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Abstract  

 

Sulfur-oxidizing bacteria, sulfate-reducing bacteria and sulfur-disproportionating 

bacteria utilize inorganic sulfur compounds in a dissimilatory process. These bacteria are 

important players in the sulfur cycle. Although various bacteria of these functional groups have 

been isolated, only a few bacteria performing dissimilatory sulfur metabolism have been 

investigated in detail. In this study, genomic and proteomic analyses were performed using 

bateria belonging to poorly understood groups of bacteria with dissimilatory sulfur metabolism.  

Sulfurifustis variabilis skN76T and Sulfuricaulis limicola HA5T are sulfur-oxidizing 

bacteria belonging to the order Acidiferrobacterales, which was established in 2015. In this 

study, genomic analysis revealed that the important genes involved in dissimilatory sulfur 

metabolism and carbon fixation are redundant in the genomes of these bacteria.  

In addition, an enrichment culture that consisted of almost one species of a novel 

thiosulfate-disproportionating bacterium belonging to the phylum Nitrospirae was established 

from a biomat of a hot spring. This thiosulfate-disproportinating bacterium was not able to 

grow with sulfate reduction, and it became clear that the gene sequences related to this 

thiosulfate-disproportinating bacterium had been previously identified by sequencing in various 

freshwater environments. The draft genome sequence of the thiosulfate-disproportinating 

bacterium was obtained by genome sequencing and analysis of the genome reveals that the 

bacterium possesses the complete set of genes for sulfate reduction.  

Some sulfur-disproportionating bacteria belonging to the phyla Proteobacteria and 

Thermodesulfobacteria are also incapable of growing with sulfate reduction in spite of 

possessing all the genes required for sulfate reduction. In order to reveal differences in pathway 

for sulfur disproportionation and sulfate reduction, comparative genomic analysis was 

performed using 92 genomes. A relatively specific gene cluster was found in the genomes of 
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sulfur-disproportionating bacteria without the ability to grow by sulfate reduction, which was 

not found in the genomes of many sulfate-reducing bacteria. Some proteins encoded by this 

gene cluster were suggested to be involved in sulfur relay and transport. All proteins encoded 

by this gene cluster were expressed at high abundance in the cells under growth conditions of 

thiosulfate and elemental sulfur disproportionation in Caldimicrobium thiodismutans TF1T 

belonging to the phylum Thermodesulfobacteria. In addition, all proteins involved in sulfate 

reduction were also expressed in both culture conditions. These results suggest a possibility that 

is that proteins encoded by relatively specific gene cluster transfer sulfur substrates to proteins 

needed to reduce sulfate in sulfur disproportionation.  



 4 

 

 

 

 

Chapter 1 

 

General introduction 

 

 

 

 

 

 

 

 



 5 

1. General introduction 

 

Sulfur as a chemical element takes several oxidation states from –II to +VI. In 

environments, various sulfur compounds are present such as sulfate (+VI), sulfite (+IV), 

thiosulfate (0, +IV), sulfide (-II) and elemental sulfur (0). There are two processes in the 

metabolism of living organisms: assimilation and dissimilation. Sulfur is incorporated into 

amino acids such as cysteine and methionine, vitamins such as thiamine and biotin and 

iron-sulfur cluster in enzymes by assimilation. Interconversions of these sulfur compounds 

occur through dissimilatory pathways by prokaryotes including sulfur-oxidizing bacteria, 

sulfate-reducing bacteria and sulfur-disproportionating bacteria. 

Sulfur-oxidizing bacteria generally obtain energy by oxidizing sulfur compounds, 

electron donors, to sulfate. In contrast, sulfate-reducing bacteria utilize sulfate as an electron 

acceptor and reduce it to sulfide. Sulfate-reducing bacteria use hydrogen, lactate and other 

oraganic compounds as an electron donor. Sulfur-disproportionating bacteria grow with 

inorganic sulfur compounds as a sole energy source. In sulfur disproportionation, sulfide and 

sulfate are generated from a single inorganic sulfur compound, such as elemental sulfur, 

thiosulfate or sulfite. Sulfur-disproportionating bacteria are generally closely related to 

sulfate-reducing bacteria phylogenetically. However, to date, fewer sulfur-disproportionating 

bacteria have been reported compared to sulfur-oxidizing bacteria and sulfate-reducing bacteria. 

Numerous sulfur oxidizers and sulfate reducers have been isolated from a variety of 

environments. However, to date, there are limited studies on the dissimilatory sulfur metabolic 

pathway. In this study, dissimilatory sulfur metabolism was investigated by genomic and 

proteomic analyses of bacteria belonging to groups that are suggested to be important for sulfur 

cycle in environments. 

In chapter 2, the complete genome sequences of Sulfurifustis variabilis skN76T and 
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Sulfuricaulis limicola HA5T are reported. These sulfur-oxidizing bacteria belong to the family 

Acidiferrobacteraceae, and bacteria belonging to this family are thought to be present 

abundantly in various freshwater lake sediments and coastal sediments. However, the metabolic 

pathway of these bacteria was not clear. In order to reveal the metabolic pathway and shed light 

on why bacteria belonging to this family are abundantly found, characteristics of the genomes 

were investigated.  

In Chapter 3, an enrichment culture containing a novel sulfur-disproportionating 

bacterium belonging to the phylum Nitrospirae was established from a biomat of a hot spring, 

followed by whole genome sequencing for further analysis. In Chapter 4, a comparative 

genomic analysis of sulfur-dispropotionating bacteria and sulfate-reducing bacteria was 

performed in order to identify genes specific to each bacterial type. Additionally, expressed 

proteins were identified under growth conditions of thiosulfate and elemental sulfur 

disproportionation in Caldimicrobium thiodismutans TF1T. 
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2.1. Abstract 

 

Sulfurifustis variabilis and Sulfuricaulis limicola are autotrophic sulfur-oxidizing 

bacteria belonging to the family Acidiferrobacteraceae in the order Acidiferrobacterales. The 

type strains of these species, strain skN76T and strain HA5T, were isolated from lakes in Japan. 

Here we describe the complete genome sequences of Sulfurifustis variabilis skN76T and 

Sulfuricaulis limicola HA5T. The genome of Sulfurifustis variabilis skN76T consists of one 

circular chromosome with size of 4.0 Mbp including 3864 protein-coding sequences. The 

genome of Sulfuricaulis limicola HA5T is 2.9 Mbp chromosome with 2763 protein-coding 

sequences. In both genomes, 46 transfer RNA-coding genes and one ribosomal RNA operon 

were identified. In the genomes, redundancies of the genes involved in sulfur oxidation and 

inorganic carbon fixation pathways were observed. This is the first report to show the complete 

genome sequences of bacteria belonging to the order Acidiferrobacterales in the class 

Gammaproteobacteria. 

 

2.2. Introduction 

 

Sulfurifustis variabilis skN76T and Sulfuricaulis limicola HA5T are 

gammaproteobacterial sulfur-oxidizing bacteria isolated from sediments of Lake Mizugaki and 

Lake Harutori, respectively (1, 2). They both belong to the family Acidiferrobacteraceae in the 

order Acidiferrobacterales. In this order, only three species have been isolated in pure culture. 

They are all chemolithoautotrophs and can grow by oxidation of inorganic sulfur compounds. 

Sulfurifustis variabilis and Sulfuricaulis limicola are neutrophilic, whereas the other species, 

Acidiferrobacter thiooxydans, is acidophilic (3). Taxonomy of Acidiferrobacter thiooxydans has 

been revised several times, and the family Acidiferrobacteraceae and order 
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Acidiferrobacterales were recently established to accommodate the species (1, 3–5). The 

members of the family Acidiferrobacteraceae have been frequently detected in various 

environments as gene sequences (2, 3, 6). Here we show the complete genome sequences of 

Sulfurifustis variabilis skN76T and Sulfuricaulis limicola HA5T as the first genomes of the 

order Acidiferrobacterales. 

   

2.3. Organism information 

 

2.3.1. Classification and features 

The cells of Sulfurifustis variabilis skN76T are rodshaped or filamentous form with 

varying length, and 0.3–0.5 µm in width (Fig. 1a, Table 1). The cells of Sulfuricaulis limicola 

HA5T are rodshaped, 1.2–6.0 µm in length and 0.3–0.5 µm in width (Fig. 1b, Table 1). They are 

both Gram-stain-negative. Sulfurifustis variabilis and Sulfuricaulis limicola belong to the 

family Acidiferrobacteraceae within the class Gammaproteobacteria (Fig. 2). They both 

utilized thiosulfate, tetrathionate and elemental sulfur as electron donors for 

chemolithoautotrophic growth under aerobic conditions (1, 2). 

 

2.4. Genome sequencing information 

 

2.4.1. Genome project history 

Sulfurifustis variabillis skN76T and Sulfuricaulis limicola HA5T were selected for 

sequencing as representatives of sulfur-oxidizing bacteria belonging to the order 

Acidiferrobacterales, to reveal characteristics of their genomes. A summary of the project 

information is shown in Table 2. 
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2.4.2. Growth conditions and genomic DNA preparation 

Sulfurifustis variabilis skN76T and Sulfuricaulis limicola HA5T were grown with 20 

mM thiosulfate as an energy source in a bicarbonate-buffered medium previously described (1), 

at 45 and 28 °C, respectively. Genomic DNA samples were prepared by using Wizard® genomic 

DNA purification kit (Promega, Madison, WI, USA) from approximately 0.2 ml (skN76) or 0.1 

ml (HA5) of cell pellets. Amounts of the obtained DNA assessed by spectrophotometry were ca. 

270 µg (skN76) and 90 µg (HA5) respectively, and the UV absorption ratio of 260/ 280 nm was 

greater than 1.8 in both samples. 

 

2.4.3. Genome sequencing and assembly 

The genomic DNA was sheared into approximately 20 kb using g-TUBE (Covaris, Inc., 

Woburn, MA, USA). The SMRTbellTM templates were prepared from the fragments using 

SMRTbellTM Template Prep Kit 1.0 (Pacific Biosciences, Menlo Park, CA, USA). The 

size-selected libraries for sequencing were prepared by using BluePippin (Sage Science, 

Baverly, MA, USA). The libraries were sequenced on a PacBio RS II instrument (Pacific 

Biosciences) with P6-C4 chemistry (for Sulfurifustis variabillis skN76T) or P5-C3 chemistry 

(for Sulfuricaulis limicola HA5T). De novo assembly was performed by using RS_HGAP 

Assembly.3 (for Sulfurifustis variabillis skN76T) or RS_HGAP Assembly.2 (for Sulfuricaulis 

limicola HA5T), implemented within the SMRT Analysis v2.3 (Pacific Biosciences) software 

environment. By assembling 79,017 subreads (837,333,548 bp) of Sulfurifustis variabillis 

skN76T, two contigs with the lengths of ca. 4.0 Mbp and ca. 5.4 kbp were obtained. The shorter 

one was identical to a partial sequence of the larger one, and a circular chromosome was 

manually constructed from the larger contig by finding self-overlapping regions using the in 

silico Molecular Cloning (R) Genomic Edition (In Silico Biology, Inc., Yokohama, Japan) 

application. As for Sulfuricaulis limicola HA5T, a single contig (ca. 2.9 Mbp) was obtained by 
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assembling 61,565 subreads (409,124,339 bp), and circular chromosome was manually 

constructed in the same manner. 

 

2.4.4. Genome annotation 

The genomes were annotated automatically using the Microbial Genome Annotation 

Pipeline (7). Further manual annotation of the predicted protein-coding sequences was 

performed on the basis of BLASTP searches against the NCBI nonredundant database. CDSs 

were annotated as hypothetical protein-coding genes when they met any of the following four 

criteria in the top hit of the BLASTP analysis: (i) E-value >1e-8, (ii) length coverage <60 % 

against query sequence (iii) sequence identity <30 % or (iv) function of the hit was unidentified. 

The WebMGA server was used to assign the genes to Clusters of Ortholog Groups and Protein 

family domains (8–11). The Phobius server was used to predict signal peptides and 

transmembrane helices (12). Clustered Regularly Interspaced Short Palindromic Repeat loci 

were detected using CRISPRfinder (13). 

  

2.5. Genome properties 

 

The basic statistics of the genomes are shown in Table 3. Both genomes contained 46 

tRNA genes and one rRNA operon. The genome size of Sulfurifustis variabillis skN76T was 

approximately 1.4 times larger than that of Sulfuricaulis limicola HA5T. CRISPR loci were 

found only in the genome of Sulfurifustis variabillis skN76T (Table 3). The distribution of genes 

into COGs functional categories is presented in Table 4. 

 

2.6. Insights from the genome sequences 
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In both the genomes of Sulfurifustis variabillis skN76T and Sulfuricaulis limicola 

HA5T, genes involved in the sulfur oxidation pathway were identified. The genomes of both 

strains contain genes of the DSR system related to the oxidation of elemental sulfur to sulfite 

(14, 15). They contain a dsr gene cluster of identical composition, dsrABEFHCMKLJOPNR 

(SVA_1954-1967, SCL_1274-1261). There are some dsr genes outside of the gene cluster, 

dsrAB (SVA_0258-0259, SCL_0256-0257), dsrS (SVA_2921, SCL_0781) and dsrC (SVA_0281, 

SVA_0284, SVA_0358, SVA_0917, SVA_0969, SVA_1205, SVA_1793, SVA_1949, SVA_2832, 

SVA_3655; SCL_0275, SCL_0524, SCL_0785, SCL_1279, SCL_1423, SCL_2646). 

As genes encoding proteins involved in oxidation of sulfite to sulfate in the cytoplasm, 

both genomes contain two copies of the aprAB genes encoding an 

adenosine-5’-phosphosulphate reductase (SVA_2607-2608, SVA_3565-3564; SCL_0600-0601, 

SCL_2474-2473), along with the sat gene encoding a sulfate adenylyltransferase (SVA_3563, 

SCL_2472) and the aprM gene (SVA_2609, SCL_0602). In addition, the genome of 

Sulfuricaulis limicola HA5T contains the hdrAACB genes encoding a Hdr (SCL_2523-2520), 

but that of Sulfurifustis valiabilis skN76T does not. The AprM and Hdr complex are thought to 

have similar function that interacts with the adenosine-5’-phosphosulphate reductase (16–18). 

The genomes also contain the soeABC genes (SVA_2734, SVA_2736-2737; SCL_0523-0521), 

encoding a membrane-bound polysulfide reductase-like iron-sulfur molybdoprotein, which is 

suspected to be involved in sulfite oxidation in the cytoplasm (19). Further, the genome of 

Sulfurifustis valiabilis skN76T contains the sorAB genes (SVA_1391-1390) related to the direct 

oxidation of sulfite to sulfate in the periplasm (20). 

For thiosulfate oxidation, both genomes contain the soxXYZAB gene cluster 

(SVA_2999-3003, SCL_2229-2233). Although sulfide oxidation by these bacteria has not been 

demonstrated, genes related to sulfide oxidation were identified; the fccAB (soxEF) genes 

encoding a flavocytochrome c/sulfide dehydrogenase (SVA_0067-0066, SVA_3594-3595; 
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SCL_0078-0077) and the sqr gene encoding a sulfide:quinone oxidoreductase (SVA_1781, 

SVA_2675, SVA3205). 

