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Abstract 28 

 Despite its toxicity to many organisms, including most prokaryotes, carbon monoxide (CO) is 29 

utilized by some aerobic and anaerobic prokaryotes. Hydrogenogenic CO utilizers employ carbon 30 

monoxide dehydrogenase (CODH) and energy-converting hydrogenase (ECH) to oxidize CO and 31 

reduce protons to produce H2. Those prokaryotes constitute a rare biosphere and are difficult to detect 32 

even with PCR amplification and with metagenomic analyses. In this study, anaerobic CO-enrichment 33 

cultures followed by construction of metagenome assembled genomes (MAGs) detected high-quality 34 

MAGs from potential hydrogenogenic CO utilizers. Of 32 MAGs constructed, 5 were potential CO 35 

utilizer harboring CODH genes. Of the five MAGs, two were classified into the genus 36 

Thermolithobacter on the basis of 16S rRNA sequence identity, related to Carboxydocella 37 

tharmautotrophica 41, with an average nucleotide identity (ANI) of approximately 72%. Additionally, 38 

two were related to Geoglobus acetivorans with ANI values ranging from 75%-77% to G. acetivorans 39 

SBH6, and one MAG was identified as Desulfotomaculum kuznetsovii with an ANI > 96% to D. 40 

kuznetsovii DSM 6115. The two Thermolithobacter MAGs identified in this study contained CODH-41 

ECH gene clusters, and were therefore identified as potential hydrogenogenic CO utilizers. However, 42 

these MAGs harbored three CODH gene clusters that showed distinct physiological functions in 43 

addition to CODH-ECH gene clusters. In total, the five potential CO utilizer MAGs contained sixteen 44 

CODH genes. Among those CODHs, four sets did not cluster with any known CODH protein 45 

sequences (with an identity of > 90%), and the CODH database was expanded. 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 
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Introduction 58 

Carbon monoxide (CO) has a high affinity for iron and copper, which are found in the active sites of 59 

many enzymes (Omaye 2002). Because of its ability to bind to metalloenzymes and inhibit the electron 60 

transport chain, CO is toxic to many organisms, including microbes (Fukuyama et al., 2020; Techtmann et 61 

al., 2009). Despite this, microbes that use CO for growth have been reported (King and Weber 2007; 62 

Sokolova et al., 2009; Techtmann et al., 2009; Oelgeschläger and Rother 2008). These microbes have the 63 

ability to oxidize CO aerobically or anaerobically using carbon monoxide dehydrogenase (CODH) and 64 

transport electrons to various terminal electron acceptors (King and Weber 2007; Oelgeschläger and Rother 65 

2008; Svetlitchnyi et al., 2001). Anaerobic CO-utilizing microorganisms use anaerobic-type CODHs to 66 

oxidize CO, and these reactions are coupled with the reduction of various electron-acceptors such as sulfate, 67 

ferric iron (Fe(III)), carbon dioxide, and protons (Oelgeschläger and Rother 2008). Anaerobic-type CODHs 68 

are categorized as either, CooS, which are predominantly found in bacteria, or Cdh, nearly all of which are 69 

found in archaea (Techtmann et al., 2012). As anaerobic-type CODHs contain Ni at their active sites, they 70 

are referred to as Ni-CODHs (Dobbek et al., 2001; Inoue et al., 2019; Merrouch et al., 2018). While Ni-71 

CODHs are generally divided into eight clades (clades A-H) based on their phylogeny (Inoue et al., 2022), 72 

the taxonomy of bacteria and archaea may not always align with the classification of their Ni-CODHs 73 

(Inoue et al., 2019; Techtmann et al., 2012). In addition to this, Ni-CODHs within the same clade often 74 

have different physiological roles, which are inferred from the genomic context, i.e., genes located upstream 75 

and downstream of the Ni-CODH (Inoue et al., 2019; Techtmann et al., 2012). Physiological roles of Ni-76 

CODH were divided into six groups: carbon fixation (Wood-Ljungdahl pathway; WLP), energy 77 

conservation (energy converting hydrogenase; ECH), electron transport (flavin adenine dinucleotide-78 

dependent NAD(P) oxidoreductase; FNOR), CooF, ABC transporter and Metallochaperone (Inoue et al., 79 

2022). 80 

Especially, anaerobic hydrogenogenic CO utilizers have been focused (Fukuyama et al., 2020; Omae 81 
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et al., 2019; 2021; Yoneda et al., 2013; Yoneda et al., 2015). These organisms perform CO oxidation 82 

through Ni-CODH and produce hydrogen through ECH via the water gas shift reaction (Schoelmerich and 83 

Müller 2019; Techtmann et al., 2009). ECH transports protons from the cytoplasm to periplasm across the 84 

cell membrane, resulting in the conservation of energy through ATP formation via a proton gradient 85 

(Schoelmerich and Müller 2019; Svetlitchnyi et al., 2001; Wu et al., 2005). Genes encoding Ni-CODH, 86 

ECH, and other related genes are located adjacent to one another, collectively forming Ni-CODH-ECH 87 

gene clusters (Fox et al., 1996; Techtmann et al., 2012; Omae et al., 2019). To date, approximately 40 88 

hydrogenogenic CO utilizer strains have been isolated from a diverse range of environments (Imaura et al., 89 

2023; Fukuyama et al., 2020). These organisms belong to the phyla Firmicutes, Proteobacteria, and 90 

