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Abstract

Ni-containing carbon monoxide dehydrogenase (Ni-CODH) plays an important role in the CO/CO,-based carbon and energy
metabolism of microbiomes. Ni-CODH is classified into distinct phylogenetic clades, A—G, with possibly distinct cellular
roles. However, the types of Ni-CODH clade used by organisms in different microbiomes are unknown. Here, we conducted
a metagenomic survey of a protein database to determine the relationship between the phylogeny and biome distribution
of Ni-CODHs. Clustering and phylogenetic analyses showed that the metagenome assembly-derived Ni-CODH sequences
were distributed in ~60% Ni-CODH clusters and in all Ni-CODH clades. We also identified a novel Ni-CODH clade, clade
H. Biome mapping on the Ni-CODH phylogenetic tree revealed that Ni-CODHs of almost all the clades were found in natu-
ral aquatic environmental and engineered samples, whereas those of specific subclades were found only in host-associated
samples. These results are comparable with our finding that the diversity in the phylum-level taxonomy of host-associated
Ni-CODH owners is statistically different from those of the other biomes. Our findings suggest that while Ni-CODH is a
ubiquitous enzyme produced across diverse microbiomes, its distribution in each clade is biased and mainly affected by the
distinct composition of microbiomes.
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Abbreviations MAG Metagenome-assembled genome
Ni-CODH Ni-containing carbon monoxide PCR Polymerase chain reaction

dehydrogenase NCBI The National Centre for Biotechnology
WLP The Wood-Ljungdahl pathway Information
ECH Energy converting hydrogenase COG Cluster of orthologous groups
FNOR Flavin adenine dinucleotide-dependent

NAD(P) oxidoreductase

Introduction

Communicated by A. Driessen. Ni-containing carbon-monoxide dehydrogenase (Ni-

CODH) is a primordial microbial enzyme that cata-
lyzes the reversible conversion between CO, and CO
(CO,+2H* +2e~ < CO+H,0), a key reaction for car-

P4 Masao Inoue
mainoue @fc.ritsumei.ac.jp

! Graduate School of Agriculture, Kyoto University, bon fixation and energy conservation (Oelgeschldger and
Kitashirakawa Oiwake-cho, Sakyo-ku, Kyoto 606-8502, Rother 2008; Sokolova et al. 2009; Nitschke and Russell
Japan 2013; Can et al. 2014; Adam et al. 2018; Inoue et al. 2019a;

> R-GIRO, Ritsumeikan University, 1-1-1 Nojihigashi, Schoelmerich and Miiller 2019). CO, reduction by the Ni-
Kusatsu, Shiga 525-8577, Japan CODH/CO-methylating acetyl-CoA synthase complex con-

3 College of Life Sciences, Ritsumeikan University, 1-1-1 stitutes the carbonyl branch of the Wood-Ljungdahl pathway
Nojihigashi, Kusatsu, Shiga 525-8577, Japan (WLP) in acetogens and methanogens (Doukov et al. 2002;

4 Department of Integrated Biosciences, Graduate School Gong et al. 2008; Nitschke and Russell 2013; Can et al.
of Frontier Science, The University of Tokyo, 5-1-5 2014; Schuchmann and Miiller 2014). The WLP is widely

Kashiwanoha, Kashiwa, Chiba 277-8561, Japan

@ Springer


http://orcid.org/0000-0001-5484-0767
http://crossmark.crossref.org/dialog/?doi=10.1007/s00792-022-01259-y&domain=pdf

9 Page2of11

Extremophiles (2022) 26:9

distributed in bacteria and archaea, and was also present in
the last universal common ancestor (Adam et al. 2018). The
WLP also uses CO as a direct input and is the major pathway
for carbon cycling in both anabolic and catabolic manners
for carboxydotrophy (Tan et al. 2005). In a catabolic man-
ner, Ni-CODH is a part of the respiratory module via CO
oxidation in anaerobic carboxydotrophs, where electrons
from CO are finally transferred to various terminal elec-
tron acceptors (e.g., H, Fe3*, fumarate, sulfur oxides, and
nitrogen oxides) via the corresponding respiratory enzymes
(Oelgeschldger and Rother 2008; Sokolova et al. 2009;
Fukuyama et al. 2020). Because of the low redox potential
of CO (E”' = —520 mV), the coupling of CO oxidation and
H* reduction is undertaken by the Ni-CODH/electron carrier
polyferredoxin CooF/energy converting hydrogenase (ECH)
respiratory complex, which is an ancient respiratory module
(Soboh et al. 2002; Singer et al. 2006; Schoelmerich and
Miiller 2019). In addition, Ni-CODH associated with flavin
adenine dinucleotide-dependent NAD(P) oxidoreductase
(FNOR) and CooF is considered to enable NAD(P)H-medi-
ated CO-driven respiration (Whitham et al. 2015; Geelhoed
et al. 2016; Slobodkin et al. 2019).