Sulfurifustis variabillis skN76T and Sulfuricaulis limicola HA5T are autotrophic 

bacteria. They both have two copies of the rbcL and rbcS genes, encoding large and small 

subunits of ribulose bisphosphate carboxylase/oxygenase (SVA_3460-3459, SVA_3471-3470; 

SCL_2417-2416, SCL_2425-2424), which is the key enzyme in the Calvin-Benson-Bassham 

cycle to catalyze inorganic carbon fixation. The two copies of RuBisCO in each genome are 

phylogenetically distinct, and belong to lineages referred to as green-like form IA and red-like 

form IC (Fig. 3) (21). In the form IC RuBisCO coded by rbcL gene (SVA_3460, SCL_2417), 

Sulfurifustis variabillis skN76T and Sulfuricaulis limicola HA5T have six-amino-acid inserts at 

the same position where a similar insert was reported from Nitrosospira sp. 40KI (22). There 

are two other RuBisCO sequences which have six-amino-acid inserts at the same position, and 

these sequences with inserts formed a monophyletic cluster in the tree of RuBisCO (Fig. 3). In 

general, RuBisCO of form IA and IC have different properties which are thought to be 

advantageous to fix inorganic carbon under different concentrations of carbon dioxide and/or 

oxygen (21). Possession of the genes for these two distinct RuBisCO forms may be beneficial 

to cope with changing environmental conditions, or to thrive in various types of ecosystems. 

 

2.7. Conclusion 

 

This is the first report on complete genome sequences of bacteria belonging to the 

order Acidiferrobacterales. The genome analysis of Sulfurifustis variabillis skN76T and 

Sulfuricaulis limicola HA5T revealed that they have similar sets of genes involved in sulfur 

oxidation pathways. In the both genomes, redundancies of the genes for sulfur oxidation and 

inorganic carbon fixation were observed, as represented by multiple copies of dsrAB, aprAB 
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and rbcLS. Such redundancies may provide physiological flexibility to the chemolithotrophic 

sulfur oxidizers which are fully depending on these functions to obtain energy and carbon 

source for growth.  
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Figure 2-1 Phase-contrast micrographs of Sulfurifustis variabilis skN76T (a) and Sulfuricaulis 

limicola HA5T (b), grown with thiosulfate at 45 and 28 °C, respectively. Bars, 5 µm 

 

(a) (b)

Figure 1
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Table 2-1 Classification and general features of Sulfurifustis variabilis skN76T and Sulfuricaulis 

limicola HA5T according to MIGS recommendations. 

 
a Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a 

direct report exists in the literature); NAS: Non-traceable Author Statement (i.e., not directly 

observed for the living, isolated sample, but based on a generally accepted property for the 

species, or anecdotal evidence). These evidence codes are from the Gene Ontology project [cite 

this reference] 

Sulfurifustis variabilis skN76T Sulfuricaulis limicola HA5T

MIGS ID Property Term Evidence codea Term Evidence codea

Classification Domain Bacteria TAS [23] Domain Bacteria TAS [23]

Phylum Proteobacteria TAS [24] Phylum Proteobacteria TAS [24]

Class Gammaproteobacteria TAS [25] Class Gammaproteobacteria TAS [25]

Order Acidiferrobacterales TAS [1] Order Acidiferrobacterales TAS [1]

Family Acidiferrobacteraceae TAS [1] Family Acidiferrobacteraceae TAS [1]

Genus Sulfurifustis TAS [1] Genus Sulfuricaulis TAS [2]

Species Sulfurifustis variabilis TAS [1] Species Sulfuricaulis limicola TAS [2]

Type strain skN76 Type strain HA5

Gram stain negative TAS [1] negative TAS [2]

Cell shape rod or filaments TAS [1] rod TAS [2]

Motility motile TAS [1] not reported

Sporulation not reported not reported

Temperature range 28-46 °C TAS [1] 8-37 °C TAS [2]

Optimum
temperature 42-45 °C TAS [1] 28-32 °C TAS [2]

pH range; Optimum 6.3-8.9; 6.8-8.2 TAS [1] 6.1-9.2; unknown TAS [2]

Carbon source bicarbonate TAS [1] bicarbonate TAS [2]

MIGS-6 Habitat Sediment of a lake TAS [1] Sediment of a lake TAS [2]

MIGS-6.3 Salinity < 2.6 % NaCl (w/v) TAS [1] < 1.2 % NaCl (w/v) TAS [2]

MIGS-22 Oxygen requirement aerobic TAS [1] aerobic TAS [2]

MIGS-15 Biotic relationship free-living TAS [1] free-living TAS [2]

MIGS-14 Pathogenicity non-pathogen NAS non-pathogen NAS

MIGS-4 Geographic location Lake Mizugaki, Japan TAS [1] Lake Harutori, Japan TAS [2]

MIGS-5 Sample collection November 30, 2010 NAS April 26, 2012 NAS

MIGS-4.1 Latitude 35°51.5′ N TAS [26] 42°58.4′ N NAS

MIGS-4.2 Longitude 138°30.0′ E TAS [26] 144°23.9′ E NAS

MIGS-4.4 Altitude not reported not reported

Table 2-1 Classification and general features of Sulfurifustis variabilis skN76T and Sulfuricaulis limicola
HA5T according to MIGS recommendations

a Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement (i.e., a direct report exists in the literature); NAS:
Non-traceable Author Statement (i.e., not directly observed for the living, isolated sample, but based on a generally accepted property for the
species, or anecdotal evidence). These evidence codes are from the Gene Ontology project [cite this reference]
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Figure 2-1 Phylogenetic tree showing the relationships of Sulfurifustis variabilis skN76T and 

Sulfuricaulis limicola HA5T with other members of the class Gammaproteobacteria based on 

16S rRNA gene sequences aligned by using CLUSTAL W. Desulfatitalea tepidiphila S28bFT 

was used as an outgroup. This tree was reconstructed using 1412 sites with the neighbor-joining 

method by using MEGA6 (27). Percentage values of 1000 bootstrap resamplings are shown at 

nodes; values below 50 % were not shown. 
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Table2-2 Project information. 

 

MIGS ID Property Sulfurifustis variabilis skN76T Sulfuricaulis limicola HA5T

Term Term

MIGS 31 Finishing quality Completed Completed

MIGS-28 Libraries used 15 - 20 kb SMRTbellTM library 10 - 20 kb SMRTbellTM library

MIGS 29 Sequencing platforms PacBio RS II PacBio RS II

MIGS 31.2 Fold coverage x 210 x 142

MIGS 30 Assemblers RS_HGAP Assembly.2 RS_HGAP Assembly.3

MIGS 32 Gene calling method Microbial Genome Annotation Pipeline Microbial Genome Annotation Pipeline

Locus Tag SVA SCL

Genbank ID AP014936 AP014879

GenBank Date of Release July 29, 2016 July 29, 2016

BIOPROJECT PRJDB4108 PRJDB3927

MIGS 13 Source Material Identifier DSM 100313 DSM 100373

Project relevance Enviromental Enviromental

Table2-2 Project information
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Table2-3 Genome statistics of Sulfurifustis variabilis skN76T and Sulfuricaulis limicola HA5T. 

 

Attribute Sulfurifustis variabilis skN76T Sulfuricaulis limicola HA5T

Value % of Total Value % of Total

Genome size (bp) 3,958,814 100.00 2,864,672 100.00

DNA coding (bp) 3,565,567 90.06 2,567,493 89.63

DNA G+C (bp) 2,670,566 67.46 1,759,557 61.42

DNA scaffolds 1 100.00 1 100.00

Total genes 3913 100.00 2812 100.00

Protein coding genes 3864 98.75 2763 98.26

RNA genes 49 1.25 49 1.74

Pseudo genes unknown unknown

Genes in internal clusters unknown unknown

Genes with function prediction 2930 75.83 2036 73.69

Genes assigned to COGs 2921 75.60 2165 78.36

Genes with Pfam domains 2970 76.86 2208 79.91

Genes with signal peptides 893 23.11 562 20.34

Genes with transmembrane helices 845 21.87 622 22.51

CRISPR repeats 6 0

Table2-3 Genome statistics of Sulfurifustis variabilis skN76T and 
Sulfuricaulis limicola HA5T
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Table2-4 Number of genes associated with general COG functional categories. 

 

 

 

Table2-4 Number of genes associated with general COG functional 
categories

Code Sulfurifustis variabilis skN76T Sulfuricaulis limicola HA5T Description

Value %age Value %age

J 164 4.24 159 5.75 Translation, ribosomal structure and biogenesis

A 5 0.13 2 0.07 RNA processing and modification

K 191 4.94 130 4.71 Transcription

L 154 3.99 117 4.23 Replication, recombination and repair

B 1 0.03 1 0.04 Chromatin structure and dynamics

D 36 0.93 31 1.12 Cell cycle control, Cell division, chromosome partitioning

V 43 1.11 29 1.05 Defense mechanisms

T 283 7.32 218 7.89 Signal transduction mechanisms

M 265 6.86 210 7.60 Cell wall/membrane biogenesis

N 66 1.71 64 2.32 Cell motility

U 123 3.18 98 3.55 Intracellular trafficking and secretion

O 185 4.79 142 5.14 Posttranslational modification, protein turnover, chaperones

C 265 6.86 192 6.95 Energy production and conversion

G 148 3.83 101 3.66 Carbohydrate transport and metabolism

E 201 5.20 150 5.43 Amino acid transport and metabolism

F 63 1.63 59 2.14 Nucleotide transport and metabolism

H 167 4.32 129 4.67 Coenzyme transport and metabolism

I 90 2.33 65 2.35 Lipid transport and metabolism

P 189 4.89 127 4.60 Inorganic ion transport and metabolism

Q 56 1.45 35 1.27 Secondary metabolites biosynthesis, transport and catabolism

R 394 10.20 247 8.94 General function prediction only

S 346 8.95 230 8.32 Function unknown

- 943 24.40 598 21.64 Not in COGs
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Figure 2-3 Neighbor-joining tree showing the phylogenetic positions of RuBisCO amino acid 

sequences coded in the genomes of Sulfurifustis variabilis skN76T and Sulfuricaulis limicola 

HA5T. The sequences aligned by using CLUSTAL W. This tree was reconstructed using 421 

sites with MEGA6 (27). Percentage values of 1000 bootstrap resamplings are shown at nodes; 

values below 50 % were not shown. The sequences shown in box have six-amino-acid inserts at 

the same position. 
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3.1. Introduction 

 

Sulfur-disproportionating bacteria utilize inorganic sulfur compounds as a sole energy 

source. In sulfur disproportionation, sulfide and sulfate are generated from a single inorganic 

sulfur compound such as thiosulfate, sulfite and elemental sulfur. Some 

sulfur-disproportionating bacteria are also able to grow by sulfate reduction and others are able 

to grow by sulfur oxidation. The others are specialized to disproportionate inorganic sulfur 

compounds. Most of sulfur-disproportionating bacteria are phylogenetically closely related to 

sulfate-reducing bacteria (1, 2). Some sulfate-reducing bacteria are also able to grow by sulfur 

disproportionation and others disproportionate sulfur compounds without growth (1, 2). 

Majority of known sulfur-disproportionating bacteria belong to the class Deltaproteobacteria 

(1–4). Some sulfur-disproportinating bacteria belong to the phyla Thermodesulfobacteria and 

Firmicutes (4–6). However, reports on sulfur disproportionating-bacteria have been less than 

reports on sulfate-reducing bacteria. In addition, sulfur-disproportionating bacteria appear to be 

phylogenetically more restricted and are less widespread than sulfate-reducing bacteria. In the 

phylum Nitrospirae, sulfate-reducing bacteria belonging to the genus Thermodesulfovibrio are 

well known (7, 8). In addition, sulfur-oxidizing bacteria are also thought to belong to the 

phylum Nitrospirae (9). However, sulfur-disproportionating bacteria belonging to the phylum 

Nitrospirae have not been reported.  

Sulfate-reducing bacteria generally possess common genes for sulfate reduction: the 

sat gene encoding a sulfate adenylyltransferase, the aprAB genes encoding an adenosine 5’ 

phosphosulfate reductase, the dsrABC and dsrMK(JOP) genes encoding a dissimilatory sulfite 

reductase and the qmoABC genes encoding a protein interacting with AprAB for electron 

transfer (10, 11). Although some sulfur-disproportionating bacteria are incapable of growth by 

sulfate reduction, their genomes contain the complete set of genes for sulfate reduction (12–15). 
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Many sulfur-disproportionating bacteria are autotrophic and possess genes for carbon fixation 

via the Wood-Ljungdahl pathway (12–14, 16). The genes for dissimilatory sulfate reduction and 

carbon fixation are similar in the genome of sulfur-disproportionating bacteria. 

In this chapter, the physiological and phylogenetic characteristics of a novel 

sulfur-disproportinoating bacterium belonging to the phylum Nitropirae are described. In 

addition, the bacterium has been further characterized by means of genome sequencing. 

 

3.2. Materials and methods 

 

3.2.1. Cultivation 

Enrichment culture was derived from a microbial mat sample of a hot spring obtained 

from Jozankei hot spring in Hokkaido, Japan. Enrichment culture was grown under growth 

condition of thiosulfate disproportionation in bicarbonate-buffered low-salt medium described 

below with 20 mM Na2S2O3 as a sole energy source and 20 mM poorly crystalline Fe(III) oxide 

as a sulfide trap at 45 °C. Poorly crystalline Fe(III) oxide was prepared as follows: FeCl3 

solution was neutralizated with NaOH solution and washed with water for desalinization (17). 

In addition to Na2S2O3 and poorly crystalline Fe(III) oxide, the culture medium contains the 

following components per liter: 200 mg MgCl2-6H2O, 100 mg CaCl2-2H2O, 100 mg NH4Cl, 

100 mg KH2PO4, 100 mg KCl, 30 mL of 1 M NaHCO3 solution and 1 mL of trace element 

solution, 1 mL of selenite-tungstate solution, 1 mL of vitamin mixture solution, 1 mL vitamin 

B12 solution and 1 mL thiamine solution. The pH of the culture medium was adjusted to around 

7.0-7.2. Those solutions were prepared as described by Widdel and Bak (18). Headspace of 

culture bottles was filled with N2/CO2 (80:20, v/v). 

 

3.2.2. Community analysis 



 29 

After several subculturing of enrichment culture, genomic DNA was extracted from 

the enrichment culture using the Wizard genomic DNA purification kit (Promega, Madison, WI, 

USA). The genomic DNA was purified using the NucleoSpin® gDNA Clean up kit 

(MACHEREY NAGEL, Düran, Germany). The 16S V3-V4 region was amplified with forward 

and reverse primer which were added to Illumina adapter overhang nucleotide sequence 

(5 ́-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3 ́, 

5 ́-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC

-3 ́) from extracted DNA. After purification of PCR products, secondary PCR was performed in 

order to attach the Illumina sequencing index adaptors using forward and reverse primers. 

Sequence library from purified amplicon was sequenced by the Illumina MiSeq using the 

paired-end method. Reads from the sequence library were collected based on index sequence. 

Trimming of Illumina adapter sequences from sequences of reads were performed using 

cutadapt version 1.1 (19). Low quality regions were removed using Trimmomatic version 0.32 

when scanning started from 5’end and average quality score fell below 20 in a window of 20 bp 

(20). Paired reads were connected to a single sequence using fastq-join version 1.1.2-537 when 

both sequences were longer than 50 bp and the sequence of the 3’end overlapped by at least six 

bases and the bases of mismatch were lower than eight percent (21). Further sequence cleanup 

was performed using Cleanup program in QIME version 1.8.0 as following conditions (22): (i) 

Sequence reagions with ambiguous bases were trimmed; (ii) Sequences with an average quality 

score that fell below 25 within a 50 bp window were trimmed; (iii) Reads were removed when 

the length of a homopolymer is longer than 6 bp; (iv) Reads were removed when the length was 

shorter than 200 bp or longer than 1000 bp; (v) Sequences of forward and reverse primers were 

trimmed (a 1% maximum mismatch). Operational taxonomic units (OTUs) were grouped from 

reads at 97% similarity by UCLUST method using QIME. Taxonomy information of OTU was 

obtained using QIME annotation program at a similarity threshold of 0.9. 16S representative 
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sequences of the OTUs were checked for Chimera sequences using QIME ChimeraSlayer 

program. 