Dictyoglomi in the Bacteria domain (Imaura et al., 2023; Fukuyama et al., 2020), or to the phyla 91 

Euryarchaeota and Crenarchaeota in the Archaea domain (Fukuyama et al., 2020).  92 

Because hydrogenogenic CO utilizers consume the CO which is toxic to other microbes, while 93 

supplying them with H2 as an energy source, they are thought to play important environmental roles 94 

(Techtmann et al., 2009). Hydrogenogenic CO utilizers are difficult to study, since, although they are 95 

widely distributed, their relative abundance in the environment is very low (Omae et al., 2019), implying 96 

that they constitute a rare biosphere (Fukuyama et al., 2020). This is supported by the relatively small 97 

number of genomes bearing Ni-CODH-ECH gene clusters detected even in an in-depth survey of the 98 

available metagenomic databases (Inoue et al., 2022). Since the nucleotide sequences encoding Ni-CODHs 99 

within the Ni-CODH-ECH gene clusters are diverse (Inoue et al., 2019; Techtmann et al., 2012), it is 100 

difficult to design a universal primer set for the broad-spectrum detection of these Ni-CODH sequences in 101 

environmental DNA using PCR amplification. Although a series of primer sets for Ni-CODH genes have 102 

been designed to detect hydrogenogenic CO utilizers in hydrothermal environments and anaerobic CO 103 

enrichment cultures (Omae et al., 2021), these primer sets are not able to amplify Ni-CODH genes of all 104 

phyla, and those of many non-hydrogenogenic CO utilizers that appear in anaerobic CO enrichment 105 
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remained undetected. Further, detection of Ni-CODH genes with the primer sets does not provide any 106 

additional genomic and physiological information on potential CO utilizers (pCO utilizers), of which CO 107 

utilization are predicted only from the presence of Ni-CODH genes. In this study, metagenomic analysis of 108 

the anaerobic CO enrichment culture was performed to overcome the above issues. The integration of the 109 

anaerobic CO enrichment culture and metagenomic analyses constructed high-quality metagenome 110 

assembled genomes (MAGs) from novel hydrogenogenic pCO utilizers and other pCO utilizers, regardless 111 

of their low abundance in environments. The variation of Ni-CODH-ECH gene cluster in the detected 112 

hydrogenogenic pCO utilizer MAGs suggest their physiological versatility of CO utilization. The findings 113 

in this study that expanded the knowledge on the diversity of CO utilizers and the Ni-CODH sequence 114 

database would provide a basis for cultivation and isolation of such rare, but novel CO utilizers from various 115 

environmental samples in future studies.  116 

 117 

Materials and Methods 118 

Anaerobic enrichment of CO utilizers and DNA extraction from cultured samples 119 

The anaerobic enrichment culture was established and DNA samples were prepared as described 120 

previously (Omae et al., 2021). A sediment sample was collected from a hydrothermal environment at 121 

Jiunji-Onsen (JI) (60.1 ℃; pH 7.7; Oxidation-Reduction potential (ORP) 259 mV) in the Shizuoka 122 

prefecture (34°38ʹ54ʹʹN., 138°52ʹ00ʹʹE), Japan in January 2015. Approximately 5 mL of sediment sample 123 

and pore water from JI was dispensed into a 64 mL glass vial and duplicates were incubated under a mixture 124 

of 10% v/v CO and N2 at 65 ℃ for five days. DNA was extracted from each 0.5 g enrichment sample using 125 

an Extrap Soil DNA Kit Plus V 2 (Nippon Steel and SUMIKIN Electronics, Tokyo, Japan).  126 

Metagenome sequencing 127 

DNA from two anaerobic enrichment cultures, JI_enriched_1 and JI_enriched_2, was processed for 128 

shotgun metagenome sequencing using MiSeq. The DNA concentrations of the two samples were 129 



6 

 

determined using QubitTM dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The 130 

Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA, USA) was used for library preparation 131 

according to the manufacturer’s instructions. DNA libraries were quantified by a QubitTM dsDNA HS Assay 132 

Kit (Thermo Fisher Scientific, Waltham, MA, USA) after library preparation and before sequencing. The 133 

fragment sizes of the PCR products were determined using an Agilent High Sensitivity DNA Kit (Agilent 134 

Technologies, Waldbronn, Germany) and an Agilent 2100 Bioanalyzer (Agilent Technologies), according 135 

to the manufacturer’s instructions. The prepared DNA libraries were sequenced using the MiSeq Reagent 136 

Kit v3 (600 cycles, paired-end) (Illumina, San Diego, CA, USA). 137 

Construction of metagenome assembled genomes (MAGs) 138 

All reads were subjected to quality filtering using fastp V 0.20.1 (Chen et al., 2018) and the contigs 139 

were assembled using MEGAHIT V 1.2.9 (Li et al., 2016). After assembly, filtered reads were mapped to 140 

contigs using the Burrows-Wheeler Aligner (BWA) V 0.7.17 (Li 2013), and the contigs were binned using 141 

MetaBAT2 V 2.12.1 (Kang et al., 2019). The quality of the genome bins (MAGs), was checked using  142 

CheckM V 1.13 (Parks et al., 2015). The number of contig in each MAGs, total sequence length, and the 143 

N50 value were estimated by SeqKit V 0.13.2 (Shen et al., 2016). MAGs were separated into two types: 144 

high-quality MAGs (completeness>90% and contamination<5%) and medium-quality MAGs 145 

