 
glucans, including glucan biosynthesis glucosyltransferase and 
glucan biosynthesis protein-encoding genes.

DISCUSSION

Although it is documented that chemoautotrophic sulfur-
oxidizing bacteria are the primary producers in deep-sea 
hydrothermal systems, heterotrophic sulfur-oxidizing bacteria 
may also play important roles in sulfur cycling in hydrothermal 
vents. Bacteria of the genus Halomonas have been isolated 
from many different water and soil environments, mainly from 
saline, hypersaline, or alkaline habits, including hydrothermal 
vents (Kaye et  al., 2004; Vetriani et  al., 2005; Simon-Colin 
et  al., 2008). It was reported that the abundance of Halomonas 

bacteria in hydrothermal fluids collected from the Pacific Ocean 
was estimated to account for up to 28% of the total 
microorganisms (Kaye and Baross, 2000).

Many previous studies of the genus Halomonas have 
concentrated on osmoadaptation and exopolysaccharide 
production by these bacteria, whereas their roles in marine 
sulfur and carbon cycle have rarely been studied. In total, 11 
of 13 identified culturable marine haloalkaliphilic isolates from 
Gammaproteobacteria that could incompletely oxidize sulfur 
compounds to tetrathionate were affiliated with Halomonas 
(Sorokin, 2003). Recently, Mandal et  al. (Mandal et  al., 2020). 
found that the genus Halomonas, which could form tetrathionate 
from the oxidation of thiosulfate by TsdA, was one of the 
major marine bacteria (accounting for 3%–7.8% of metagenomic 
reads) in the sediment of India’s west coast and influenced 
the anoxic sedimentary sulfur cycle (Ghosh et  al., 2020). 
However, the biogeochemical role of this genus and its adaptive 
strategies in extreme marine habitats was unclear. H. titanicae 
SOB56 was isolated from the sediment of the Tangyin 
hydrothermal field in the southern part of the Okinawa Trough. 
In this study, we  shed light on the potential functions of 
heterotrophic Halomonas bacteria in hydrothermal sulfur cycle 
and describe survival advantages of H. titanicae SOB56  in 
deep-sea hydrothermal field.

Sulfur Metabolism Properties of 
Halomonas titanicae SOB56
Thiosulfate-oxidizing heterotrophs are widespread, particularly 
in the extreme marine environments due to their 
eco-physiological flexibility. Halomonas is one of the most 
frequent genera observed in marine environments using 
traditional culture methods (Sinha et  al., 2019). In our study, 
H. titanicae SOB56 could grow well in MMT medium 
supplemented with thiosulfate sodium and was a typical alkali-
producing sulfur-oxidizing bacteria. Recent study supports our 
observation where it has shown that Halomonas species could 
aerobically oxidize sulfide and thiosulfate (Wang and Shao, 
2021). Furthermore, the formation of tetrathionate from the 
oxidation of thiosulfate is widespread among prokaryotes, some 
species of Halomonas also possess this physiological trait, and 
our efforts on the detection of tetrathionate production 
(Figure  2D) also add powerful proof.

It has been reported that TsdA is the key enzyme catalyzing 
the tetrathionate-forming reaction in many bacteria (Hensen 
et  al., 2006; Denkmann et  al., 2012; Brito et  al., 2015; Pyne 
et  al., 2018; Rameez et  al., 2020). In H. titanicae SOB56, two 
potential thiosulfate dehydrogenase-encoding genes (tsdA4151 
and tsdB4152) were identified, and the results of RT-qPCR 
implied an important role of these two genes in thiosulfate 
oxidation. Notably, there was a big difference in the expression 
levels between tsdA and tsdB. It was reported that TsdB is 
not itself reactive with thiosulfate oxidation but accepts electrons 
even when TsdA and TsdB do not originate from the same 
source organism (Denkmann et  al., 2012). Meanwhile, the 
electron acceptor of TsdA was distinct in different source 
organisms (Denkmann et  al., 2012; Dahl, 2017). Thus, the 
higher expression of TsdB suggests that it might not be  the 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Du et al. Genome Analysis of Halomonas titanicae SOB56