 

3.2.3. Genome sequencing 

The genomic DNA that was used for the community analysis was also used for 

genome sequencing. The genomic DNA obtained from enrichment culture was purified with the 

AMPure XP reagents (Beckman Coulter, Inc., Tokyo, Japan) and sheared into approximately 20 

kb using the g-TUBE (Covaris, Inc., Wolburn, MA, USA). The SMRTbellTM template was 

prepared from fragments using the SMRTbellTM Template Prep kit 1.0 (Pacific Biosciences, 

Menlo Park, CA, USA), and this template was size selected using BluePippin (Sage Science, 

Baverly, MA, USA). The size-selected template was annealed with sequence primers using the 

SMRTbellTM Template Prep kit 1.0, and that was bound to DNA polymerase using the 

DNA/Polymerase Binding Kit P6 v2 (Pacific Biosciences). That template complex was attached 

with MagBead using the MagBead Kit v2 (Pacific Biosciences). The template was sequenced 

on PacBio RS II instrument (Pacific Biosciences) using DNA sequencing Reagent 4.0 (Pacific 

Biosciences). De novo assembly was performed with the “RS_HGAP_Assembly.3” protocol 

included in the application of SMRT Analysis version 2.3.0. In addition, completeness and 

contamination of the obtained genome were evaluated using CheckM (23). 

 

3.2.4. Physiology test 

After genomic DNA was extracted from the enrichment culture, two sets of ten-fold 

serial dilutions of the enrichment culture were performed in order to purify for the dominant 

species as much as possible. Cultivation test for substrate usage was performed at 55 °C with 

the following substrate combinations: sulfate (20 mM) as an electron acceptor with formate (10 

mM), lactate (20 mM) or hydrogen; thiosulfate (20 mM) as an electron acceptor with formate 
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(10 mM), lactate (20 mM), pyruvate (20 mM), propionate (10 mM), ethanol (10 mM), glucose 

(10mM) or hydrogen; poorly crystalline Fe(III) oxide (20 mM) as an electron acceptor with 

hydrogen; nitrate (20 mM) as an electron acceptor with pyruvate (20 mM), hydrogen or 

thiosulfate as an electron donor (20 mM); lactate (40 mM) and pyruvate (40 mM) as a sole 

energy source for fermentation, respectively. Hydrogen utilization was tested by filling mixture 

gas of about two times volume of headspace (H2/N2/CO2, 50:40:10). Thiosulfate 

disproportionation was hardly detected without the sulfide trap. Therefore, culture under growth 

condition with thiosulfate (20 mM) without poorly crystalline Fe(III) oxide (20 mM) was 

utilized as negative control in cultivation test. After several subculturing under growth 

condition with thiosulfate disproportionation, DNA was extracted from the enrichment culture. 

16S rRNA gene was amplified from that by PCR using primer 341F that has a GC-clamp 

(5 ́-CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGCCTACGGGAGGCAG

CAG-3 ́) and 907R primer (5 ́-CCGTCAATTCCTTTRAGTTT-3 ́) (24). The 16S rRNA gene 

sequence matched the sequence of dominant species obtained from community analysis. 

 

3.2.5. Alignments and phylogenetic analysis 

Reference sequences were obtained from NCBI. The 16S rRNA gene sequences of 

novel sulfur-disproportionating bacteria were obtained from genome sequences of that. 

Sequences were aligned using ClustalW alignment tool (http://www.genome.jp/tools/clustalw/). 

A phylogenetic tree of 16S rRNA genes was constructed with Maximum-likelihood method by 

using MEGA7 (25). 

 

3.2.6. Genome annotation 

The genome derived from an enrichment culture was automatically annotated using 

RAST server (26). Additionally, protein coding sequences (CDSs) which were predicted by 
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automatic annotation were manually annotated with basis on BLASTP search as described 

previously (27). In the genome of 45J, short putative CDSs were removed when the length of 

the CDSs were shorter than 400 bp and when more than half of the length of the CDSs 

overlapped with other CDSs. 

The candidates for genes involved in sulfur metabolism, carbon metabolism and 

nitrogen metabolism were identified by performing a BLASTP search using amino acid 

sequences from representative genes as a query (Table 3-1). The genes were identified as 

candidates when the amino acid sequences from genes satisfied the following three criteria of 

BLASTP searches as query of the above proteins: (i) E-value ≤1e -8, (ii) length coverage ≥60% 

against query sequence and (iii) sequence identity ≥30%. The identified candidates were 

annotated from BLASTP search against “Non-redundant protein sequences”.  

 

3.3. Results and discussion 

 

3.3.1.  Microbial community and physiological characteristics 

In order to obtain a novel sulfur-disproportionating bacterium, enrichment culture was 

established from a microbial mat sample obtained from a hot spring. Microbial community in 

the enrichment culture was investigated based on amplicon sequence of the variable region of 

16S rRNA gene sequence. When OTUs were grouped at 97% similarity, 99% of the total reads 

(ca. 28,000 reads) were assembled into single OTU (this OTU is called 45J) (Table 3-2). 45J 

belongs to the phylum Nitrospirae. None of bacteria in the enrichment culture grew by sulfate 

reduction with formate, lactate nor hydrogen and nitrate reduction with pyruvate, hydrogen nor 

thiosulfate. Growth under conditions by thiosulfate reduction with following electron donor 

were not or minimally observed, as it was at a similar level to the negative control: formate, 

lactate, pyruvate, propionate, ethanol, glucose or hydrogen. These results indicate that 45J is a 
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thiosulfate-disproportionating bacterium unable to grow by sulfate reduction. Although growth 

was not observed with poorly crystalline Fe(III) oxide and hydrogen, poorly crystalline Fe(III) 

oxide became dark color, indicating that 45J reduces Fe(III) oxide. However, more experiments 

are needed to further understand this observation. Growth with fermentation by pyruvate and 

lactate was not observed. Cells of bacteria in enrichment culture were motile and curved 

rod-shaped (Fig. 3-1). 

 

3.3.2.  Genome sequencing 

A draft genome sequence consisting of two contigs (ca. 2.4 Mbp and 43 kbp) was 

assembled from 39,741 subreads (420,633,872 bp) obtained from PacBio sequencing (Table 

3-3). Two 16S rRNA genes were found in the genome. Both 16S rRNA gene sequences contain 

insertion near the 5 ́ ends. The sequences of 16S rRNA genes in the genome correspond to the 

sequences of 45J. Completeness and contamination of the draft genome sequence were 

evaluated to 100% and 0.91%, respectively. Therefore, the genome provided sufficient 

information for near-complete coverage of the genes present in 45J in order to comprehensively 

analyze its metabolism.  

 

3.3.3.  Phylogenetic characteristics 

Phylogenetic position of 45J based on 16S rRNA gene sequence belongs to the 

phylum Nitrospirae and was located outside of cultured bacteria such as the genus 

Thermodesulfovibrio (Fig. 3-2). The 16S rRNA gene sequences in the genome exhibited low 

identity to the sequence of closely cultured bacterium, Thermodesulfovibrio hydrogeniphilus 

Hbr5T (88%) and Thermodesulfovibrio yellowstonii YP87T (88%). The 16S rRNA genes of 45J 

were related to uncultured magnetotactic bacteria such as Candidatus Magnetoovum 

mohavensis LO-1 and uncultured bacterium clone HSMV 1 (Fig. 3-2, Fig. 3-3). Many clones 
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were phylogenetically related to the 16S rRNA gene sequences of 45J from freshwater 

environments such as hot spring mat (HM114293.1), ground water (AB924430.1), and lake 

sediment (LC124500.1) (Fig. 3-3). In addition, clones related to that were derived from 

endosphere of rice roots (JN697708.1) and polluted soil (EU037906.1) (Fig. 3-3). Genus 

Thermodesulfovibrio belonging to the phylum Nitrospirae is known as a group of 

sulfate-reducing bacteria (7, 8). Sulfur-oxidizing bacteria belonging to the phylum Nitrospirae 

are suggested to be present in environments by phylogenetic analysis based on AprBA 

sequences (9). The AprBA sequences of the phylum Nitrospirae were frequently detected in 

freshwater environments (9). 16S rRNA sequences related to 45J were found from various 

freshwater environments. Therefore, sulfur-disproportionating bacteria belonging to the phylum 

Nitrospirae may be important for sulfur cycle in freshwater ecosystem. 

 

3.3.4.  Insight of the genome sequence 

The genome of 45J contains the complete set of genes to reduce sulfate to sulfide: the 

sat gene (A45J_1341), the aprAB genes (A45J_1343-1342), the qmoABC genes 

(A45J_1344-1346), the dsrAB (A45J_1167-1168), the dsrC genes (A45J_1172) and the 

dsrMKJOP (A45J_1174-1178). Some sulfur-disproportionating bacteria are also unable to grow 

by sulfate reduction in spite of relative to sulfate-reducing bacteria such as Desulfocapsa 

sulfexigens SB164P1T, Desulfurivibrio alkaliphilus AHT2T and Dissulfuribacter thermophiles 

S69T belonging to the class Deltaproteobacteria and Thermosulfurimonas dismutans S95T, 

Caldimicrobium thiodismutans TF1T and Thermosulfuriphilus ammonigenes ST65T belonging 

to the family Theremodesulfobacteriacea (3–6, 28, 29). Most of these bacteria possess the 

complete genes necessary for sulfate reduction (12–15). In Desulfurivibrio alkaliphilus AHT2T, 

all genes for sulfate reduction are involved in sulfur disproportionation (30). Therefore, these 

genes are thought to be involved in sulfur disproportionation of 45J. However, the reason why 
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45J is incapable of growth with sulfate reduction is still unknown. The genome of 45J contains 

a proton-translocating pyrophosphatase (A45J_1347). The genome contains all the genes for 

carbon fixation via the Wood-Ljungdahl pathway: a formate dehydrogenase encoded by the 

genes (A45J_1159, A45J_2441), the fhs gene encoding a formyl-tetrahydrofolate synthase 

(A45J_2443), the folD gene encoding a bifunctional methylene-tetrahydrofolate 

dehydrogenase/formyl-tetrahydrofolate cyclohydrolase (A45J_0531, A45J_0807), the metF 

gene encoding a methylene-tetrahydrofolate reductase (A45J_0529), the acsD gene encoding a 

corrinoid iron-sulfur protein small subunit (A45J_0559), the acsE gene encoding a 

methyltransferase (A45J_0560), the acsA gene encoding a carbon monoxide dehydrogenase 

(A45J_0556), the acsB gene encoding an acetyl-CoA synthase (A45J_0557), the acsC gene 

encoding a corrinoid iron-sulfur protein large subunit (A45J_0558) (31, 32). The genome of 45J 

contains the small and large subunits of a hydrogenase and a cytochrome b (A45J_1969, 

A45J_1971-1972).  

Although 45J is unable to grow by nitrate reduction with hydrogen, pyruvate or 

thiosulfate, the genome of 45J contains the napAGH genes encoding a nitrate reductase 

(A145J_0202, A45J_0200-0199). In addition, the genome of 45J contains the gene encoding an 

octaheme nitrite reductase involved in reduction of nitrite to ammonium (A45J_0204). Some 

sulfur disproportionaters, Desulfurivibrio alkaliphilus AHT2T and Dissulfuribacter 

thermophiles S69T and Thermosulfurimonas dismutans S95T, are able to grow by dissimilatory 

nitrate reduction with oxidation of inorganic sulfur compounds (15, 30). Dominant species in 

bioreactor received ammonium, nitrate, methane and sulfide were thought to be nitrate reducer, 

and that was phylogenetically distantly related to the genus Thermodesulfovibrio (33). 

Therefore, one possibility is that 45J grow by nitrate reduction with oxidation of inorganic 

sulfur compounds. 

Interestingly, two gene clusters in the genome of 45J were predicted to the dsrEFH 
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homologous genes (A45J_0297-0294, A45J_1181-1183). One dsrE gene was separated into two 

genes (A45J_0296-0297). The gene sequence of A45J_0297 contains a TGA codon as an end 

codon. TGA codon is also known to be translated as selenocysteine in some cases. It is thought 

that Desulfovibrio vulgaris possess a selenocysteine-containing DsrE-like protein (34). The 

TGA codon of A45J_0297 was located to the Cys78 of Alvin_1253 which is DsrE of DsrEFH 

involved in sulfur relay in Allochromatium vinosum (Fig. 3-4a) (35). Therefore, this TGA codon 

of DsrE (A45J_0297) is thought to be selenocysteine. DsrE sequences of modified A45J_0297 

and A45J_1181 has low identity to Alvin_1253 (24% and 26%, respectively). It is known that 

the Cy20 of DsrH (Alvin_1255) of Allochromatium vinosum is needed for sulfur relay. However, 

this cysteine was not found in the DsrH proteins (A45J_0294, A45J_1183) (Fig. 3-4b) (35). The 

tusBCD genes in the genome of Escherichia coli are also homologous to the dsrEFH genes and 

TusBCD was related to modification of tRNA into thiouridine at the wobble position (36). 

Therefore, the function of dsrEFG-like genes of 45J is currently unclear. However, nucleophilic 

reactivity of selenocysteine is higher than that of cysteine, indicating that the reaction 

properties of the DsrEFG-like proteins (A45J_0297-0294) are thought to be different from 

DsrEFH proteins or TusBCD proteins (37). 

The genes that make up the Sox system involved in thiosulfate oxidation were not 

found. The genes corresponding to the phsA gene encoding a thiosulfate reductase or the psrA 

gene encoding a polysulfide reductase was not found in the genome of 45J. In Dethiobacter 

alkaliphilus AHT1T also does not possess the phsA gene (16). In thiosulfate disproportionation, 

thiosulfate is thought to reduce to sulfite and sulfide during the first step. However, it is unclear 

how thiosulfate is reduced in 45J. 

 

3.4. Conclusion 

 



 37 

The genome of a novel thiosulfate-disproportionating bacterium 45J belonging to the 

phylum Nitrospirae was obtained from enrichment culture. The genome of 45J shares similar 

gene sets for sulfate reduction and carbon fixation with other sulfur-disproportionating bacteria 

of different phyla. The genome of 45J does not contain the phsA gene involved in thiosulfate 

reduction. Therefore, thiosulfate-disproportonating pathway of 45J may be similar in large to 

other sulfur-disproportionating bacteria, but except for its initial step. 
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Table 3-1 List showing the accession numbers to the sequences that was used as a query for 

gene annotation of gene in the genomes of 45J.  