(completeness≥50% and contamination<10%) according to criteria defined in Parks et al. 2020. MAGs that 146 

did not meet either of these criteria were excluded from the downstream analysis. 147 

Identification of pCO utilizer MAGs 148 

Open reading frames (ORFs) were predicted using Prodigal V 2.6.3 (Hyatt et al., 2010) and protein 149 

sequences were entered into the database using blast+ V 2.10.1 (Camacho et al., 2009). To identify CO 150 

utilizer genomes, the database was searched for Ni-CODH protein sequences. In this study, 151 

Carboxydothermus hydrogenoformans CooSII (WP_011343033.1) was used as the CooS-type CODH 152 

query sequence and Methanosarcina barkeri Acetyl-CoA synthaseα subunit (CdhA; WP_011305243.1) was 153 
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used as the Cdh-type CODH query sequence, as described by Inoue et al. (2019). Furthermore, to identify 154 

hydrogenogenic pCO utilizer MAGs that contain phylogenetically novel Ni-CODH sequences, pCO utilizer 155 

MAGs were searched for 25 Ni-CODH sequences and two parts of the Ni-CODH-ECH gene cluster 156 

sequence found by Omae et al. (2021). DFAST V 1.2.18 (Tanizawa et al., 2018) was used to determine the 157 

G+C content and to identify coding domain sequences (CDSs), rRNAs, tRNAs, and clustered regularly 158 

interspaced short palindromic repeats (CRISPR) sequences within pCO utilizer MAGs. 159 

Phylogenetic analysis of CO utilizer MAGs 160 

16S rRNA gene was present in two hydrogenogenic pCO utilizer MAGs and one pCO utilizer MAG, 161 

but was not present in the remaining two pCO utilizer MAGs. Therefore, a phylogenetic analysis of MAGs 162 

based on both their 16S rRNA gene and genomes was performed. MEGA-X: Molecular Evolutionary 163 

Genetics Analysis version 10 (Tamura et al., 2021) was used to construct a maximum likelihood (ML) 164 

phylogenetic tree with closely related species and other CO utilizers. When the 16S rRNA phylogeny of 165 

pCO utilizer MAGs was investigated, GTR+G+I model was adopted in all the cases.  166 

Next, to analyze the phylogeny of MAGs, related genomes were retrieved from the National Center for 167 

Biotechnology Information (NCBI) (February 2, 2022) and Genome Taxonomy Database (GTDB) (March 168 

5, 2022) (Parks et al., 2018; 2020). Genome-based phylogenetic analysis was performed using GTDB-tk 169 

V1.7.0 (Chaumeil et al., 2020; Eddy 2011; Harris et al., 2020; Hyatt et al., 2010; Jain et al., 2018; Matsen 170 

et al., 2010; Ondov et al., 2016; Price et al., 2010; Sukumaran and Holder 2010) and phylogenetic trees 171 

were drawn using iTOL V 6.7 (Letunic and Bork 2021). The average nucleotide identity (ANI) was 172 

calculated using ANIb in pyani V 0.2.10 (Pritchard et al., 2016). 173 

Prediction of physiological functions of Ni-CODHs encoded in MAGs 174 

The genomic context of each CODH gene was determined to predict the function of CODHs in the 175 

MAGs. Genes within 100 bp-upstream or downstream of each CODH gene, except for k141_166150_85 176 

and k141_166150_86 of JI_enriched_1_bin24, were manually extracted and annotated by eggNOG-mapper 177 
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V 1.0.3 (Huerta-Cepas et al., 2017). When genes could not be annotated using this method, they were re-178 

annotated with a blastp using the NCBI non-redundant protein sequence database. 179 

Phylogenetic analysis of Ni-CODHs involved in pCO utilizer MAGs 180 

In this study, 3,164 and 5,430 representative Ni-CODH protein sequences were retrieved from the 181 

public databases RefSeq/GenBank and MGnify respectively and used as reference sequences. These 182 

sequences were combined with the Ni-CODH sequences of the MAGs and clustered using USEARCH 183 

(Edgar 2010) with a threshold of < 90% identity. Four CODH protein sequences of pCO utilizer MAGs 184 

(J1_bin9_k141_170757_156, J1_bin24_k141_118531_26, J1_bin24_k141_190039_49, and 185 

j2_bin23_k141_18619_16) were selected as representative sequences. To construct the CODH 186 

phylogenetic tree, these four sequences and the 2,462 centroids used by Inoue et al. (2022) were merged 187 

and aligned using the E-INS-I method in MAFFT V7.471 (Katoh and Standley 2013). After alignment, the 188 

sequences were trimmed using trimAl V1.4.1 (Capella-Gutiérrez et al., 2009), and a phylogenetic tree was 189 

constructed using IQ-TREE (Nguyen et al., 2015). 190 

To construct a separate phylogenetic tree of each clade in which Ni-CODHs of pCO utilizer MAGs 191 

were distributed, Ni-CODH protein sequences of clades B, D, and F were retrieved from 2,462 192 

representative sequences, and alignments and phylogenetic tree construction were performed as described 193 

above. 194 

 195 

Data availability 196 

   The raw reads for paired-end sequencing of the JI_enriched_1 and JI_enriched_2 samples were 197 

deposited in DRA under BioProject PRJDB15732. Accession numbers of JI_enriched_1 and JI_enriched_2 198 

were DRR461309 and DRR461310, respectively. The genome sequence of 5 MAGs, JI_enriched_1_bin2, 199 