Frontiers in Microbiology | www.frontiersin.org 12 June 2022 | Volume 13 | Article 888833

exclusive electron acceptor of this pathway and could also 
accept other electrons. According to the phylogenetic tree of 
thiosulfate dehydrogenase and its redox partner (Supplementary 
Figure S3), the TsdA4151  in H. titanicae SOB56 was clustered 
with the TsdA from T. intermedia, which exhibits the highest 
activity at pH 3.0 and almost loses its activity at pH 7.0 
(Denkmann et  al., 2012). Furthermore, it was noteworthy that 
TsdA in strain Paracoccus thiocyanatus had a higher substrate-
affinity than the Sox mechanism (Rameez et al., 2020). Therefore, 
the widespread presence of sulfur oxidation pathways is one 
of the most critical reason that heterotrophic bacteria could 
thrive in extreme environments, such as Halomonas (Wang 
and Shao, 2021) and Erythrobacter flavus (Zhang et  al., 2020).

According to the previous reports about TsdA (Denkmann 
et  al., 2012; Brito et  al., 2015), the two strictly conserved 
cysteines in the typical Cys-X2-Cys-His heme-binding motifs 
of c-type cytochromes (similar to TsdA of the purple sulfur 
bacterium A. vinosum), provide a thioether linkage to heme, 
and the adjacent histidine serves as the fifth ligand for heme. 
The site-directed mutagenesis of Cys123 in the TsdA protein 
(Denkmann et  al., 2012) and TsdA crystal structure (Brito 
et  al., 2015) verified that Cys123 was the catalytic active site 
and the distal axial coordination of the first heme. As shown 
by the results of multiple sequence alignment of TsdA in genus 
Halomonas, the strictly conserved cysteine residue (Cys123) exists 
in all of the included sequences (Figure  3A). In A. vinosum, 
the distal axial ligand of the second heme switch from Lys235 
to Met236 is observed upon reduction of TsdA (Brito et  al., 
2015). However, an asparagine residue at the Lys235 equivalent 
position is highly conserved among proteobacterial thiosulfate 
dehydrogenases, for example, TsdA from the T. intermedia and 
S. lithotrophus belonging to Betaproteobacteria, as well as 
Campylobacter jejuni from Epsilonproteobacteria (Denkmann 
et  al., 2012; Jenner et  al., 2019). In our results, all Halomonas 
species and referred M. purpuratum, from the same class as 
A. vinosum belonging to Gammaproteobacteria, possess TsdA 
homologues with an Asn residue instead of Lys. As reviewed 
TsdA containing conserved Asn235, the distal axial coordination 
of the second heme was Met236 (Denkmann et  al., 2012; Brito 
et  al., 2015; Jenner et  al., 2019). Furthermore, it is reported 
that introducing Lys in place of Asn in the TsdA of C. jejuni, 
the second heme allows Lys to provide the distal ligand (Jenner 
et  al., 2019). Thus, we  speculated that although TsdAs in 
Halomonas contain conserved Asn235, the second heme is directly 
coordinated with Met236, and a ligand switch would not happen 
upon enzyme reduction. Based on the coordination relationship 
between cytochrome c and heme and the above results (Kurth 
et  al., 2016), we  inferred that the His80/Cys123 and His191/Met236 
residues of TsdA act as potential axial ligands for hemes in 
Halomonas. Two pairs of His/Met residues in Halomonas TsdB 
homologues are also potential axial ligands for heme. When 
TsdA and TsdB originate from the same source organism, TsdB 
is the immediate electron acceptor of TsdA (Kurth et al., 2016). 
Meanwhile, c4-type cytochromes have been reported to donate 
electrons to the cbb3 terminal oxidase in various oxygen-respiring 
bacteria (Chang et  al., 2010; Arai et  al., 2014; Barco et  al., 
2015; Kurth et  al., 2016), and it is possible that TsdB could 