 

 

accesion number gene name product Species

EAT05667.1 acsA Carbon-monoxide dehydrogenase, catalytic subunit delta proteobacterium MLMS-1

EAT05665.1 acsB CO dehydrogenase/acetyl-CoA synthase complex beta subunit delta proteobacterium MLMS-1

EAT05664.1 acsC CO dehydrogenase/acetyl-CoA synthase delta subunit:Putative Fe-S
cluster delta proteobacterium MLMS-1

ABC19512.1 acsD acetyl-CoA decarbonylase/synthase delta subunit Moorella thermoacetica ATCC 39073

ADO12092.1 acsE 5-methyltetrahydrofolate corrinoid iron-sulfur protein methyltransferase Clostridium carboxidivorans P7T

OAQ20318.1 aprA Adenylylsulfate reductase alpha-subunit Thermosulfurimonas dismutans S95T

OAQ20319.1 aprB Adenylylsulfate reductase beta-subunit Thermosulfurimonas dismutans S95T

OAQ20198.1 dsrA Dissimilatory sulfite reductase alpha subunit Thermosulfurimonas dismutans S95T

OAQ20199.1 dsrB Dissimilatory sulfite reductase beta subunit Thermosulfurimonas dismutans S95T

OAQ20264.1 dsrC Dissimilatory sulfite reductase, subunit gamma Thermosulfurimonas dismutans S95T

OAQ21324.1 dsrJ Sulfite reduction-associated complex DsrMKJOP multiheme protein DsrJ Thermosulfurimonas dismutans S95T

OAQ21325.1 dsrK Sulfite reduction-associated complex DsrMKJOP protein DsrK Thermosulfurimonas dismutans S95T

OAQ21326.1 dsrM Sulfite reduction-associated complex DsrMKJOP protein DsrM Thermosulfurimonas dismutans S95T

OAQ21323.1 dsrO Sulfite reduction-associated complex DsrMKJOP iron-sulfur protein 
DsrO Thermosulfurimonas dismutans S95T

OAQ21322.1 dsrP Sulfite reduction-associated complex DsrMKJOP protein DsrP Thermosulfurimonas dismutans S95T

EAT05670.1 fhs Formate--tetrahydrofolate ligase delta proteobacterium MLMS-1

EAT05668.1 folD Methenyltetrahydrofolate cyclohydrolase delta proteobacterium MLMS-1

EAT05662.1 fdh Molybdopterin oxidoreductase:Molydopterin dinucleotide-binding region delta proteobacterium MLMS-1

EAT05663.1 fdh
Ferredoxin:FAD-dependent pyridine nucleotide-disulphide
oxidoreductase:4Fe-4S ferredoxin, iron-sulfur binding:FAD dependent 
oxidoreductase:Molybdopterin oxidoreductase Fe4S4 region

delta proteobacterium MLMS-1

ABC19505.1 metF Methylenetetrahydrofolate reductase Moorella thermoacetica ATCC 39073

OAQ21381.1 napA Periplasmic nitrate reductase, large catalytic subunit NapA Thermosulfurimonas dismutans S95T

OAQ21379.1 napG Periplasmic nitrate reductase, subunit NapG Thermosulfurimonas dismutans S95T

OAQ21378.1 napH Periplasmic nitrate reductase, subunit NapH Thermosulfurimonas dismutans S95T

CAI56199.2 octaheme nitrate reductase Thioalkalivibrio nitratireducens DSM 14787T

OAQ20317.1 qmoA Adenylylsulfate reductase-associated electron transfer protein QmoA Thermosulfurimonas dismutans S95T

OAQ20316.1 qmoB Adenylylsulfate reductase-associated electron transfer protein QmoB Thermosulfurimonas dismutans S95T

OAQ20315.1 qmoC Adenylylsulfate reductase-associated electron transfer protein QmoC Thermosulfurimonas dismutans S95T

BAV34749.1 sat sulfate adenylyltransferase Sulfuricaulis limicola HA5T

OAQ20990.1 [Ni/Fe] hydrogenase, small subunit Thermosulfurimonas dismutans S95T

OAQ20991.1 [Ni/Fe] hydrogenase, large subunit Thermosulfurimonas dismutans S95T

OAQ20992.1 [Ni/Fe] hydrogenase, cytochrome b subunit Thermosulfurimonas dismutans S95T

ACL05062.1 V-type H(+)-translocating pyrophosphatase Desulfatibacillum alkenivorans AK-01

Supplementary table 1 List showing the sequences which using as query for annotation of gene in the 
genomes of 45J
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Table 3-2 Result of community analysis of the enrichment culture. 

 

*The OTU assigned to denovo3023 was referred to as 45J in the thesis.  

 

OTU ID Chimera Phylum Class Read count rate (%)
denovo3023* . Nitrospirae Nitrospira 27896 99.391
denovo2591 . Nitrospirae Nitrospira 6 0.021
denovo2267 . Nitrospirae Nitrospira 3 0.011
denovo4444 . Nitrospirae Nitrospira 2 0.007
denovo7000 . Nitrospirae Nitrospira 2 0.007
denovo242 . Nitrospirae Nitrospira 1 0.004
denovo264 . Nitrospirae Nitrospira 1 0.004
denovo782 . Nitrospirae Nitrospira 1 0.004
denovo889 . Nitrospirae Nitrospira 1 0.004
denovo922 . Nitrospirae Nitrospira 1 0.004
denovo1245 . Nitrospirae Nitrospira 1 0.004
denovo1555 . Nitrospirae Nitrospira 1 0.004
denovo2100 . Nitrospirae Nitrospira 1 0.004
denovo2195 . Nitrospirae Nitrospira 1 0.004
denovo2347 . Nitrospirae Nitrospira 1 0.004
denovo2415 . Nitrospirae Nitrospira 1 0.004
denovo2471 . Nitrospirae Nitrospira 1 0.004
denovo2511 . Nitrospirae Nitrospira 1 0.004
denovo2518 . Nitrospirae Nitrospira 1 0.004
denovo2572 . Nitrospirae Nitrospira 1 0.004
denovo2589 . Nitrospirae Nitrospira 1 0.004
denovo3230 . Nitrospirae Nitrospira 1 0.004
denovo3638 . Nitrospirae Nitrospira 1 0.004
denovo3875 . Nitrospirae Nitrospira 1 0.004
denovo3885 . Nitrospirae Nitrospira 1 0.004
denovo4306 . Nitrospirae Nitrospira 1 0.004
denovo4365 . Nitrospirae Nitrospira 1 0.004
denovo4628 . Nitrospirae Nitrospira 1 0.004
denovo4688 . Nitrospirae Nitrospira 1 0.004
denovo4763 . Nitrospirae Nitrospira 1 0.004
denovo5014 . Nitrospirae Nitrospira 1 0.004
denovo5290 . Nitrospirae Nitrospira 1 0.004
denovo5919 . Nitrospirae Nitrospira 1 0.004
denovo5978 . Nitrospirae Nitrospira 1 0.004
denovo6010 . Nitrospirae Nitrospira 1 0.004
denovo6014 . Nitrospirae Nitrospira 1 0.004
denovo6109 . Nitrospirae Nitrospira 1 0.004
denovo6361 . Nitrospirae Nitrospira 1 0.004
denovo6694 . Nitrospirae Nitrospira 1 0.004
denovo6829 . Nitrospirae Nitrospira 1 0.004
denovo6926 . Nitrospirae Nitrospira 1 0.004
denovo6991 . Nitrospirae Nitrospira 1 0.004
denovo7109 . Nitrospirae Nitrospira 1 0.004
denovo7119 . Nitrospirae Nitrospira 1 0.004
denovo7134 . Nitrospirae Nitrospira 1 0.004
denovo7252 . Nitrospirae Nitrospira 1 0.004
denovo7363 . Nitrospirae Nitrospira 1 0.004
denovo7498 . Nitrospirae Nitrospira 1 0.004
denovo7723 . Nitrospirae Nitrospira 1 0.004
denovo8034 . Nitrospirae Nitrospira 1 0.004
denovo3677 . Bacteroidetes Bacteroidia 1 0.004
denovo7740 . Proteobacteria Gammaproteobacteria 48 0.171
denovo73 . Proteobacteria Gammaproteobacteria 3 0.011
denovo428 . Firmicutes Clostridia 3 0.011
denovo4410 . Firmicutes Clostridia 2 0.007
denovo1215 . Firmicutes Clostridia 1 0.004
denovo4960 . Proteobacteria Betaproteobacteria 3 0.011
denovo7035 . Spirochaetes Spirochaetes 46 0.164
denovo6395 . Proteobacteria Deltaproteobacteria 5 0.018
denovo3077 . Proteobacteria Deltaproteobacteria 1 0.004
denovo505 chimera Nitrospirae Nitrospira 1 -
denovo1146 chimera Spirochaetes Spirochaetes 6 -
denovo6374 chimera Spirochaetes Spirochaetes 2 -
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Figure 3-1 Phase-contrast micrograph of bacteria in enrichment culture. 
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Table 3-3 Genome statistics of 45J. 

 

Attribute Long contig Short contig 

Genome size (bp) 2,445,501 43,863 

G+C content (%) 38.8 41.4 

CDSs 2619 61 

5S rRNA gene 1 0 

16S rRNA genes 2 0 

23S rRNA genes 2 0 

tRNA genes 46 0 
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Figure 3-2 The phylogenetic position of 16S rRNA genes sequences of 45J within the members 

of the phylum Nitrospirae and closely related uncultured bacterium clones. This tree was 

reconstructed using 1308 sites with maximum-likelihood method. Number represent percent 

value of 100 bootstrap resamplings; values below 50% were not shown. 
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Figure 2 Phylogenetic tree was generated by maximum-likelihood estimation based on 16S rRNA genes 
sequences in the genome of 45J and within the members of phylum Nitrospirae and related uncultured 
bacterium clone. Number shows percent value of 100 bootstrap resamplings; values below 50% were not 
shown. 
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Figure 3-3 Maximum-likelihood phylogenetic tree showing the phylogenetic position of 16S 

rRNA genes sequences in the genome of 45J and closely related uncultured bacterium clones 

within the members of phylum Nitrospirae. This tree was reconstructed using 1288 sites. The 

numbers represent the percent value of 100 bootstrap resamplings; values below 50% are not 

shown.  
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Biofilm clone (GQ844351.1)

Hexachlorocyclohexane contaminated soil clone (EU037906.1)
Deep well clone (HM066400.1)

Aquatic moss pillar clone (AB630526.1)

Dam reservoir water clone (AB930506.1)
Reservoir sediment clone (DQ833491.1)
Lake sediment clone (HQ003656.1)

CandidatusMagnetoovum mohavensis LO-1 (GU979422.1)
CandidatusMagnetobacterium bavaricum (X71838.1)

Nitrospira marina Nb-295 (X82559.1)

Lake sediment clone (LC124500.1)

Figure 3 
Maximum-likelihood phylogenetic tree shows phylogenetic position of 16S rRNA genes sequences in the 
genome of 45J and closely related uncultured bacterium clone within the members of phylum Nitrospirae.
Number shows percent value of 100 bootstrap resamplings; values below 50% were not shown. 
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Figure 3-4 Alignment of DsrE-like protein (a) and DsrH-like protein (b) with DsrE and DsrH of 

DsrEFH complex, respectively. Arrow indicates the cysteine residue of Cys78 of DsrE (a) and 

Cys20 of DsrH (b), respectively.  

 
alignment	with	sequences	of	dsrE gene	of	dsrEFH genes	

Figure 3-4 Alignment of DsrE-like protein (a) and DsrH-like protein (b) with DsrE and DsrH of DsrEFH complex, respectively. Arrow indicates the cysteine 
residue of Cys78 of DsrE (a) and Cys20 of DsrH (b), respectively.
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sulfur-disproportionating bacteria and proteomic analysis of  

a sulfur-diproportionating bacterium 
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4.1. Introduction 

 

 Most of sulfur-disproportionating bacteria are phylogenetically related to 

sulfate-reducing bacteria (1, 2). Some sulfur-disproportionating bacteria which disproportionate 

thiosulfate and/or elemental sulfur are incapable of growth with sulfate reduction. Such bacteria 

will be refered to as ISR-SDB in this chapter. Only six genomes of ISR-SDB belonging to four 

different phyla have been described in detail. Desulfocapsa sulfexigens SB164P1T, 

Desulfurivibrio alkaliphilus AHT2T and Dissulfuribacter thermophiles S69T belong to the class 

Deltaproteobacteria in the phylum Proteobacteria (3–8). Dethiobacter alkaliphilus AHT1T 

belongs to the phylum Firmicutes (7, 9). 45J belongs to the phylum Nitrospirae (Chapter 4). 

Thermosulfurimonas dismutans S95T belongs to the phylum Thermodesulfobacteria (10, 11). In 

the phylum Thermodesulfobacteria, Caldimicrobium thiodismutans TF1T and 

Thermosulfuriphilus ammonigenes ST65T are also known as ISR-SDB, although the genome 

data of these bacteria are minimally described (12, 13). In sulfate-reducing pathway, sulfate is 

reduced to adenosine-5’-phosphosulfate (APS) by a sulfate adenylyltrasnferase encoded by the 

sat gene. APS is reduced to sulfite by APS reductase encoded by the aprAB genes. Sulfite is 

reduced to a trisulfide formation of the protein DsrC by dissimilatory sulfite reductase encoded 

by the dsrAB genes (14). Finally, DsrC trisulfide is thought to be reduced by DsrMK(JOP) (14). 

ISR-SDB, except for Dethiobacter alkaliphilus AHT1T, possess the complete genes for sulfate 

reduction. Some sulfur-oxidizing bacteria also possess those genes, where sulfur is oxidized 

through these enzymes working in reverse reactions (15). 

 Four species of ISR-SDB are able to grow by oxidation of inorganic sulfur 

compounds with nitrate reduction: Desulfurivibrio alkaliphilus AHT2T, Dissulfuribacter 

thermophiles S69T, Thermosulfurimonas dismutans S95T and Thermosulfuriphilus 

ammonigenes ST65T (5, 13, 16). In Desulfurivibrio alkaliphilus AHT2T, transcriptomic analysis 
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revealed that the genes for sulfate reduction were involved in sulfur disproportionation and 

sulfide oxidation in combination with nitrate reduction (16). In the sulfur-disproportionating 

pathway, the direction of enzyme reactions of an APS reductase and a sulfate 

adenylyltransferase are thought to be different from sulfate reduction (2, 16, 17). Genes that are 

specifically involved in the sulfate-reducing pathway, but not sulfur-disproportionating 

pathway, have not been identified. In addition, genes that are specific to 

sulfur-disproportionating pathway are also not identified. 

In this study, we investigated whether there are specific genes to ISR-SDB with the 

Dsr system through comparative genomic analysis using 92 genomes including the genomes of 

Caldimicrobium thiodismutans TF1T and 45J. In order to investigate whether these genes are 

related to sulfur disproportionation, expressed proteins were identified under growth conditions 

of thiosulfate and elemental sulfur disproportionation in Caldimicrobium thiodismutans TF1T. 

 

4.2. Materials and methods 

 

4.2.1. Genome sequencing of TF1 

Sequence library (350 bp insert) was prepared using the TruSeq Nano DNA LT 

Sample Prep Kit (Illumina, San Diego, CA, USA) as described in the standard protocol. 

Sequencing with 100 bp paired-end reads was performed on Illumina Hiseq (Illumina). De novo 

assembly was performed using Velvet version 1.2.08 (18). After genome assembly, gaps in 

contigs were closed and contigs were connected to other contigs by PCR and Sanger 

sequencing. 

 

4.2.2. Genome annotation 

Automatic annotation of the genome of Caldimicrobium thiodismutans TF1T was 



 53 

performed by Microbial Genome Annotation Pipeline (19). In addition, manual annotation of 

predicted protein coding sequences (CDSs) was performed by the basis on BLASTP search. The 

CDSs were annotated as hypothetical proteins when CDSs satisfied any of three criteria of 

BLASTP search: (i) E-value >1e -8, (ii) length coverage <60% against query sequence and (iii) 

sequence identity <30%. In order to find the genes for sulfur, carbon and nitrate metabolism, 

BLASTP search was performed using representative genes as query against the CDSs in the 

genome of Caldimicrobium thiodismutans TF1T (Table 4-1). The candidates were determined 

by satisfying the following three criteria of BLASTP searches: (i) E-value ≤1e -8, (ii) length 

coverage ≥60% against query sequence and (iii) sequence identity ≥30%. The identified 

candidates were annotated from BLASTP search against “Non-redundant protein sequences”. 

Additionally, amino acid sequences from genes in the genome of Caldimicrobium 

thiodismutans TF1T were searched using Batch Web CD Search Tool performed with default 

setting (20). Proteins including a domain of RHOD superfamily (cl00125) were determined as 

candidates for the Rhodanese protein. The candidates were annotated based on BLASTP search 

against “Non-redundant protein sequences”. 