Ni-CODHs are phylogenetically diverse enzymes that
are classified into seven distinct clades from A to G (Inoue
et al. 2019a). In addition, a small Ni-CODH-like protein
called mini-CooS has the divergent amino acid sequence
but is found in the carboxydotroph Thermosinus carboxy-
divorans with a complete motif for metal cluster forma-
tion (Techtmann et al. 2012). The tertiary structures and
catalytic activities of Ni-CODHSs in clades A, E, and F
have been characterized in model carboxydotrophs such as
Methanosarcina barkeri, Carboxydothermus hydrogeno-
formans, Rhodospirillum rubrum, Moorella thermoacetica,
and Desulfovibrio vulgaris (Dobbek et al. 2001; Drennan
et al. 2001; Doukov et al. 2002; Gong et al. 2008; Benvenuti
et al. 2020; Wittenborn et al. 2020), whereas those in other
clades have not been determined yet. However, the possible
involvement of clades C and D in CO oxidation has been
suggested (Rother et al. 2007; Whitham et al. 2015; Liew
et al. 2016). The horizontal gene transfer and loss of Ni-
CODH genes have led to the punctate distribution of the
A—G clades in the prokaryotic tree of life; hence, all of them
are found in both bacteria and archaea (Techtmann et al.
2012; Inoue et al. 2019a).

The Ni-CODH genes often form gene clusters with func-
tionally associated genes in microbial genomes (Techtmann
et al. 2012; Inoue et al. 2019a), such as the genes for met-
allochaperones CooC and CooT as maturation factors, or
CO-responsive transcription factors in addition to the WLP,
ECH, FNOR, or CooF. This feature essentially provides
clues for predicting novel Ni-CODH-associated genes such
as the functionally unknown NitT/TauT-family ABC trans-
porters (Inoue et al. 2019a). The relationship between these
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Ni-CODH-associated genes and the phylogenetic clades of
Ni-CODH has also been established. The WLP genes are
associated with clades A, E, and F; the CooF/ECH genes
are associated with clades E and F; the CooF/FNOR genes
are associated with clades C—G; and the ABC transporter
genes are associated with clades B and D-F. Some anaerobic
carboxydotrophs have multiple gene clusters, of which Ni-
CODHs belong to different phylogenetic clades. The expres-
sion of these Ni-CODH gene clusters is regulated differently
in the presence or absence of CO in some carboxydotrophs
(Fukuyama et al. 2019; Inoue et al. 2020a).

Interestingly, carboxydotrophs can grow even under one
atmosphere pressure of CO (Robb and Techtmann 2018),
despite it being toxic for many microbes (Wareham et al.
2018). Furthermore, many carboxydotrophs have been iso-
lated from CO-emitting volcanic environments (Fukuyama
et al. 2020). However, some carboxydotrophs have also been
isolated from samples not related to CO-emitting environ-
ments, suggesting their ubiquitous distribution (Inoue et al.
2019b, 2020b). Ni-CODH genes have been identified in
metagenome-assembled genomes (MAGs) from various
environmental samples (Evans et al. 2015; Adam et al.
2018; Inoue et al. 2019a; Mu et al. 2020). These evidences
have helped establish an enigmatic relationship between the
physiology and ecology of carboxydotrophs. A conceptual
model represents the role of carboxydotrophy in microbi-
omes, that is removals of locally accumulated biogenic CO
from microbial end products (Robb and Techtmann 2018).
Several molecular ecological studies have reported Ni-
CODH sequences from the biomes of the termite hindgut,
deep sea sediments, and hot springs, which unveiled the rela-
tionships between the biomes and the phylogenetic clades
of Ni-CODHs (Matson et al. 2011; Hoshino and Inagaki
2017; Omae et al. 2021). The Ni-CODH sequences from the
termite gut biome were different from those of the deep-sea
sediment samples even when the same primers were used,
implying that different biomes accommodate different phy-
logenetic clades or functions of Ni-CODHs (Matson et al.
2011; Hoshino and Inagaki 2017). However, these studies
used PCR-based DNA metabarcoding, where primer speci-
ficity might cause biased amplification, thereby hampering
the sequencing results. Therefore, PCR-free, genome-based
or metagenome-based evaluation of Ni-CODH distribution
in different biomes is required to gain deeper insight into
the ecological roles of Ni-CODHs and the carboxydotrophs
producing them.