serve as a direct electron donor to cbb3-type cytochrome c 
oxidases in these tetrathionate-forming thiosulfate oxidizers, 
such as Halomonas. However, we  did not successfully obtain 
a recombinant thiosulfate dehydrogenase TsdA enzyme using 
the pET-24a (+) and pET-28a (+) vectors in Escherichia coli 
BL21. TsdA has 23 amino acids belonging to the transmembrane 
region and may be difficult to be heterogeneously express using 
these vectors. Therefore, the recombinant expression of the 
gene in strain SOB56 still requires further exploration, and 
gene knockout or site-directed mutation experiments should 
be  performed to verify its functional characteristics.

In the analysis of tsdA, tsdB and their adjacent genes in the 
Halomonas genomes (Figure  4), the upstream region of tsdB 
was found to contain genes encoding histidine kinase and QseB, 
which are related to the sensing of environmental signals and 
signal transduction. QseBC is an important regulator of quorum 
sensing (QS) (Sperandio et  al., 2002), and a gene encoding 
LuxS, which is involved in autoinducer-2 (AI-2) production, 
was identified in H. titanicae SOB56. It was inferred that thiosulfate 
oxidation may be  regulated by a QS mechanism. Although Sox 
gene cluster was absent, soxH homologue encoding genes were 
found near tsdBs in some Halomonas genomes, which might 
have some potential function in the thiosulfate oxidation. The 
neighboring genes of tsdBA also included two genes encoding 
MCPs containing PAS domains, which might be  involved in 
energy taxis, in which the redox state of components of the 
electron transport chain is sensed by redox-sensitive MCPs. This 
phenomenon might contribute to bacterial motility toward 
microenvironments with optimal concentrations of reductants 
and oxidants (Alexandre et  al., 2004). The distributions of tsdA, 
tsdB, and their adjacent genes were relatively conserved in the 
Halomonas genomes. Hydrothermal vents are characterized by 
extremely complex redox conditions, and the above characteristics 
may be  beneficial in allowing species to perceive changes in 
various chemical signals and execute corresponding chemotaxis 
reactions in hydrothermal environments.

Adaptation Properties of Halomonas 
titanicae SOB56 to Deep-Sea 
Hydrothermal Vents
In hydrothermal environments, a complete flagellum and 
chemotaxis system would provide H. titanicae SOB56 with a 
significant advantage in reaching a food source before its 
competitors or traveling away from substances that adversely 
affect central metabolic processes. Furthermore, 40 CDSs 
embraced GGDEF and/or EAL domains and PAS domains 
were found in the genome of H. titanicae SOB56 by searching 
against the Pfam database. The GGDEF and/or EAL domains 
were associated with diguanylate cyclase and phosphodiesterase 
activity, respectively, and can regulate biofilm formation, auto-
aggregation, and motility (Ahmad et al., 2020). A large number 
of genes for sensing and responding to environments (EAL- 
and GGDEF-domain proteins and methyl-accepting chemotaxis 
proteins) were common features in some chemolithoautotrophic 
bacteria from genera Hydrogenmovibrio, Thiomicrorhabdus 
and Thiomicrospira, which were widespread organisms in 
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hydrothermal environments (Scott et al., 2018). Moreover, genes 
that carried PAS domains might be  involved in energy taxis 
(Scott et  al., 2018), and PAS domains can play a role in the 
monitoring of environmental changes in light, redox potential, 
O2 or small ligands, etc. (Taylor and Zhulin, 1999). So, these 
CDSs may work in perceiving microenvironments with an 
optimal concentration of reductant and oxidant for hydrothermal 
microbes. Under anaerobic conditions, the presence of nitrate 
reductase in H. titanicae SOB56 was coincident with the positive 
phenotypic result, which means an ability that could use nitrate 
as an electron acceptor for anaerobic respiration. This result 
is also consistent with the phenotypic characteristics of some 
Halomonas species reported by Mata et  al. (Mata et  al., 2002). 
Simultaneously, the genome of H. titanicae SOB56 also contains 
the nitrite reductase NirBD. The co-existence of nitrate reductase 
and nitrite reductase indicates the complete dissimilatory nitrate 
reduction pathway (DNRA or denitrification) that reduces 
nitrate to ammonia. Furthermore, sulfur oxidation coupled 
with DNRA is usually an important source of energy for 
dissolved inorganic carbon fixation in hydrothermal vents (Shao 
et  al., 2010; Li et  al., 2018). In addition, various aerobic 
respiration complexes (complex I-IV and cbb3-type cytochrome 
c oxidase) are also present in H. titanicae SOB56, and these 
encoding genes may help the bacterium grow at a wide range 
of oxygen concentrations. Therefore, these pathways and features 
are extremely beneficial for strains who live in complicated 
hydrothermal environments with steep gradients of chemical 
factors and may also exist in other heterotrophic microbes.