 

4.2.3. Comparative genomic analysis 

For comparative genomic analysis, a total of 92 genomes were selected from bacteria 

which reduce and/or disproportionate inorganic sulfur compounds (Table 4-2, Table 4-3). They 

belong to the phylum Thermodesulfobacteria, the class Deltaproteobacteria, the class 

Clostridia, the class Nitrospira and the class Synergistia (Table 4-2, Table 4-3). Genomes 

except for 45J were obtained from NCBI. Protein-coding sequences of 92 genomes were 

classified into homologous genes (orthogroup) using orthofinder (21). 

 

4.2.4. Prediction of gene function 
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In order to predict functions of genes, functional domains of genes were found using 

“Conserved Domain Search Service” (20). Localization of protein in the cells was predicted 

using tool of psortb v3.0 (22).  

 

4.2.5. Alignment and phylogenetic analyses 

Reference sequences were obtained from NCBI. The sequences of proteins were 

aligned using ClustalW alignment tool (http://www.genome.jp/tools/clustalw/) and then 

alignment was modified manually as needed. A phylogenetic tree was reconstructed with 

Maximum-likelihood method by using MEGA6 (23). 

 

4.2.6. Proteomic analysis 

Cells of Caldimicrobium thiodismutans TF1T were cultured under anaerobic 

conditions (N2/CO2, 80:20 by vol.) in a bicarbonate-buffered medium described previously, 

modifying vitamin solution, with 20 mM thiosulfate or elemental sulfur (0.8 g/L) (12). The 

culture medium was comprised as follows per liter: 200 mg MgCl2-6H2O, 100 mg CaCl2-2H2O, 

100 mg NH4Cl, 100 mg KH2PO4, 100 mg KCl, 30 mL of 1 M NaHCO3 solution and 1 mL of 

trace element solution, 1 mL of selenite-tungstate solution and 1 mL of vitamin solution. 

Vitamin solution is comprised as follows per liter: 2 mg biotin, 2 mg folic acid, 10 mg 

pyridoxine-HCl, 5 mg lipoic acid and 0.1 mg cyanocobalamine. The pH of culture medium was 

adjusted from 7.0 to 7.2. Additionally, a dialysis tubing containing poorly crystalline Fe(III) 

oxide was utilized as a sulfide trap. Poorly crystalline Fe(III) oxide was added into dialysis 

tubings (6000 to 8000 Da molecular-mass cutoff Spectra/Por 1, 6.4-mm diameters; Spectrum 

Labs, Rancho Dominguez, CA, USA) to obtain final concentrations of 20 mmol per 1 L of 

cultured medium. 

Samples of cells were harvested by centrifugation and washed in phosphate-buffered 



 55 

saline. Three samples were grown for 108 hr with disproportionation of thiosulfate and two 

samples were grown for 240 hr with disproportionation of elemental sulfur. The concentrations 

of sulfate and thiosulfate were measured by an ion chromatograph (ICS-1500, column: 

IonPacAS12A, Dionex, Sunnyvale, CA, USA) in order to observe growth. Samples were 

suspended using ReadyPrep protein extraction kit (total protein) (Bio-Rad Laboratories, 

Hercules, CA, USA). Suspended samples were sonicated on ice 10 times for 10 s each at 30 s 

intervals, and lysates were centrifuged by 16,000 x g for 30 min at 20 ˚C. Acetone precipitation 

of supernatants were performed. Pellets were redissolved in lysis solution (8 M urea in 50 mM 

NH4HCO3). The protein concentration of the supernatant was determined using Bio-Rad protein 

assay kit (Bio-Rad Laboratories). 20 µg of total protein sampoles were trichloroacetic acid 

(TCA) precipitated and washed by ice-cold acetone for three times followed by centrifugation 

for 5 min at 16,000 x g. Pellets were resuspended in 1M urea in 25 mM ammonium bicarbonate 

buffer. Protein samples were then reduced for 30 min at 50 ˚C in 5 mM DTT, followed by 

alkylation with 15 mM iodoacetamide for 30 min at room temperature in the dark. Samples 

were then digested by adding proteomics grade trypsin (Roche, Germany) at a 1:100 

trypsin/protein ratio for 10 hrs at 37 ˚C. ZipTip-C18 column clean up was performed (Merk, NJ, 

USA), then eluted into 0.1 % formic acid solution. Mass spectrum was obtained by using Easy 

nLC1000 hooked up with Q-excutive plus orbitrap mass spectrometer (Thermo Fisher Scientific, 

IL, USA), and operated by Xcalibur software (ver. 3.1, Thermo Fisher Scientific). The peptides 

were separated on a C18 capillary tip column (NTCC-360/75-3-125, Nikkyo Techno, Japan) by 

linear gradient from 5 to 30 % in 120 min in 0.1 % formic acid in acetonitrile. Full scan mass 

spectra were obtained in the Orbitrap with scan range of 300.0 to 2,000.0 m/z with a resolution 

of 70,000.  

Proteins were identified from the acquired MS/MS spectra using Proteome Discoverer 

2.0 (Thermo Fisher Scientific) with CDSs of Caldimicrobium thiodismutans TF1T obtained in 
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this study. The peptide mass tolerance was set at 10 ppm, and fragment mass tolerance was set 

at 0.8 Da. The peptide charge was set at +2, +3 and +4. The accuracy and sensitivity of peptide 

identification was attempted by automatic decoy function and percolator function built in the 

Proteome Discoverer software. Proteins including detected peptides that are unique in the CDSs 

of Caldimicrobium thiodismutans TF1T were determined as expressed proteins. 

 

4.3. Results and discussion 

 

4.3.1. Genome property of Caldimicrobium thiodismutans TF1T 

In the Illumina sequencing, a total of 21 contigs were obtained by assembly using 

11,027,898 reads. All gaps were closed by PCR and Sanger sequencing. The sequences of 11 

contigs corresponded to the sequences of other longer contigs. Single chromosome (ca. 1.8 

Mbp) was reconstructed from other contigs except for 1 contig by PCR and Sanger sequencing. 

The sequence of residual 1 contig was very short length (362 bp) and highly similar to the 

sequence of the chromosome (99%). Therefore, the sequence of this contig was considered as a 

sequencing error. Finally, a single chromosome of Caldimicrobium thiodismutans TF1T was 

obtained.  

 

4.3.2. Insight of genome sequence of Caldimicrobium thiodismutans TF1T 

Table 4-3 shows statistics of the genome of Caldimicrobium thiodismutans TF1T. The 

genome of Caldimicrobium thiodismutans TF1T contains the complete gene set to reduce 

sulfate to sulfide as well as other sulfur disproportionaters: the sat gene (THC_1309), the 

aprAB genes (THC_1312, THC_1311), the qmoABC genes (THC_1313-1315), the dsrABD and 

the dsrC genes (THC_0449-051, THC_0323) and the dsrMKJOP (THC_0590-0594). 

It was reported that most of ISR-SDB possess the all the genes necessary for CO2 
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fixation via Wood-Ljungdahl pathway (3, 4, 9, 11). The genome of Caldimicrobium 

thiodismutans TF1T also contains all genes for CO2 fixation via Wood-Ljungdahl pathway. 

Wood-Ljungdahl pathway consists of Eastern and Western branch (24). In the Eastern branch, 

the genes are involved in conversion of carbon dioxide to methyl-tetrahydrofolate: a formate 

dehydrogenase encoded by the genes (THC_1766-1767), the fhs gene encoding a 

formyl-tetrahydrofolate synthase (THC_1752), the folD gene encoding a bifunctional 

methylene-tetrahydrofolate dehydrogenase/formyl-tetrahydrofolate cyclohydrolase 

(THC_1753) and the metF and acsD genes encoding a methylene-tetrahydrofolate reductase 

and a corrinoid iron-sulfur protein small subunit (THC_1761 as the metF/acsD fusion gene). In 

the Western branch, the genes are involved in reduction of carbon dioxide to carbon monoxide 

and generation of acetyl-CoA from methyl-tetrahydrofolate and carbon monoxide: the acsA 

gene encoding a carbon monoxide dehydrogenase (THC_1754), the acsB gene encoding an 

acetyl-CoA synthase (THC_1762), the acsC gene encoding a corrinoid iron-sulfur protein large 

subunit (THC_1763), the metF/acsD gene (THC_1761) and the acsE gene encoding a 

methyltransferase (THC_1765). The formate dehydrogenase alpha and beta subunits 

(Moth_2312, Moth_2314) of Moorella thermoacetica is thought to reduce CO2 to formate with 

the oxidation of NADPH in Wood-Ljungdahl pathway (25). The sequences of the formate 

dehydrogenase beta subunit (Moth_2314) and N-terminal of formate dehydrogenase 

(THC_1766) contain GltD domain. Additionally, this domain was found in formate 

dehydrogenases of other sulfur-disproportionating bacteria: Desulfocapsa sulfexigens 

SB164P1T, Desulfurivibrio alkaliphilus AHT2T, Thermosulfurimonas dismutans S95T, 

Dissulfuribacter thermophiles S69T, but not 45J and Dethiobacter alkaliphilus AHT1T. Most of 

those genes were separated into two genes such as THC_1766 and THC_1767, because the 

sequences of those genes contain a TGA codon as the end codon. When the TGA codons of the 

sequences of the above genes were translated to selenocysteine, the selenocysteine was found to 
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be located at same position when aligned with formate dehydrogenase sequences (Moth_2312) 

of Moorella thermoacetica (Fig. 4-3), which is thought to contain selenocysteine (24, 25). 

Therefore, TGA codon of those formate dehydrogenase may be thought to be translated as 

selenocysteine.  

The genome of Caldimicrobium thiodismutans TF1T contains the napAGH genes 

encoding a nitrate reductase (THC_1378, THC_1380-1381). For nitrite reduction to ammonium, 

the genome of Caldimicrobium thiodismutans TF1T contains the gene a octaheme nitrite 

reductase (this gene was called onr gene in this chapter) (THC_1376) and the otr gene a 

octaheme tetrathionate reductase (THC_0525).  

 

4.3.3. Statistics of comparative genomic analysis 

The six genomes of ISR-SDB contain all genes for sulfate reduction: Desulfocapsa 

sulfexigens SB164P1T, Desulfurivibrio alkaliphilus AHT2T, Thermosulfurimonas dismutans 

S95T, Dissulfuribacter thermophiles S69T, Caldimicrobium thiodismutans TF1T and 45J (3–5, 

11). Dethiobacter alkaliphilus AHT1T which is also ISR-SDB possesses the aprAB genes but 

does not possess the Dsr related genes, the sat gene or the qmoABC genes (9). In order to 

identify genes that are specific to ISR-SDB with the Dsr system or specific to sulfate-reducing 

bacteria, the presence or absence of each gene assigned to homologous genes in the genomes of 

ISR-SDB was compared to sulfate-reducing bacteria. In the 92 genomes including 69 genomes 

of sulfate-reducing bacteria and 6 genomes of ISR-SDB with Dsr system, there are 304,075 

protein coding sequences. By comparative genomic analysis, 283,684 genes were classified in 

orthogroups and 20,391 genes were unassigned. Genes that are common in the genomes of 

sulfate-reducing bacteria but are not found in the genomes of all ISR-SDB with Dsr system 

were not found.  
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4.3.4. Relatively specific genes in the genomes of ISR-SDB 

Table 4-5 shows orthogroups that were evaluated to lowest rate of possessing assigned 

genes in genomes of sulfate-reducing bacteria within orthogroups assigned genes contained in 

all six genomes of ISR-SDB with Dsr system. Four genes assigned to OG00003485, 

OG0002281, OG0002186 and OG0001592 in those orthogroups are components of similar gene 

clusters in different genomes of ISR-SDB with Dsr system (Fig. 4-1, Table 4-5). In that gene 

cluster of 45J, the protein (A45J_1802) encoded by gene assigned to OG0001592 is annotated 

to YeE/YedE family protein. The sequence of YeE/YedE family protein (A45J_1802) contains 

the domain of sulfur transporter (PF04143) family, and proteins of this family are thought to 

transport sulfur containing compounds (26). The tusA genes encoding a TusA protein, which is 

known to be related to sulfur relay, were found in all gene clusters of ISR-SDB with Dsr system 

except for 45J. DsrE is also known to be involved in sulfur relay. The Cys residues of DsrE like 

proteins encoded by genes assigned to OG0002281 were conserved with Cys78 of DsrE of 

DsrEFH complex in Allochromatinum vinosum. In Allochromatinum vinosum, DsrEFH complex 

is known to transfer sulfur to DsrC, and the residue of Cys78 of DsrE is needed to combine with 

sulfide (27). Therefore, relatively specific gene cluster of ISR-SDB is thought to be involved in 

sulfur relay and transport. Functions of the genes assigned to OG0003485 and OG0002186 

were unknown. Genes assigned to OG0003485 were not found in the genomes of 

sulfate-reducing bacteria that are not able to grow by sulfur disproportionation except for 

Dsulfobulbus mediterraneus 86FS1T (28). Some sulfate-reducing bacteria are known to be able 

to disproportionate inorganic sulfur compounds without growth (Table 4-3). Therefore, it is 

unclear whether Dsulfobulbus mediterraneus 86FS1T is able to disproportionate inorganic 

sulfurcompounds. The genes assigned to OG0001930 and OG0002138 are also relatively 

specific genes to ISR-SDB with Dsr system and are encoding a cytochrome c and a DUF3373 

domain containing protein, respectively. 
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4.3.5. Genes related to dissimilatory nitrate reduction in the genomes of ISR-SDB 

Some ISR-SDB are able to grow by nitrate reduction with oxidation of sulfur 

compounds. In order to reveal commonalities and differences of genes related to dissimilatory 

nitrate metabolism of ISR-SDB belonging to four different phyla, Proteobacteria, 

Thermodesulfobacteria, Firmicutes and Nitrospirae, the genes in the genomes of these were 

compared. Most of sulfur-disproportionating bacteria possess the napA gene related to reduce 

nitrate to nitrite (Table 4-7). The nrfA gene encoding a nitrite reductase, the onr gene and the 

otr gene are known to be involved in nitrite reduction to ammonium, respectively (29–32). The 

genomes of Desulfurivibrio alkaliphilus AHT2T and 45J contain the nrfA gene (DaAHT2_0065, 

A45J_0204) (16). The genomes of Thermosulfurimonas dismutans S95T and Dissulfuribacter 

thermophiles S69T contain otr genes (TDIS_1881, DBT_1161) (5). Although it was unclear 

whether Desulfocapsa sulfexigens SB164P1T and Dethiobacter alkaliphilus AHT1T possess the 

genes related to nitrite reduction, comparative genomic analysis reveal that those genes were 

found in the genomes of both bacteria. The genome of Dethiobacter alkaliphilus AHT1T 

contains the nrfA gene and/or the onr gene (DealDRAFT_RS04350, DealDRAFT_RS09375, 

DealDRAFT_RS14145) assigned to OG0001389 that was assigned by the above genes 

(THC_1376, DaAHT2_0065, A45J_0204). The genome of Desulfocapsa sulfexigens SB164P1T 

contains the otr gene (UWK_02550) that was assigned by the above genes (THC_0525, 

TDIS_1881, DBT_1161). Therefore, ISR-SDB with Dsr system possess all genes for reduction 

of nitrate to ammonium (Table 4-7). In Desulfurivibrio alkaliphilus AHT2T, all proteins for 

sulfate reduction such as DsrAB, AprAB and Sat are involved in oxidization of sulfide to 

sulfate and are thought to react in the reverse direction compared to sulfate reduction (16). 

ISR-SDB with Dsr system possess all genes for sulfate reduction (Table 4-7). One possibility is 

that some ISR-SDB that have not been known to grow with sulfur oxidation are able to grow by 
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dissimilatory nitrate reduction with oxidation of sulfur compounds. 