JI_enriched_1_bin9, JI_enriched_1_bin24, JI_enriched_2_bin9 and JIenriched_2_bin23, were deposited in 200 

figshare under DOI: 10.6084/m9.figshare.22547407. 201 
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 202 

Results and Discussion 203 

Genomic properties of pCO utilizer MAGs 204 

Shotgun metagenome sequencing produced 27,532,830 raw paired-end reads for JI_enriched_1, and 205 

26,259,718 for JI_enriched_2. After filtering for quality, 15,534,972, and 16,503,906 paired-end reads 206 

remained, respectively (Table 1). Using assembly and binning, nine high-quality and six medium-quality 207 

MAGs were generated from JI_enriched_1 (Table 1), while eight high-quality and nine medium-quality 208 

MAGs were obtained from JI_enriched_2 (Table 1). From the 32 MAGs, 5 MAGs (JI_enriched_1_bin2, 209 

JI_enriched_1_bin9, JI_enriched_1_bin24, JI_enriched_2_bin9, JI_enriched_2_bin23) contained Ni-210 

CODH gene sequences and were identified as pCO utilizer MAGs (Table 2). Completeness and 211 

contamination percentages for all pCO utilizer MAGs provided in Table 2 demonstrated that they were of 212 

high- or medium-quality according to Parks et al. (2020). 213 

The number of Ni-CODH genes in each pCO utilizer MAG can be found in Table 2. Two of the pCO 214 

utilizer MAGs, JI_enriched_1_bin9, and JI_enriched_2_bin9, contained one CooS-type Ni-CODH and one 215 

Cdh-type CODH gene (Table 2). Because of the presence of Cdh-type Ni-CODH genes, 216 

JI_enriched_1_bin9 and JI_enriched_2_bin9 could be presumed to contain archaeal genomes. 217 

According to the previous amplicon analyses for 16S rRNA genes and Ni-CODH-ECH gene clusters as 218 

well as metagenomic database survey (Omae et al., 2019; Fukuyama et al., 2020; Omae et al., 2021; Inoue 219 

et al., 2022), hydrogenogenic CO utilizers constitute a rare biosphere. Thus, the high-quality or medium-220 

quality MAGs derived from pCO utilizers (Table 2) might imply usefulness of the anaerobic CO enrichment 221 

followed by the metagenomic analyses for unveiling the diversity of CO utilizers and their CO metabolisms 222 

from diverse environments where CO utilizers less abundantly distribute. 223 

Identification of hydrogenogenic pCO utilizer MAGs 224 

   Hydrogenogenic CO utilizers usually have a Ni-CODH-ECH gene cluster and are thought to conserve 225 
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energy using CO oxidation and H2 production (Fox et al., 1996; Inoue et al., 2019; Omae et al., 2019; 226 

Techtmann et al., 2012). Among the five pCO utilizers, JI_enriched_1_bin24 and JI_enriched_2_bin23 227 

contained Ni-CODH-ECH gene sequences. These two sequences showed 100% identity with the Ni-CODH 228 

sequences identified by Omae et al. (2021). The nucleotide sequence identities between the partial Ni-229 

CODH-ECH gene sequences in the previous study (Omae et al., 2021) and the same regions of 230 

JI_enriched_1_bin24 and JI_enriched_2_bin23 were 99.97% and 100%, respectively. Therefore,  231 

JI_enriched_1_bin24 and JI_enriched_2_bin23 were identified as hydrogenogenic pCO utilizers. 232 

Additionally, Table 2 shows that almost complete draft genomes of the hydrogenogenic pCO utilizers were 233 

acquired in this study. JI_enriched_1_bin24 and JI_enriched_2_bin23 were found to contain five and four 234 

CooS-type CODH genes, respectively (Table 2). These multiple Ni-CODH genes suggested that the two 235 

MAGs were highly likely derived from prokaryotes that are physiologically versatile in CO utilization 236 

(Fukuyama et al., 2020).  237 

Phylogenetic analysis of pCO utilizer MAGs 238 

The phylogenetic analyses of pCO utilizers based on 16S rRNA sequences was performed. 239 

JI_enriched_1_bin24, JI_enriched_2_bin23, and JI_enriched_1_bin9 all contained one 16S rRNA gene, 240 

whereas JI_enriched_1_bin2 and JI_enriched_2_bin9 did not contain any. Phylogenetic analysis revealed 241 

that JI_enriched_1_bin24 and JI_enriched_2_bin23 shared sequence homology with Thermolithobacter 242 

ferrireducens strain JW/KA-2 and T. carboxydivorans strain R1 belonging to the phylum Firmicutes (Fig. 243 

1A). In contrast to strains of T. ferrireducens, T. carboxydivorans R1 is known to exhibit its CO utilization 244 

(Sokolova et al., 2007). JI_enriched_1_bin24 formed a monophyletic group with T. ferrireducens JW/KA-245 

2 (a), T. ferrireducens JW/KA-2 (b) and T. carboxydivorans R1. JI_enriched_1_bin24 shared a 16S rRNA 246 

gene sequence identity of over 99% with T. ferrireducens strain JW/KA-2 (a and b) and 98.96% with T. 247 

carboxydivorans strain R1. JI_enriched_2_bin23 formed a monophyletic group with T. ferrireducens strain 248 

JW/JH-Fiji-2. The sequence identity between JI_enriched_2_bin23 and that of T. ferrireducens strain 249 
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JW/JH-Fiji-2 was over 99%, while it shared approximately 98.61% identity with T. ferrireducens strain 250 