Many halophiles and psychrophiles adapt to extremophile 
environments with high salinity or low temperature by 
accumulating compatible solutes, such as ectoine, glycine betaine, 
proline, or trehalose (Sleator and Hill, 2002; De Maayer et  al., 
2014). Genome analysis showed that genes involved in the 
synthesis or transport of these molecules were present in 
H. titanicae SOB56, which suggests that the bacterium exhibits 
different types of osmotic pressure regulation. A growing body 
of evidence has indicated that the role of compatible solutes 
goes beyond osmotic adjustment alone and includes the protection 
of cells and cell components from freezing, desiccation, high 
temperature, or oxygen radicals (García-Estepa et  al., 2006). 
In addition, bacteria living in environments with high 
temperatures require proteins to be  especially flexible (Feller, 
2013) and correctly folded (Williams et  al., 2011). The heat 
shock protein DnaK identified in H. titanicae SOB56 can form 
chaperone machinery with cochaperones DnaJ and GrpE, which 
participate actively in the response to hyperosmotic and heat 
shock conditions by preventing the aggregation of stress-
denatured proteins. The existence of the DnaK gene cluster 
was widespread in microorganisms who thrive in hydrothermal 
vents, such as Thiomicrospira (Tang et  al., 2013). In addition, 
H. titanicae SOB56 might be  resistant to many metals such 
as lead, cadmium, zinc, and mercury, similar to H. zincidurans 
B6T (Huo et  al., 2014). Meanwhile, many reported Halomonas 
genomes (Wang and Shao, 2021) (including H. titanicae SOB56) 
in hydrothermal vents carry genes encoding copper resistance 
proteins, implying the tolerance to such bio-toxic metals in 
the environment.

CONCLUSION

Genome analysis and laboratory experiments revealed that 
H. titanicae SOB56 was a typical alkali-producing thiosulfate-
oxidizing bacterium harboring-related functional genes (tsdA4151 
and tsdB4152). The ability to oxidize thiosulfate enables H. titanicae 
SOB56 to utilize sulfur-containing compounds as supplementary 
energy resources. Compared with the other 14 complete Halomonas 
genomes, the presence of thiosulfate dehydrogenase is common 
in the genus Halomonas and shows conservative characteristics 
in terms of protein structure and gene locations. Moreover, the 
thiosulfate-oxidizing process might be  regulated by QS, and the 
AI-2 synthesis protein LuxS was also identified in the genome 
of H. titanicae SOB56. In addition, a complete sulfate assimilation 
pathway is present, as are a series of genes related to adaptation 
to extreme environments. In summary, H. titanicae SOB56 might 
actively participate in the hydrothermal sulfur cycle and utilize 
sulfur compounds as an energy source. The identified characteristics 
related to motility, biofilm formation, heavy metal, and osmotic 
resistance provide the bacterium with several favorable survival 
strategies to cope with changeable marine environments, allowing 
it to occupy a wide ecological niche encompassing various complex 
environments, such as hydrothermal vents. Taken together, culture-
dependent experiments and culture-independent genomic analysis 
in this study have provided comprehensive insights into the 
physiological features and multiple environmental adaptation 
strategies of H. titanicae in hydrothermal environments.
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