 

4.3.6. Proteomic analysis  

The expressed proteins were identified under growth conditions of thiosulfate and 

elemental sulfur disproportionation in Caldimicrobium thiodismutans TF1T (Table 4-8). A total 

of 947, 1025 and 894 proteins were detected from three samples under growth conditions of 

thiosulfate disproportionation and a total of 877 and 988 proteins were detected from two 

samples under growth conditions of elemental sulfur disproportionation. A total of 633 proteins 

were detected in all samples. Although 52 genes encoding ribosomal proteins which formed 

large and small complexes were found in the genome of Caldimicrobium thiodismutans TF1T, 

only 26 ribosomal proteins were detected in all samples and 5 were not detected in any samples. 

Therefore, the detected proteins are thought not to consist of whole proteome in the cells, but 

are likely present at relatively high abundance in the samples. Protein abundance was evaluated 

based on a peak area. All proteins for sulfate reduction were detected in all samples (Table 4-9); 

DsrAB (THC_0449-0450), DsrC (THC_0323), DsrMKJOP (THC_0590-0594), AprAB 

(THC_1311-1312), QmoABC (THC_1313 1315) and Sat (THC_1309). The proteins 

(THC_1428-1432) encoded by genes in the relatively specific gene cluster were expressed at 

high abundance in all samples (Table 4-9). In addition, THC_1435 and THC_1436 encoded by 

genes that are located near the gene cluster were also expressed at high abundance in all 

samples. However, the functions of THC_1435 and THC_1436 are unknown. Several proteins 

that may be related to sulfur relay were detected in all samples; DsrE (THC_0958), 

Rhodanese-like domain-containing proteins (THC_0726 and THC_1155-1156) and TusA 

(THC_1429).  

The cytochrome c genes (THC1325-1326) are related specific genes, which were 

assigned to OG0001929, in sulfur-disproportionating bacteria (Table 4-9). These cytochrome c 
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(THC_1325-1326) proteins were detected at a low level or not detected in samples (Table 4-9). 

However, the proteins (THC_1322-1324) encoded by genes next to the cytochrome c gene 

(THC_1325) were detected in all samples (Table 4-9). A polysulfide reductase and a 4Fe-4S 

ferredoxin containing protein were encoded by genes (THC_1323-1324), which may be related 

to electron transfer in sulfur disproportionation. Although the protein (THC_1322) was not 

annotated, the proteomic result and gene location indicates that this protein (THC_1322) may 

be related to electron transfer or may interact with the above-mentioned electron transfer 

proteins. As electron flow is thought to be affected by the direction of the enzyme reaction, 

electron flow in sulfur disproportionation is thought to be different from that in sulfate 

reduction. Therefore, one possibility is that these proteins (THC_1322-1326) are important for 

erectron transfer in sulfur disproportionation. 

In addition, THC_0289 encoded by gene assigned to OG0002138, which is relatively 

specific to ISR-SDB, was expressed at high abundance (Table 4-9). Although the function of 

DUF3373 domain containing protein (THC_0289) is still unknown, the localization of this 

protein was predicted to be at the outer membrane. 

The SorAB (THC_0088-0087) proteins were not detected or detected at low amounts 

in the samples (Table 4-9). In Desulfocapsa sulfexigens SB164P1T, sulfite oxidoreductase is 

thought to be a key protein at disproportionation of thiosulfate and elemental sulfur (17). 

However, it has not been reported that the sorAB genes were found in the other 

sulfur-disproportionating bacteria including Desulfocapsa sulfexigens SB164P1T. Additionally, 

the SorAB proteins were not detected in most of samples in Caldimicrobium thiodismutans 

TF1T (Table 4-9), indicating that SorAB proteins do not have a major role in thiosulfate and 

elemental sulfur disproportionation in Caldimicrobium thiodismutans TF1T. Therefore, other 

genes may be involved in sulfite oxidation to sulfate directly. PhsA/PsrA (THC_0921) was 

detected within top 100 in all samples. PhsA/PsrA of Caldimicrobium thiodismutans TF1T is 
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suggested to reduce thiosulfate and/or polysulfide in thiosulfate and elemental sulfur 

disproportionation.  

Interestingly, the protein (THC_1310) encoded by the gene located next to the sat 

gene was present at relatively high abundance within top 10 in all samples. Homologous genes 

were found in the genomes of sulfur- and/or sulfate-reducing prokaryotes and 

sulfur-disproportionating bacteria using by BLASTP search. These prokaryotes except 

Desulfonatronospira thiodismutans and uncultured bacteria are thermophilic prokaryotes. The 

genes were located adjacent to the sat gene in these genomes, and the Sat sequence of these 

prokaryotes formed a monophyletic cluster by phylogenetic analysis (Fig 4-4). The genome of 

Archaeoglobus fulgidus as sulfate reducing archaea contains this gene as ORF2 gene (33), and 

the transcription level of this gene was high under the growth condition of thiosulfate and 

sulfate reduction (34). Sat was reported to be a homodimer in Archaeoglobus fulgidus (33). 

Although the function of the protein (THC_1310) is unclear, these data suggest that the protein 

is involved in the reaction of sulfate adenylyltransferase indirectly in the thermophilic 

condition. 

It is confirmed that the proteins involved in Wood-Ljungdahl pathway for carbon 

fixation were detected in all samples (THC_1752-1754, THC_1761-1763, THC_1766-1767) 

(Table 4-10). 

 

4.3.7. Hypothesis of sulfur-disproportionating pathway 

The relatively specific gene cluster was found in the genomes of ISR-SDB. This gene 

cluster contains four characteristic genes; the dsrE like gene (OG0002281) and the gene 

(OG0001592) encoding YeeE/YedE family protein and two uncharacterized genes (OG0002186, 

OG0003483) (Fig. 4-1, Table 4-6). This gene cluster is suggested to be involved in sulfur relay 

in sulfur disproportionation. This gene cluster was not found in the genome of Dethiobacter 
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alkaliphilus AHT1T, which is sulfur disproportionater without the Dsr system. The genomes of 

a variety of prokaryotes contain gene clusters including the yedE, the sirA like genes and genes 

related to selenocysteine metabolism, such as the selD gene encoding a selenide, water dikinase 

and the gene encoding a Sec lyase (35). The function of those gene clusters was thought to be 

related to selenocysteine metabolism (35). The sequence of the sirA gene was similar to the 

sequence of the tusA gene in general. However, the selD gene encoding a selenide, water 

dikinase (THC_1500) was not found near this gene cluster (THC_1428-1432) in the genome of 

Caldimicrobium thiodismutans TF1T. In addition, all proteins encoded by genes 

(THC_1428-1432) in this gene cluster were expressed at high levels under growth conditions of 

thiosulfate and elemental sulfur disproportionation in Caldimicrobium thiodismutans TF1T. 

Therefore, these proteins (THC_1428-1432) are suggested to be involved in thiosulfate and 

elemental sulfur disproportionation but not selenocysteine metabolism. All sequences of DsrE 

like proteins encoded by genes in the gene cluster contain cysteine residues conserved at Cys78 

in the sequence of DsrE (Alvin_1253) (Fig. 4-2). In Allochromiatium vinosum, DsrE of DsrEFH 

is known to participate in dissimilatory sulfur-oxidizing pathway by transfer of sulfuide as 

substrate to DsrC and Cys78 of DsrE is needed to transfer of it (27). This cysteine residue is 

conserved to the sequence of DsrE3A protein which is related to transfer thiosulfate to TusA in 

Metallosphaera cuprina (36). Therefore, DsrE like protein encoded by genes of the gene cluster 

in ISR-SDB is thought to transfer inorganic sulfur compounds in sulfur disproportionation.  

In Desulfurivibrio alkaliphilus AHT2T, all proteins for sulfate reduction such as 

DsrAB, AprAB and Sat are involved in oxidization of sulfide to sulfate and are thought to react 

in the reverse direction (16). In Allochromatium vinosum, several proteins related to sulfur relay 

participate in sulfur oxidizing pathway such as DsrEFH, TusA and rhodanese (27, 37, 38). By 

genomic analysis of Dissulfuribacter thermophiles S69T, the genes (DBT_0017-0019) in the 

gene cluster are thought to related to elemental sulfur oxidation by sulfur relay with DsrC 
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protein (5). The results in this chapter support this hypothesis because that gene cluster was not 

found in most of sulfate reducing bacteria. 

In Caldimicrobium thiodismutans TF1T, it was confirmed that all proteins for sulfate 

reduction were expressed under growth conditions of thiosulfate and elemental sulfur 

disproportionation (Table 4-9). In sulfur disproportionation, reactions of APS reductase and 

sulfate transferase were thought to be reverse direction against sulfate reduction. In sulfur 

disproportionation, it is possible that this gene cluster is related to sulfur relay with Dsr system. 

Reaction of elemental sulfur disproportionation is an endothermal reaction. It is needed for 

growth with elemental sulfur disproportionation that sulfide generated from disproportionation 

is removed. One possibility is that the proteins encoded by genes of this gene cluster were 

involved in excretion of sulfide from cytoplasm to the outside via sulfur relay and sulfur 

transport. 

In general, reaction of enzyme such as AprAB, Sat and DsrAB are reversible. 

However, sulfur transfer was occurred from DsrEFH to DsrC but reverse reaction of that was 

not occurred in vitro in Allochromatium vinosum (27). It is thought that DsrC persulfurated by 

transfer from DsrE persulfurated is oxidized to DsrC trisulfide by DsrMKJOP, and DsrC 

trisulfide was oxidized to sulfite by DsrAB (14, 15). Therefore, irreversible production of DsrC 

persulfurated by sulfur relay may be one of the key factors to determine the direction of 

reaction with the Dsr system. One possibility is that sulfur transfer occurs from the DsrE like 

protein to DsrC in a sulfur-disproportionting pathway as well as sulfur oxidation of 

Allochromatium vinosum. This possibility may explain the reason why some 

sulfur-disproportionating bacteria are incapable of growth with sulfate reduction in spite of 

possessing the complete genes for sulfate reduction. It is possible that sulfur relay optimizes 

direction of enzyme reaction of Dsr system. Sulfate reduction may be inhibited as a sequel to 

accumulation of DsrC persulfurated by reductive reaction of DsrAB. However, this hypothesis 
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has important problem that sulfide is not produce by Dsr system. In any case, result of 

comparative genomic analysis and proteomic analysis in this study strongly suggest that those 

proteins related to sulfur relay participate in sulfur-disproportionating pathway. However, more 

research such as genetics, biochemistry and isotopic analysis are necessary to reveal actual 

sulfur-disproportionating pathway. 

Most of sulfur disproportionaters possess the complete gene set necessary for the 

fixation of carbon dioxide via Wood-Ljungdahl pathway (3, 4, 9, 11). Interestingly, formate 

dehydrogenases of several sulfur-disproportionating bacteria contain GltD domain (Fig. 4-3). 

This domain is involved in electron transfer with NADPH. This domain is also contained in the 

sequence of DsrL in Allochromatium vinosum (39, 40). The dsrL gene is located in the dsr gene 

cluster in Allochromatium vinosum and DsrL is known to be necessary for sulfur oxidation (40). 

One possibility is that DsrL is involved in electron transfer in Dsr system. Therefore, it is 

possible that sulfur-disporoportionating pathway is linked to carbon fixation. Some 

sulfate-reducing bacteria are able to disproportionate inorganic sulfur compounds without 

growth. Although the reason is still unclear why sulfur disproportionation is not supported to be 

growth, linking sulfur-disproportionation pathway with carbon fixation may be advantage for 

growth with sulfur disproportionation. 

 

4.4. Conclusion 

 

Sulfur-disproportionating bacteria belonging to four different phyla possess many 

genes in common for dissimilatory sulfur and nitrogen metabolism and carbon fixation. The 

genomes of ISR-SDB with Dsr system contain a relatively specific gene cluster, which was not 

found in the most of sulfate-reducing bacteria. The gene cluster contains the genes related to 

sulfur relay as well as a transporter. Proteins encoded by this gene cluster were expressed at 
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high abundance in the cells under growth conditions of thiosulfate and elemental sulfur 

disproportionation in Caldimicrobium thiodismutans TF1T. This gene cluster may determine the 

direction of reaction of Dsr system in sulfur-disproportionating pathway.  
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Table 4-1 List showing the sequences which using as query for annotation of gene in the 

genomes of Caldimicrobium thiodismutans TF1T. 

 

Table 4-1 List showing the sequences which using as query for 
annotation of gene in the genomes of Caldimicrobium thiodismutans
TF1T.

accesion number gene name product Species

EAT05667.1 acsA Carbon-monoxide dehydrogenase, catalytic subunit delta proteobacterium MLMS-1

EAT05665.1 acsB CO dehydrogenase/acetyl-CoA synthase complex beta subunit delta proteobacterium MLMS-1

EAT05664.1 acsC CO dehydrogenase/acetyl-CoA synthase delta subunit:Putative Fe-S cluster delta proteobacterium MLMS-1

EAT05666.1 acsD/mthfr Methylenetetrahydrofolate reductase delta proteobacterium MLMS-1

ADO12092.1 acsE 5-methyltetrahydrofolate corrinoid iron-sulfur protein methyltransferase Clostridium carboxidivorans P7

OAQ20318.1 aprA Adenylylsulfate reductase alpha-subunit Thermosulfurimonas dismutans S95T

OAQ20319.1 aprB Adenylylsulfate reductase beta-subunit Thermosulfurimonas dismutans S95T

OAQ20198.1 dsrA Dissimilatory sulfite reductase alpha subunit Thermosulfurimonas dismutans S95T

OAQ20199.1 dsrB Dissimilatory sulfite reductase beta subunit Thermosulfurimonas dismutans S95T

OAQ20264.1 dsrC Dissimilatory sulfite reductase, subunit gamma Thermosulfurimonas dismutans S95T

OAQ20200.1 dsrD Dissimilatory sulfite reductase clustered protein DsrD Thermosulfurimonas dismutans S95T

OAQ21324.1 dsrJ Sulfite reduction-associated complex DsrMKJOP multiheme protein DsrJ Thermosulfurimonas dismutans S95T

OAQ21325.1 dsrK Sulfite reduction-associated complex DsrMKJOP protein DsrK Thermosulfurimonas dismutans S95T

OAQ21326.1 dsrM Sulfite reduction-associated complex DsrMKJOP protein DsrM Thermosulfurimonas dismutans S95T

OAQ21323.1 dsrO Sulfite reduction-associated complex DsrMKJOP iron-sulfur protein DsrO Thermosulfurimonas dismutans S95T

OAQ21322.1 dsrP Sulfite reduction-associated complex DsrMKJOP protein DsrP Thermosulfurimonas dismutans S95T

EAT05670.1 fhs Formate--tetrahydrofolate ligase delta proteobacterium MLMS-1

EAT05668.1 folD Methenyltetrahydrofolate cyclohydrolase delta proteobacterium MLMS-1

EAT05662.1 formate
dehydrogenase Molybdopterin oxidoreductase:Molydopterin dinucleotide-binding region delta proteobacterium MLMS-1

EAT05663.1 formate
dehydrogenase

Ferredoxin:FAD-dependent pyridine nucleotide-disulphide oxidoreductase:4Fe-
4S ferredoxin, iron-sulfur binding:FAD dependent oxidoreductase:Molybdopterin
oxidoreductase Fe4S4 region

delta proteobacterium MLMS-1

OAQ21381.1 napA Periplasmic nitrate reductase, large catalytic subunit NapA Thermosulfurimonas dismutans S95T

OAQ21379.1 napG Periplasmic nitrate reductase, subunit NapG Thermosulfurimonas dismutans S95T

OAQ21378.1 napH Periplasmic nitrate reductase, subunit NapH Thermosulfurimonas dismutans S95T

CAI56199.2 onr* octaheme nitrate reductase Thioalkalivibrio nitratireducens DSM 14787

OAQ20062.1 otr octaheme tetrathionate reductase Thermosulfurimonas dismutans S95T

ADH85126.1 phsA/psrA molybdopterin oxidoreductase Desulfurivibrio alkaliphilus AHT2T

OAQ20317.1 qmoA Adenylylsulfate reductase-associated electron transfer protein QmoA Thermosulfurimonas dismutans S95T

OAQ20316.1 qmoB Adenylylsulfate reductase-associated electron transfer protein QmoB Thermosulfurimonas dismutans S95T

OAQ20315.1 qmoC Adenylylsulfate reductase-associated electron transfer protein QmoC Thermosulfurimonas dismutans S95T

OAQ20321.1 sat Sulfate adenylyltransferase, dissimilatory-type Thermosulfurimonas dismutans S95T

AAF64400.1 sorA sulfite:cytochrome c oxidoreductase subunit A Starkeya novella DSM 506

AAF64401.1 sorB sulfite:cytochrome c oxidoreductase subunit B Starkeya novella DSM 506

OAQ20686.1 nrfD Polysulfide reductase, membrane subunit NrfD subunit Thermosulfurimonas dismutans S95T

OAQ20687.1 nrfC Cytochrome c nitrite reductase, 4Fe-4S ferredoxin subunit NrfC Thermosulfurimonas dismutans S95T

OAQ20688.1 Cytochrome c family protein Thermosulfurimonas dismutans S95T

KLU67643.1 dsrE DsrE/DsrF-like family protein Desulfosporosinus acididurans M1T

OCC15837.1 tusA Sulfurtransferase TusA Dissulfuribacter thermophilus S69T

* Gene encoding a octaheme nitrate reductase was called onr gene.
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Table 4-2 Lineage and physiological property of the bacteria used for comparative genomic 

analysis. Most of genomes using comparative genomics were divided into three groups based 

on sulfur metabolism of bacteria: sulfate-reducing bacteria, ISR-SDB with Dsr system. Within 

the sulfate reducing bacteria, bacteria that are incapable growing with sulfur disproportionation 

were made into groups.  