JW/KA-2 (a), 99.00% identity with T. ferrireducens strain JW/KA-2 (b), and 98.90% with T.  251 

carboxydivorans strain R1. T. ferrireducens strains JW/KA-2 and JW/JH-Fiji-2 and T. carboxydivorans 252 

strain R1 have been isolated previously (Sokolova et al., 2007), however, the complete genomes of these 253 

organisms have not been sequenced. The 16S rRNA gene sequence of JI_enriched_1_bin9 showed 98.87 % 254 

identity with Geoglobus acetivorans strain SBH6. Therefore, it was concluded that JI_enriched_1_bin9 was 255 

related to G. acetivorans strain SBH6, which belongs to the phylum Halobacteriota (Fig. 1B).  256 

The phylogeny of the pCO utilizer MAGs based on their genome sequences was also analyzed in this 257 

study. These analyses revealed that the hydrogenogenic pCO utilizers were closest to C. thermautotrophica 258 

and C. hydrogenoformans in genome-based phylogeny (Fig. 2A). The ANI between JI_enriched_1_bin24 259 

and C. thermautotrophica 41 was approximately 71.7%, whereas ANI between JI_enriched_2_bin23 and 260 

C. hydrogenoformans Z-2901 was approximately 71.6%. Furthermore, the ANI between 261 

JI_enriched_1_bin24 and JI_enriched_2_bin23 was > 96%. The genomic properties of these pCO utilizer 262 

MAGs were compared to those of the phylogenetically related microbes (Table 3). Differences in the total 263 

length of genome, G+C content, the number of coding sequences (CDSs) and rRNA and tRNA were found 264 

(Table 3). The number of CDSs in JI_enriched_1_bin24 and JI_enriched_2_bin23 was lower than C. 265 

thermautotrophica 41 and C. hydrogenoformans Z-2901, respectively. The total genome lengths of both 266 

hydrogenogenic pCO utilizer genomes (ca. 2.0 Mbp) were shorter than their respective related species 267 

(Table 3). Furthermore, the number of rRNA and tRNA sequence of hydrogenogenic pCO utilizer MAGs 268 

was lower than C. thermautotrophica 41 and C. hydrogenoformans Z-2901 (Table 3).  269 

Although the species most closely related to both JI_enriched_1_bin9 and JI_enriched_2_bin9 was G. 270 

acetivorans strain SBH6 (Fig. 2B), differences between the features of these genomes were observed. The 271 

genome of G. acetivorans strain SBH6 was reported to contain genes related to the CODH/ACS complex, 272 

but its CO utilization ability could not be confirmed (Mardanov et al., 2015). The ANI values between 273 
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MAGs, JI_enriched_1_bin9 and JI_enriched_2_bin9, and G. acetivorans strain SBH6 were 77.44% and 274 

76.85%, respectively. Therefore, it was inferred that JI_enriched_1_bin9 and JI_enriched_2_bin9 are novel 275 

pCO utilizer closely related to G. acetivorans. Table 4 shows a comparison between G. acetivorans strain 276 

SBH6 and JI_enriched_1_bin9 and JI_enriched_2_bin9. The genome size and the number of CDSs of the 277 

two pCO utilizer MAGs were smaller than those of G. acetivorans strain SBH6, and they contained fewer 278 

tRNA than G. acetivorans strain SBH6 (Table 4).  279 

Because the ANI between JI_enriched_1_bin2 and Desulfotomaculum kuznetsovii DSM 6115 was over 280 

96%, it was determined that JI_enriched_1_bin2 belongs to this species (Fig. 2A). The complete genome 281 

of D. kuznetsovii DSM 6115 has been sequenced and it is able to utilize CO (Parshina et al., 2005). However, 282 

JI_enriched_1_bin2 did not include any of the 16S rRNA genes mentioned above. The genome length, G+C 283 

content, the number of CDSs and rRNA, tRNA and the number of CRISPR sequences between 284 

JI_enriched_1_bin2 and D. kuznetsovii DSM 6115 differed. JI_enriched_1_bin2 had a shorter genome but 285 

a higher G+C content than D. kuznetsovii DSM 6115, while containing fewer CDSs, rRNA, and tRNA 286 

(Table 5). JI_enriched_1_bin2 also contained two CRISPR sequences (Table 5). However, it was noted that 287 

the completeness value of this MAG was relatively low (Table 2). In conclusion, all the pCO utilizer MAGs 288 

contained smaller genomes and fewer CDSs than those of the most closely related species. 289 

Phylogenetic and physiological traits of Ni-CODHs included in pCO utilizer MAGs 290 

Ni-CODHs are phylogenetically divided into 8 clades (A-H) (Inoue et al., 2022). In this study, the 291 

predicted physiological functions of Ni-CODHs were mainly of “energy conservation” and “carbon 292 

fixation”. Sixteen Ni-CODHs found in five pCO utilizer MAGs were analyzed phylogenetically and were 293 

distributed between 4 clades (A, B, D, and F). The phylogeny and physiological function of the 16 Ni-294 

CODHs are discussed as follows.  295 

Within the MAGs most closely related to T. ferrireducens, four Ni-CODH contained in 296 