 

 

* Bacteria able to grow by disproportionation of thiosulfate or sulfite, but not by sulfate 

reduction with the Dsr system.

Sufate reduction ± + + -

Class Family Sulfur disproportionation ± ± - +*
Clostridia Peptococcaceae 8 5 3 0
Clostridia Syntrophomonadaceae 1 0 0 0
Nitrospira Nitrospiraceae 6 5 0 1
Deltaproteobacteria Desulfarculaceae 3 2 0 0
Deltaproteobacteria Desulfobacteraceae 15 15 7 0
Deltaproteobacteria Desulfobulbaceae 8 6 2 2
Deltaproteobacteria Desulfohalobiaceae 6 6 0 0
Deltaproteobacteria Desulfomicrobiaceae 2 2 0 0
Deltaproteobacteria Desulfonatronaceae 3 3 0 0
Deltaproteobacteria Desulfovibrionaceae 12 12 4 0
Deltaproteobacteria Desulfurellaceae 3 0 0 0
Deltaproteobacteria Desulfuromonadaceae 4 0 0 0
Deltaproteobacteria Geobacteraceae 3 0 0 0
Deltaproteobacteria unclassified Deltaproteobacteria 2 0 0 1
Deltaproteobacteria Syntrophaceae 2 2 0 0
Deltaproteobacteria Syntrophobacteraceae 3 3 0 0
Synergistia Synergistaceae 1 0 0 0
Thermodesulfobacteria Thermodesulfobacteriaceae 10 8 0 2

Total 92 69 16 6

Table	1	Lineage	and	physiological	property	of	the	bacteria	using	comparative	genomic	analysis
����

*:	Bacteria	able to grow by disproportionate not sulfate reduction with Dsr system

58
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Table 4-3 Physiological property of the individual bacterium used for comparative genomic analysis. 

 

Sulfur compounds used 
for disproportionation 

Sulfur compounds used 
for reduction

Class Family Organism S2O3
2- SO3

2- S0 SO4
2- S2O3

2- SO3
2- S0 Reference Accession.version (Genome)

Clostridia Peptococcaceae Desulfitibacter alkalitolerans nr nr nr - + + + 41 NZ_JHVU00000000.1
Clostridia Peptococcaceae Desulfitobacterium hafniense nr nr nr - + + + 42,43 NC_011830.1
Clostridia Peptococcaceae Desulfosporosinus lacus N N N + + + - 44 NZ_FQXJ00000000.1
Clostridia Peptococcaceae Desulfotomaculum ruminis nr nr nr + nr nr nr 45 CP002780.1
Clostridia Peptococcaceae Desulfotomaculum nigrificans (D) N nr + + - nr 2,45,46 NZ_AEVP00000000.2

Clostridia Peptococcaceae Desulfotomaculum alkaliphilum N N nr + + + -  47 NZ_JONT00000000.1
Clostridia Peptococcaceae Desulfurispora thermophila nr nr nr + + + + 48 NZ_AQWN00000000.1
Clostridia Peptococcaceae Peptococcus niger nr nr nr nr nr +  nr 49 NZ_FNAF00000000.1
Clostridia Syntrophomonadaceae Dethiobacter alkaliphilus nr nr G -  + nr + 7,50 NZ_ACJM00000000.1
Nitrospira Nitrospiraceae Thermodesulfovibrio sp. N1 nr nr nr + + + - 51 MAVV00000000.1
Nitrospira Nitrospiraceae Thermodesulfovibrio aggregans nr nr nr + + - - 52 NZ_BCNO00000000.1
Nitrospira Nitrospiraceae Thermodesulfovibrio islandicus nr nr nr + + - - 53 NZ_AXWU00000000.1

Nitrospira Nitrospiraceae Thermodesulfovibrio thiophilus nr nr nr + + + - 52 NZ_AUIU00000000.1
Nitrospira Nitrospiraceae Thermodesulfovibrio yellowstonii nr nr nr + + + - 54 NC_011296.1
Nitrospira Nitrospiraceae 45J G nr nr - - nr nr Chapter 3
Deltaproteobacteria Desulfarculaceae Desulfarculus baarsii nr nr nr + + + - 55 NC_014365.1
Deltaproteobacteria Desulfarculaceae Desulfocarbo indianensis nr nr nr + + - - 56 NZ_LBMP00000000.1
Deltaproteobacteria Desulfarculaceae Dethiosulfatarculus sandiegensis nr nr nr - + - nr 57 NZ_AZAC00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfamplus magnetovallimortis nr nr nr + +  - - 58 NZ_FWEV00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfatibacillum aliphaticivorans N N nr + + + - 59 NZ_AUCT00000000.1

Deltaproteobacteria Desulfobacteraceae Desulfatiglans anilini D nr nr +  nr +  -  60 NZ_AULM00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfatirhabdium butyrativorans N N nr +  +  -  -  61 NZ_AUCU00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfatitalea tepidiphila nr nr nr +  +  nr nr 62 NZ_BCAG00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfobacter curvatus D N nr +  +  +  -  2,63 NZ_AREY00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfobacter vibrioformis N N nr +  +  +  nr 64 NZ_JQKJ00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfobacterium autotrophicum nr nr nr +  +  -  -  65 NC_012108.1/NC_012109.1
Deltaproteobacteria Desulfobacteraceae Desulfobacula phenolica nr nr nr +  +  -  -  66 NZ_FNLL00000000.1

Deltaproteobacteria Desulfobacteraceae Desulfococcus multivorans D N nr +  +  +  -  2,67 CP015381.1
Deltaproteobacteria Desulfobacteraceae Desulfoluna spongiiphila nr nr nr +  +  +  nr 68 NZ_FMUX00000000.1
Deltaproteobacteria Desulfobacteraceae Desulforegula conservatrix nr nr nr +  -  -  -  69 NZ_AUEY00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfosarcina cetonica nr nr nr +  nr +  +  70 NZ_BBCC00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfospira joergensenii nr nr nr +  +  +  +  71 NZ_ATUG00000000.1
Deltaproteobacteria Desulfobacteraceae Desulfotignum phosphitoxidans N nr nr +  +  +  -  72 NZ_APJX00000000.1
Deltaproteobacteria Desulfobulbaceae Desulfobulbus propionicus D N (G) +  +  +  -  2,73,74 NC_014972.1
Deltaproteobacteria Desulfobulbaceae Desulfobulbus mediterraneus N1 N1 nr +  +  +  -  28 NZ_AUCW00000000.1

Deltaproteobacteria Desulfobulbaceae Desulfocapsa sulfexigens G G G - +  +  +  6,75 CP003985.1/CP003986.1
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Table 4-3 Physiological property of the individual bacterium used for comparative genomic analysis — cont’d. 

 

Sulfur compounds used 
for disproportionation 

Sulfur compounds used 
for reduction

Class Family Organism S2O3
2- SO3

2- S0 SO4
2- S2O3

2- SO3
2- S0 Reference Accession.version (Genome)

Deltaproteobacteria Desulfobulbaceae Desulfofustis glycolicus nr nr G +  - +  +  1,76 NZ_FQXS00000000.1
Deltaproteobacteria Desulfobulbaceae Desulfopila aestuarii nr nr nr +  +  +  nr 77 NZ_FRFE00000000.1
Deltaproteobacteria Desulfobulbaceae Desulforhopalus singaporensis N G nr +  +  +  nr 78 NZ_FNJI00000000.1
Deltaproteobacteria Desulfobulbaceae Desulfotalea psychrophila N nr N +  +  +  -  79 CR522870.1/CR522871.1/CR522872.1
Deltaproteobacteria Desulfobulbaceae Desulfurivibrio alkaliphilus nr nr G - +  nr +  7,50 CP001940.1

Deltaproteobacteria Desulfohalobiaceae Desulfohalobium retbaense nr nr nr + +  +  +  80 CP001734.1/ CP001735.1
Deltaproteobacteria Desulfohalobiaceae Desulfonatronospira thiodismutans G G nr + + + + 81 NZ_ACJN00000000.2
Deltaproteobacteria Desulfohalobiaceae Desulfonatronovibrio hydrogenovorans D2 nr nr + + + - 82 NZ_JMKT00000000.1
Deltaproteobacteria Desulfohalobiaceae Desulfonatronovibrio magnus G G nr + + + + 83 NZ_JYNP00000000.1
Deltaproteobacteria Desulfohalobiaceae Desulfonauticus submarinus nr nr nr + + + + 84 NZ_FNIN00000000.1
Deltaproteobacteria Desulfohalobiaceae Desulfovermiculus halophilus nr nr nr + + + + 85 NZ_JIAK00000000.1
Deltaproteobacteria Desulfomicrobiaceae Desulfomicrobium norvegicum nr nr nr + + + + 86,87 NZ_FOTO00000000.1
Deltaproteobacteria Desulfomicrobiaceae Desulfoplanes formicivorans nr nr nr + + + nr 88 BDFE00000000.1

Deltaproteobacteria Desulfonatronaceae Desulfonatronum thioautotrophicum G G nr + + + + 83 NZ_JYNO00000000.1
Deltaproteobacteria Desulfonatronaceae Desulfonatronum thiodismutans G G nr + + + -  89 NZ_JPIK00000000.1
Deltaproteobacteria Desulfonatronaceae Desulfonatronum thiosulfatophilum G G nr + + + + 83 NZ_FMXO00000000.1
Deltaproteobacteria Desulfovibrionaceae Desulfocurvus vexinensis nr nr nr + + + -  90 NZ_JAEX00000000.1
Deltaproteobacteria Desulfovibrionaceae Desulfovibrio brasiliensis G nr nr + + + + 91 NZ_BBCB00000000.1
Deltaproteobacteria Desulfovibrionaceae Desulfovibrio cuneatus N G nr + + + (+) 92 NZ_AUCY00000000.1
Deltaproteobacteria Desulfovibrionaceae Desulfovibrio longus N G nr + + +  +  93 NZ_ATVA00000000.1

Deltaproteobacteria Desulfovibrionaceae Desulfovibrio aminophilus D2 D2 nr + + + - 94 NZ_AUMA00000000.1
Deltaproteobacteria Desulfovibrionaceae Desulfovibrio mexicanus D2 D2 nr + + + + 95 NZ_FZOC00000000.1
Deltaproteobacteria Desulfovibrionaceae Desulfovibrio oxyclinae G G nr + + + + 96 NZ_AQXE00000000.1
Deltaproteobacteria Desulfovibrionaceae Desulfovibrio desulfuricans subsp. desulfuricans str. ATCC 27774 N N nr + nr nr nr 2,97 NC_011883.1
Deltaproteobacteria Desulfovibrionaceae Desulfovibrio litoralis N N nr + + + + 92 NZ_FRDI00000000.1
Deltaproteobacteria Desulfovibrionaceae Desulfovibrio vulgaris str. Hildenborough N N nr + +  + -  2,98,99 AE017285.1/AE017286.1
Deltaproteobacteria Desulfovibrionaceae Halodesulfovibrio marinisediminis N nr nr + + + -  100 NZ_FSRG00000000.1

Deltaproteobacteria Desulfovibrionaceae Pseudodesulfovibrio indicus nr nr nr + + + -  101 NZ_CP014206.1
Deltaproteobacteria Desulfurellaceae Desulfurella acetivorans nr nr G -  -  -  + 102,103 NZ_CP007051.1/NZ_CP007052.1
Deltaproteobacteria Desulfurellaceae Desulfurella amilsii nr nr G -  + -  + 103 NZ_MDSU00000000.1
Deltaproteobacteria Desulfurellaceae Hippea maritima nr nr nr -  -  -  + 104 NC_015318.1
Deltaproteobacteria Desulfuromonadaceae Desulfuromonas acetoxidans N N nr - - - + 2,105 NZ_AAEW00000000.2
Deltaproteobacteria Desulfuromonadaceae Desulfuromusa kysingii nr nr nr - - - + 106 NZ_FNQN00000000.1
Deltaproteobacteria Desulfuromonadaceae Malonomonas rubra nr nr nr - - - + 107,108 NZ_FQZT00000000.1
Deltaproteobacteria Desulfuromonadaceae Pelobacter carbinolicus nr nr nr - - - + 109,110 NC_007498.2
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Table 4-3 Physiological property of the individual bacterium used for comparative genomic analysis — cont’d. 

 

G: disproportionation and growth, (G): disproportionation and weak growth, D: disproportionation without growth, (D): weak 

disproportionation without growth, +: reduction, (+): weak reduction, -: not reduction, nr: not reported 

1: Growth by disproportionation was not observed. However, ability of disproportionation was not determined. 

2: Although disproportionateion was observed, growth was not mentioned. 

3: disproportionation of monothioarsenate

Sulfur compounds used 
for disproportionation 

Sulfur compounds used 
for reduction

Class Family Organism S2O3
2- SO3

2- S0 SO4
2- S2O3

2- SO3
2- S0 Reference Accession.version (Genome)

Deltaproteobacteria Geobacteraceae Geoalkalibacter subterraneus nr nr nr - - - + 111 NZ_CP010311.1/NZ_CP010312.1
Deltaproteobacteria Geobacteraceae Geobacter sulfurreducens nr nr nr - - - + 112 NC_002939.5
Deltaproteobacteria Geobacteraceae Geopsychrobacter electrodiphilus nr nr nr - - - + 113 NZ_ARWE00000000.1
Deltaproteobacteria unclassified Deltaproteobacteria Dissulfuribacter thermophilus G G G - nr nr nr 8 MAGO00000000.1
Deltaproteobacteria Syntrophaceae Desulfobacca acetoxidans nr nr nr + + + -  114 NC_015388.1

Deltaproteobacteria Syntrophaceae Desulfomonile tiedjei G nr nr + + + -  115,116 NC_018025.1/NC_018026.1
Deltaproteobacteria Syntrophobacteraceae Desulfacinum infernum nr nr nr + + + -  117 NZ_FQVB00000000.1
Deltaproteobacteria Syntrophobacteraceae Syntrophobacter fumaroxidans nr nr nr + + nr nr 118 NC_008554.1
Deltaproteobacteria Syntrophobacteraceae Thermodesulforhabdus norvegica nr nr nr + -  + -  119 NZ_FOUU00000000.1
Deltaproteobacteria unclassified Deltaproteobacteria delta proteobacterium MLMS-13 nr nr nr -  nr nr nr 120,121 NZ_AAQF00000000.1
Synergistia Synergistaceae Dethiosulfovibrio peptidovorans N nr N - + nr + 122 NZ_ABTR00000000.2
Thermodesulfobacteria Thermodesulfobacteriaceae Caldimicrobium thiodismutans G G G - - nr nr 12 AP014945.1

Thermodesulfobacteria Thermodesulfobacteriaceae Thermodesulfatator atlanticus nr nr nr +  -  -  -  123 NZ_ATXH00000000.1
Thermodesulfobacteria Thermodesulfobacteriaceae Thermodesulfatator indicus nr nr nr +  -  -  -  124 NC_015681.1
Thermodesulfobacteria Thermodesulfobacteriaceae Thermodesulfatator autotrophicus nr nr nr +  -  -  -  125 NZ_LSFI00000000.1
Thermodesulfobacteria Thermodesulfobacteriaceae Thermodesulfobacterium commune nr nr nr +  +  nr nr 126 NZ_CP008796.1
Thermodesulfobacteria Thermodesulfobacteriaceae Thermodesulfobacterium geofontis nr nr nr +  +  -  +  127 NC_015682.1
Thermodesulfobacteria Thermodesulfobacteriaceae Thermodesulfobacterium hveragerdense nr nr nr +  +  +  - 53 NZ_AUIT00000000.1
Thermodesulfobacteria Thermodesulfobacteriaceae Thermodesulfobacterium hydrogeniphilum nr nr nr +  -  -  -  128 NZ_JQKW00000000.1

Thermodesulfobacteria Thermodesulfobacteriaceae Thermodesulfobacterium thermophilum nr nr nr +  +  +  nr 129 NZ_ATXI00000000.1
Thermodesulfobacteria Thermodesulfobacteriaceae Thermosulfurimonas dismutans G G G -  nr nr nr 10 LWLG00000000.1
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Table 4-4 Genome statistics of Caldimicrobium thiodismutans TF1T. 

 

 

 

Attribute
Genome size (bp) 1,814,952
G+C content (%) 38.3
CDSs 1774
5S rRNAgene 1
16S rRNAgenes 1
23S rRNAgenes 1
tRNA genes 46
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Table 4-5 Characteristic genes in the genomes of ISR-SDB with Dsr system. The number in the 

table shows the ratio of the number of bacteria that possess genes assigned to orthogroups. 

  

*: Bacteria able to grow by disproportionation of thiosulfate or sulfite, but not by sulfate 

reduction with the Dsr system 

 

Number of genomes 92 69 16 29 6
Sulfur disproportionation ± ± - + +*

Orthogroup Sufate reduction ± + + ± - term
OG0003485 0.14 0.09 0.06 0.28 1.00 hyp1
OG0001929 0.24 0.12 0.06 0.31 1.00
OG0002137 0.28 0.20 0.19 0.31 1.00
OG0002281 0.27 0.25 0.13 0.48 1.00 dsrE-like
OG0002186 0.28 0.26 0.13 0.48 1.00 hyp2
OG0001592 0.40 0.32 0.19 0.52 1.00 yedE-like
OG0001934 0.37 0.36 0.19 0.34 1.00
OG0001376 0.40 0.39 0.38 0.41 1.00
OG0001304 0.45 0.42 0.50 0.45 1.00
OG0001452 0.58 0.48 0.69 0.55 1.00

Table 3  ��
Characteristic genes in the genome of the  sulfur-disproportionating bacteria which are unable to grow by 
sulfate redyction in spite of possessing the genes for sulfate reduction completely

59

*:	Bacteria	able to grow by disproportionate not sulfate reduction with Dsr system

Number of genomes 92 69 16 6
Sulfur disproportionation ± ± - +*

Orthogroup Sufate reduction ± + + - term
OG0003485 0.14 0.09 0.06 1.00 hyp1
OG0001929 0.24 0.12 0.06 1.00
OG0002137 0.28 0.20 0.19 1.00
OG0002281 0.27 0.25 0.13 1.00 dsrE-like
OG0002186 0.28 0.26 0.13 1.00 hyp2
OG0001592 0.40 0.32 0.19 1.00 yedE-like
OG0001934 0.37 0.36 0.19 1.00
OG0001376 0.40 0.39 0.38 1.00
OG0001304 0.45 0.42 0.50 1.00
OG0001452 0.58 0.48 0.69 1.00
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Figure 4-1 Schematic comparison of the relatively specific gene cluster in the genome 

of ISR-SDB with Dsr system.

THC_1428 1429 1430 1431 1432

UWK_01082 01083 0108401085 01086

Caldimicrobium thiodismutans TF1T

Desulfocapsa sulfexigens SB164P1T

DaAHT2_2405 2406 2407 2408 2409 2410 2411 2412

DBT_0017 0018 0019 0020 0021
Dissulfuribacter thermophilus S69T

Desulfurivibrio alkaliphilus AHT2T

A45J_1799 1800 1801 1802
45J

TDIS_0892 0893 0894 0895 0896
Thermosulfurimonas dismutans S95T

yedE-like

Figure 1 Schematic comparison of the characteristic gene cluster in the genome of the  sulfur-
disproportionating bacteria which are unable to grow by sulfate redyction in spite of possessing the genes 
for sulfate reduction completely
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Table 4-6 Annoatation of genes in the gene cluster.  

 

gene yedE-like tusA dsrE-like hyp2 hyp1
Orthogroup OG0001592 OG0000132 OG0002281 OG0002186 OG0003485

C.thiodismutans TF1T hypothetical protein SirA-like domain-containing protein hypothetical protein hypothetical protein hypothetical protein
D.sulfexigens SB164P1T YeeE/YedE family protein (DUF395) putative redox protein, regulator of disulfide bond formation putative peroxiredoxin hypothetical protein hypothetical protein
D.alkaliphilus AHT2T protein of unknown function DUF395 YeeE/YedE SirA family protein conserved hypothetical protein hypothetical protein hypothetical protein
T.dismutans S95T Sulfur transport protein Sulfurtransferase TusA hypothetical protein hypothetical protein hypothetical protein
45J YeeE/YedE family protein - hypothetical protein hypothetical protein hypothetical protein
D.thermophilus S69T (in genbank file) hypothetical protein Sulfurtransferase TusA hypothetical protein hypothetical protein hypothetical protein
D.thermophilus S69T (in article 5) a transmembrane putative transport system permease TusA DsrE

Table 4-5 Annoatation of genes in the gene cluster. 
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Figure 4-2 Alignment of DsrE-like protein and DsrE (Alvin_1253) protein of DsrEFH. The arrow 

indicates the position of conserved cysteine residues.  

UWK_1084
DaAHT2_2406
TDIS_0894
DBT_0019
THC_1430
A45J_1799
Alvin_1253
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Table 4-7 Presence of genes related to sulfate reduction and nitrate reduction. 

 

+: present, n.f: not found, u: unknown, a: dsrO gene is absent, b: this study 

 

sulfate reduction nitrate reduction

Species

sa
t

ap
rA
B

ds
rA
B

ds
rC

qm
oA
BC

ds
rM
K
JO
P

na
pA

nr
fA ot
r

reference
Thiosulfate-disproportionating bacterium 45J + + + + + + + + n.f Chapter 5

Caldimicrobium thiodismutans TF1T + + + + + + + + + Chapter 4
Thermosulfurimonas dismutans S95T + + + + + + + n.f + 5, 11
Desulfocapsa sulfexigens SB164P1T + + + + + +a + n.fc +c 3, 16
Desulfurivibrio alkaliphilus AHT2T + + + + + + + + n.fc 4, 16
Dissufuribacter thermophilus S69T + + + + + + + n.f + 5
Dethiobacter alkaliphilus AHT1T + n.f n.f n.f n.f n.f u +c n.fc 9

Table 5 Presence of genes related to sulfate reduction and nitrate reduction

+: present, n.f: not found, u: unknown, a: dsrO gene is absent, c: this study

sulfate reduction nitrate reduction

Species

sa
t

ap
rA
B

ds
rA
B

ds
rC

qm
oA
BC

ds
rM
K
JO
P

na
pA

nr
fA ot
r

reference
45J + + + + + + + + n.f Chapter 3

Caldimicrobium thiodismutans TF1T + + + + + + + + + Chapter 4
Thermosulfurimonas dismutans S95T + + + + + + + n.f + 5, 11
Desulfocapsa sulfexigens SB164P1T + + + + + +a + n.fb +b 3, 16
Desulfurivibrio alkaliphilus AHT2T + + + + + + + + n.fb 4, 16
Dissufuribacter thermophilus S69T + + + + + + + n.f + 5
Dethiobacter alkaliphilus AHT1T + n.f n.f n.f n.f n.f u +b n.fb 9
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Figure 4-3 Alignments of amino acids sequence of formate dehydrogenases. The arrow indicates 

the positions of selenocysteine and cysteine rediues which were conserved. The sequences 

indicated within the box contain GltD domain. Several proteins containing TGA codon as end 

codon are reannotated by substitution of end codon represented by TGA codon for selenocysteine 

(DaAHT2_2011, UWK_00299, UWK_03160, DBT_0873, THC_1766). In addition, start codon of 

TDIS_1010 in the genome of Thermosulfurimonas dismutans S95T was reannotated. TDIS_1010 

was also reannotated by TGA codon as selenocysteine. 

Moth_2312
A45J_2441
DEALDRAFT_RS16475
reannotated-DaAHT2_2011
reannotated-UWK_00299
A45J_1159
DaAHT2_0823
reannotated-UWK_03160
DBT_2035
reannotated-DBT_0873
reannotated-TDIS_1010
reannotated-THC_1766
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Table 4-8 Concentration of thiosulfate and sulfate under growth condition of thiosulfate (A) and 

elemental sulfur (B) disproportionation of Caldimicrobium thiodismutans TF1T. Caldimicrobium 

thiodismutans TF1T grew by thiosulfate (A) and elemental sulfur (B) disproportionation in the 

poorly crystalline Fe(III) oxide. 

 

[S2O3
2-] (mM) [SO4

2-] (mM)

Sample 0-108hr 0-108hr

T1 18.1-4.8 1.1-13.6

T2 18.3-4.5 1.1-12.6

T3 18.0-7.0 1.1-11.0

[SO4
2-] (mM)

Sample 0-240hr

E1 0.1-2.1

E2 0.1-2.3

Table.	S1
Thiosulfate- (A)	and	zero-valent	sulfur- (B)	metabolism	of	C.thiodismutans.	C.tihodismutans grew	by	thiosulfate	(A)	
and	elemental	sulfur	(B)	disproportionation	in	the	poorly	crystalline	Fe(III)	oxide.	

A B
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Table 4-9 Ranking of the relative abundancies of the proteins that may be involved in the sulfur 

metabolism in Caldimicrobium thiodismutans TF1T. The number that are less than 150 are 

indicated in red, and the numbers that are less than 50 are highlighted in bold. 

 

- : not detected 

Thiosulfate Elemental sulfur
Locus tag Name T1 T2 T3 E1 E2
THC_0087 SorB 876 - 480 - -
THC_0088 SorA - - - - 899
THC_0289 Hypothetical protein 64 69 46 11 32
THC_0323 DsrC 107 167 252 105 128
THC_0449 DsrA 5 4 16 8 5
THC_0450 DsrB 7 5 8 6 2
THC_0451 DsrD 34 31 28 34 32
THC_0525 Otr 38 25 36 58 38
THC_0590 DsrM 139 53 102 73 62
THC_0591 DsrK 39 41 81 41 40
THC_0592 DsrJ 246 164 562 221 260
THC_0593 DsrO 30 30 122 41 20
THC_0594 DsrP 155 60 173 152 109
THC_0726 Rhodanese-like domain-containing protein 295 281 252 152 275
THC_0920 4Fe-4S ferredoxin 79 83 310 276 155
THC_0921 Phs/PsrA 57 37 99 85 72
THC_0958 DsrE 60 78 10 65 163
THC_0997 Rhodanese-like domain-containing protein 120 83 96 53 53
THC_1155 Rhodanese-like domain-containing protein 60 69 162 117 139
THC_1156 Rhodanese-like domain-containing protein 69 104 127 105 177
THC_1309 Sat 16 3 15 16 6
THC_1310 Hypothetical protein 3 9 1 3 3
THC_1311 AprB 2 5 11 1 7
THC_1312 AprA 1 1 2 2 1
THC_1313 QmoA 17 16 55 21 18
THC_1314 QmoB 12 12 6 13 12
THC_1315 QmoC 69 31 75 56 35
THC_1322 Hypothetical protein 26 48 109 23 26
THC_1323 Polysulfide reductase 69 60 119 75 77
THC_1324 4Fe-4S ferredoxin containing protein 79 83 346 160 53
THC_1325 Cytochrome c - - 291 413 317
THC_1326 Cytochrome c 946 1022 - 605 832
THC_1428 YedE-like 79 78 119 50 48
THC_1429 TusA 15 13 23 15 14
THC_1430 DsrE-like 44 53 9 29 46
THC_1431 Hypothetical protein 49 64 25 27 48
THC_1432 Hypothetical protein 64 83 21 25 79
THC_1435 Hypothetical protein 26 39 14 34 29
THC_1436 Hypothetical protein 25 53 17 29 35
THC_1534 TusA - - 709 - -

Table 6 Ranking of the relative abundancies of the proteins which may be involved in the sulfur 
metabolism in Caldimicrobium thiodismutans TF1T

The number less than 150 indicated in red, and the number less than 50 are highlighted in bold.

- : not detected 

63
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Table 4-10 Ranking of the proteins involved in carbon fixation via Wood-Ljungdahl pathway in 

Caldimicrobim thiodismutans TF1T. The numbers that are less than 150 are indicated in red, and 

the numbers that are less than 50 are highlighted in bold. 

 

Thiosulfate Elemental sulfur

Locus tag Name T1 T2 T3 E1 E2

THC_1752 Fhs 39 31 94 52 40
THC_1753 FolD 86 108 310 143 122
THC_1754 AcsA 343 208 557 428 317
THC_1761 MetF/AcsD 135 151 102 191 174
THC_1762 AcsB 114 118 199 235 204
THC_1763 AcsC 155 127 273 181 121
THC_1765 AcsE 86 97 39 69 101
THC_1766 Formate dehydrogenase 456 322 447 393 436
THC_1767 Formate dehydrogenase 810 695 740 808 507

Table 7 Ranking of the relative abundancies of the proteins which are detected in all samples and may be involved 
in carbon fixation via Wood-Ljungdahl pathway in Caldimicrobim thiodismutans TF1T

The number less than 150 indicated in red, and the number less than 50 are highlighted in bold.
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Figure 4-4 Phylogenetic relationship of Sat proteins. This phylogenetic tree was reconstructed 

using 348 sites. Percentage values of 100 bootstrap resamplings are shown at nodes; values below 

50 % were not shown. The sequences of thermophilic prokaryotes are written in red. The 

sequences shown in box are encoded the sat genes located next to homologous gene (THC_1310). 

 

0.2
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