JI_enriched_1_bin24 and three Ni-CODH contained in JI_enriched_2_bin23 were placed in Clade F (Fig. 297 
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3A). It is likely that one Ni-CODH from both MAGs is classified into Clade B (Fig. 3B). Below, the function 298 

of each Ni-CODH and its genomic context were described in detail. CODH-1 and CODH-2 of 299 

JI_enriched_1_bin24 and CODH-1 of JI_enriched_2_bin23 were adjacent to genes encoding ferredoxin-300 

like electron transporter protein CooF, the transcriptional regulator protein CooA, the accessory protein 301 

CooC and proteins that constitute ECH (Fig. 4A). Therefore, the physiological roles of these three Ni-302 

CODHs were inferred to be energy conservation along with of hydrogen generation. Next, functions of 303 

CODH-3 of JI_enriched_1_bin24 and CODH-2 of JI_enriched_2_bin23 were identified as carbon fixation. 304 

(Fig. 4B), the genes surrounding these Ni-CODH genes were those for CODH/ACS complex subunits and 305 

also accessory protein CooC (Fig. 4B). CODH-4 of JI_enriched_1_bin24 and CODH-3 of 306 

JI_enriched_2_bin23 were adjacent to genes for the ferredoxin-like protein CooF and NAD(P)H-nitrite 307 

reductase large subunit (Fig. 4C), suggesting possible respiratory roles through NAD(P)+ reduction. CODH-308 

5 in JI_enriched_1_bin24 and CODH-4 in JI_enriched_2_bin23 were adjacent to genes encoding ABC 309 

transporter protein (tauA, tauB, tauC) and cysteine synthase A (cysK) (Fig. 4D). Although similar Ni-CODH 310 

gene clusters were conserved in the genomes of Calderihabitans maritimus KKC1 and Moorella 311 

thermoacetica ATCC 39073, the physiological role of these Ni-CODHs has not been revealed (Omae et al., 312 

2017). However, it is suggested that genes encoding the ABC transporter proteins are involved in taurine 313 

transport. A previous study reported the ability of microbes to utilize taurine anaerobically (Denger et al., 314 

1999). Desulfonispora thiosulfatigenes was shown to generate acetic acid, ammonia, and thiosulfate 315 

(S2O3
2-) from taurine (Denger et al., 1999). Hydrogenogenic pCO utilizers may consume taurine via the 316 

same reaction to generate thiosulfate. CO oxidation by Ni-CODH is coupled to the reduction of thiosulfate, 317 

hydrogen sulfide is generated by the reduction of thiosulfate and cysteine can be synthesized from hydrogen 318 

sulfide by CysK. Together, this could indicate a novel physiological function of Ni-CODH. However, 319 

experimental proof will be required to confirm the above hypotheses for NAD(P)+-mediated respiration and 320 

taurine transport. Taken together, these multiple Ni-CODH genes and their gene clusters suggested that the 321 
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two pCO utilizer MAGs of the genus Thermolithobacter were capable of coupling several distinct catalytic 322 

reactions with CO utilization such as hydrogenogenic CO oxidation and carbon fixation although, in the 323 

genus Thermoithobacter, T. carboxydivorans was only known to hydrogenogenically grow on CO 324 

(Sokolova et al., 2007). 325 

The two MAGs related to G. acetivorans, JI_enriched_1_bin9 and JI_enriched_2_bin9, both contained 326 

two Ni-CODH genes: one CooS-type CODH gene and one Cdh-type CODH gene (Table 2). The Cdh-type 327 

genes were distributed in Clade A, while the CooS-type Ni-CODHs belonged to Clade D (Fig. 3C). To infer 328 

their physiological roles, the genomic context of these Ni-CODHs was examined. The Cdh-type Ni-CODH 329 

gene of JI_enriched_1_bin9 was adjacent to genes encoding CODH/ACS subunits (beta, gamma, delta, and 330 

epsilon) and threonine synthase genes, indicating that its physiological function could be carbon fixation. 331 

The remaining CooS-type Ni-CODH gene of JI_enriched_1_bin9 was adjacent to a single, unannotated 332 

gene, and the physiological function could not be inferred. The Cdh-type Ni-CODH gene of 333 

JI_enriched_2_bin9 was adjacent to genes encoding CODH/ACS subunits (beta and epsilon) and the 334 

physiological function is therefore most likely related to carbon fixation. The CooS-type Ni-CODH gene 335 

of JI_enriched_2_bin9 was adjacent to a gene for an AMP-binding protein, and thus its physiological 336 

function remained unidentified.  337 

JI_enriched_1_bin2 was related to D. kuznetsovii and contained three CooS-type Ni-CODH genes 338 

(Table 2). Of these, CODH-1 grouped in Clade D, and CODH-2 and CODH-3 belonged to Clade F (Fig. 339 

3A, C). The physiological roles of these three Ni-CODHs were predicted. No genes were found adjacent to 340 

CODH-1 and it was therefore functionally unidentified. CODH-2 was adjacent to the gene encoding the 341 

CODH/ACS complex subunit beta, while CODH-3 was adjacent to genes for CODH/ACS complex 342 

subunits alpha and beta. This likely indicates that the physiological function of these Ni-CODHs could be 343 

related to carbon fixation, although the genomic context of these CODH genes was incomplete. 344 

   The pCO utilizer MAGs were divided into two domains: Bacteria and Archaea (Fig. 2), however, the 345 
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Ni-CODHs of these MAGs were scattered across the four clades in the Ni-CODH tree (Fig. 3). Different 346 

phylogenetic traits of pCO utilizer MAGs and Ni-CODHs in the MAGs were observed. 347 

JI_enriched_1_bin24 and JI_enriched_2_bin23 were related to C. thermoautotrophica 41 based on genome 348 

sequences; however, the Ni-CODHs within these MAGs (CODH-5 of JI_enriched_1_bin24 and CODH-4 349 

of JI_enriched_2_bin23) were more closely related to the Ni-CODHs of Thermanaeromonas toyohensis 350 

and C. maritimus. This indicates that, although some MAGs and species were closely related based on their 351 

genome sequences, their Ni-CODH sequences were phylogenetically distant. This further supports the 352 

previous studies showing complex evolution and punctate distribution of Ni-CODH genes possibly caused 353 

by lateral transfers and/or secondary losses (Techtmann et al., 2012; Inoue et al., 2019; Imaura et al., 2023; 354 

Suzuki et al., 2023). 355 

 356 

Conclusion 357 

   In this study, two Thermolithobacter pCO utilizer MAGs, two Geoglobus pCO utilizer MAGs, and 358 

one Desulfotomaculum pCO utilizer MAG, all of which were of medium- to high-quality, were constructed. 359 

The Thermolithobacter MAGs contained Ni-CODH sequences which were suggested to be 360 

phylogenetically novel in a previous study (Omae et al., 2021). Moreover, novel Ni-CODH sequences in 361 

Thermolithobacter and Geoglobus pCO utilizer MAGs, which were not clustered with any existing 362 

genome-encoded Ni-CODH sequences in the criteria of 90% amino acid sequence identity were discovered. 363 

These sequences were not found in the conventional Ni-CODH database (Inoue et al., 2022). These findings 364 

were notable since various types of pCO utilizers, especially including hydrogenogenic pCO utilizers, are 365 

known to constitute a rare biosphere (Fukuyama et al., 2020) and are difficult to detect even in metagenomic 366 

databases (Inoue et al., 2022). Nevertheless, the high-quality or medium-quality MAGs from the pCO 367 

utilizers were obtained due to the integration of the traditional enrichment cultures and the recently 368 

developed next-generation sequencing techniques as well as the metagenome assembling (binning) 369 
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methods. In future, the integrated strategy used in this study would not only contribute to gaining insight 370 

into the diversity of the rare biosphere, i.e., CO utilizers, without isolation of them but also provide a genetic 371 

basis for establishing the conditions and compositions of media suitable for isolating the CO utilizers from 372 

various environments. 373 
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 557 

Figures and Tables 558 

Figure legends 559 

Fig. 1. Phylogenetic analysis based on 16S rRNA sequences. (A) Maximum likelihood (ML) 560 

phylogenetic tree of hydrogenogenic potential carbon monoxide (pCO) utilizer metagenome 561 

assembled genomes (MAGs), JI_enriched_1_bin24 and JI_enriched_2_bin23, and closely related 562 

species. (B) ML phylogenetic tree of pCO utilizer MAGs, JI_enriched_1_bin9, and closely related 563 

species. 564 

 565 

Fig. 2. Genome-based phylogeny of metagenome assembled genomes (MAGs). Purple circles indicate 566 

bootstrap scores over 80%. (A) Phylogenetic tree of representatives of Phylum Firmicutes_B bacteria 567 

and bacterial MAGs obtained in this study. (B) Phylogenetic tree of representatives of Phylum 568 

Halobacteriota archaea and archaeal MAGs obtained in this study. 569 

 570 

Fig. 3. Phylogenetic relationships of representative anaerobic Ni-carbon monoxide dehydrogenase 571 

(Ni-CODHs) catalytic subunit. Ni-CODH sequences used were those retrieved from public database 572 

(MGnify and RefSeq/GenBank) in Inoue et al. 2022 and those found only in MAGs reconstructed in 573 

this study. Purple squares indicate bootstrap scores over 80%. (A) 424 representative Ni-CODH 574 

sequences of Clade F and those found only in MAGs reconstructed in this study. (B) 202 representative 575 

Ni-CODH sequences of Clade B and those found only in MAGs reconstructed in this study. (C) 357 576 

representative Ni-CODH sequences of Clade D and those found only in MAGs reconstructed in this 577 

study. 578 
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 579 

Fig. 4. Ni-carbon monoxide dehydrogenase (Ni-CODHs) and surrounding genes (genomic contexts) 580 

of JI_enriched_1_bin24 and JI_enriched_2_bin23. Upper figure indicates JI_enriched_1_bin24 and 581 

lower figure indicates JI_enriched_2_bin23. Cth_41: C. thermautotrophica 41; KKC1: C. maritimus 582 

KKC1. (A) CODH-1 and CODH-2 of JI_enriched_1_bin24 and CODH-1 of JI_enriched_2_bin23. Ni-583 

CODH genes, energy-converting hydrogenase (ECH) genes, CooA genes, CooC genes and CooF 584 

genes are depicted. (B) CODH-3 of JI_enriched_1_bin24 and CODH-2 of JI_enriched_2_bin23. Ni-585 

CODH genes, CooC genes and acethyl-CoA synthase related genes are depicted. (C) CODH-4 of 586 

JI_enriched_1_bin24 and CODH-3 of JI_enriched_2_bin23. Ni-CODH genes, CooF genes and 587 

NAD(P)H-nitrite reductase large subunit genes are shown. (D) CODH-5 of JI_enriched_1_bin24 and 588 

CODH-4 of JI_enriched_2_bin23. Cysteine synthase genes, ABC transporter genes and CODH genes 589 

are depicted. 590 

 591 

 592 

 593 

 594 

 595 

 596 

 597 

 598 

 599 

 600 

 601 

Table 1. Number of paired-end reads and metagenome assembled genomes (MAGs) reconstructed by 602 

metagenome sequence from anaerobic enrichment culture. 603 

 JI_enriched_1 JI_enriched_2 

Number of   

     Raw reads 27,532,830 26,259,718 

     Q20 pass reads 15,534,972 16,503,906 

   

Number of   

     High-quality bins*1 9 6 

     Medium-quality bins*2 8 9 

*1: completeness>90% and contamination<5% 604 

*2: completeness≥50% and contamination<10% 605 

 606 
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Table 2. General features of the genomes from metagenome assembled genomes (MAGs) containing 607 

Ni-carbon monoxide dehydrogenase (Ni-CODH). C. hydrogenoformans Z-2901 CooS II (CooS type) 608 

and Methanosarcina barkeri ACS complex α subunit (Cdh type) was used as query Ni-CODH 609 

sequences (Inoue et al., 2019). 610 

Sample ID 

Genome Completeness Contamination Number of Number of CODH genes 

Bin ID (%) (%) Contigs CooS type Cdh type 

JI_enriched_1 bin2 88.59  6.12  344 3 0 

JI_enriched_1 bin9 91.50  0.00  37 1 1 

JI_enriched_1 bin24 99.43  1.11  19 5 0 

JI_enriched_2 bin9 95.42  1.31  83 1 1 

JI_enriched_2 bin23 100.00  0.77  24 4 0 

 611 

Table 3. Comparison of general features of the genomes from hydrogenogenic pCO utilizer 612 

metagenome assembled genomes (MAGs), C. thermautotrophica 41T (Cth_41) and C. 613 

hydrogenoformans Z-2901 (Chy). 614 

 JI_enriched_1_bin24 JI_enriched_2_bin23 Cth_41 Chy 

Total Sequence 

Length (bp) 
1,998,880 2,077,722 2,743,125 2,401,520 

G+C content (%) 53.0 52.6 49.09 42.0 

     

Number of     

   CDSs 1,991 2,074 2,739 2,439 

   rRNA 5 5 15 12 

   tRNA 52 54 73 50 

   CRISPRs 1 1 1 - 

Reference This study This study IMG*1 NCBI*2 

*1:  615 

https://img.jgi.doe.gov/cgi-616 

bin/m/main.cgi?section=TaxonDetail&page=taxonDetail&taxon_oid=2802429487 617 

*2: https://www.ncbi.nlm.nih.gov/genome/?term=carboxydothermus%20hydrogenoformans 618 

 619 

Table 4. General features of the genomes from non-hydrogenogenic pCO utilizer metagenome 620 

assembled genomes (MAGs) and closely-related species. Archaeal MAGs (JI_enriched_1_bin9, 621 

JI_enriched_2_bin9) and Geoglobus acetivorans strain SBH6 (Gac). C. hydrogenoformans Z-2901 622 

https://www.ncbi.nlm.nih.gov/genome/?term=carboxydothermus%20hydrogenoformans
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(Chy) was selected for reference as representative carboxydotroph species. 623 

 JI_enriched_1_bin9 JI_enriched_2_bin9 Gac Chy 

Total Sequence 

Length (bp) 
1,411,080 1,462,938 1,901,110 2,401,520 

G+C content (%) 41.5 41.4 46.5 42.0 

     

Number of     

   CDSs 1,554 1,576 2,158 2,439 

   rRNA 3 1 3 12 

   tRNA 39 42 47 50 

CRISPRs 2 4 - - 

Reference This study This study NCBI*1 NCBI*2 

*1: https://www.ncbi.nlm.nih.gov/genome/?term=geoglobus%20acetivorans 624 

*2: https://www.ncbi.nlm.nih.gov/genome/?term=carboxydothermus%20hydrogenoformans 625 

Table 5. General features of the genomes from non-hydrogenogenic pCO utilizer metagenome 626 

assembled genomes (MAGs) and closely-related species. Bacterial MAG (JI_enriched_1_bin2) and 627 

D. kuznetsovii DSM 6115 (Dku). C. hydrogenoformans Z-2901 (Chy) was selected for reference as 628 

representative carboxydotroph species. 629 

  JI_enriched_1_bin2 Dku Chy 

Total Sequence 

Length (bp) 
2,734,629 3,601,390 2,401,520 

G+C content (%) 55.1  54.9 42.0  

        

Number of       

    CDSs 2,418 3,398 2,439 

    rRNA 3 9 12 

    tRNA 38 46 50 

    CRISPRs 2 - - 

Reference This study NCBI*1 NCBI*2 

*1: https://www.ncbi.nlm.nih.gov/genome/3122?genome_assembly_id=172913 630 

*2: https://www.ncbi.nlm.nih.gov/genome/?term=carboxydothermus%20hydrogenoformans 631 

 632 

 633 

 634 

 635 

 636 

https://www.ncbi.nlm.nih.gov/genome/?term=geoglobus%20acetivorans
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Fig. 1. 637 

(A) 638 

 639 

 640 
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Fig. 2. 651 

(A) 652 
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(B) 655 
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Fig. 3. 659 

(A) 660 
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(B) 667 
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(C) 682 
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Fig. 4 690 

(A) 691 
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