To this end, we performed a comprehensive biome tag-
ging over the entire Ni-CODH phylogenetic tree using the
state-of-the-art metagenomics protein sequence database,
MGnify. It contains over 1,100,000,000 protein sequences
in over 12,000 metagenomic assemblies from various biome
samples that are mainly categorized into “engineered,”
“environmental (aquatic),” or “host-associated” (Mitchell
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et al. 2020). To construct a phylogenetically unbiased
dataset, we adopted a sequence clustering approach using
approximately 27,000 Ni-CODH sequences derived from
MGnify and over 3,000 reference Ni-CODH sequences from
RefSeq/GenBank with genomic information. We found a
new clade H of Ni-CODH, in addition to the previously
known clades A—G. We also demonstrated that phyloge-
netically diverse Ni-CODH clusters in clades A-H were
found in both “environmental (aquatic)” and “engineered”
samples, whereas specific groups in the clades B-E were
found mainly in “host-associated” samples, showing a broad
but biased distribution of Ni-CODHs. These distributions
of Ni-CODHs were related to the taxonomy of Ni-CODH-
harboring microbes. Our findings suggest that the biomes
could affect the phylogenetic diversity of Ni-CODHs. Also,
while Ni-CODH is a ubiquitous enzyme across the diverse
microbiomes, its distribution in each clade is biased and
mainly affected by the distinct microbiome composition.

Materials and methods
Construction of Ni-CODH protein datasets

The amino acid sequence retrieval for Ni-CODHs was per-
formed using the DIAMOND BLASTp search version 0.9.29
(Buchfink et al. 2014) with an e-value cutoff of < 107> from
the MGnify protein database (Mitchell et al. 2020) (May,
2019; containing ~ 1,100,000,000 protein sequences from
12,489 assemblies) and the National Center for Biotechnol-
ogy Information (NCBI) RefSeq/GenBank non-redundant
protein sequence database (Sayers et al. 2020) (February,
2020; containing ~ 260,000,000 protein sequences). The
query sequences for sequence retrieval are as follows:
WP_011305243.1, WP_026514536.1, WP_039226206.1,
WP_011342982.1, WP_012571978.1, WP_011343033.1,
OGP75751.1, and WP_007288589.1 for clades A to G Ni-
CODHs (Inoue et al. 2019a) and mini-CooS (Techtmann
et al. 2012), respectively. For obtaining Ni-CODH repre-
sentative sequences from MGnify and RefSeq/GenBank,
short-length hits (amino acid length <400) were excluded,
and then the sequences with deletions or mutations in the
conserved residues for the metal cluster and the active site
were filtered out by verifying the multiple sequence align-
ment prepared using the MAFFT version 7.471 program
with the E-INS-i method (Katoh and Standley 2013). The
criteria for sequence filtering were the same as described
previously (Inoue et al. 2019a) with minor modifications:
no deletions in the D-, B-, C-clusters, and the catalytic resi-
dues, and no mutation in the four Cys residues forming the
B-cluster and the three C-terminal Cys residues forming the
C-cluster. The excluded sequences in the MGnify dataset
with an amino acid length of 100 or more in the above steps

were only used for the following clustering step to increase
the depth of biome tagging (see below). In addition, the Ni-
CODH-encoding genomes were retrieved from the NCBI
assembly database (Sayers et al. 2020) (February, 2020;
covering ~ 240,000 prokaryotic genomes from isolates and
MAGsS) by searching for protein accession numbers through-
out "feature tables" of all prokaryotic genome assemblies.
The RefSeq/GenBank sequences without genomic informa-
tion were excluded. The workflow of the data retrieval and
analysis pipeline is summarized in Fig. S1.

Sequence clustering

Sequence clustering was performed using the UCLUST
algorithm in USEARCH version 11.0.667 (Edgar 2010) at
90% sequence identity with the following order of priority:
(1) the RefSeq/GenBank Ni-CODH representatives, (2) the
MGnify Ni-CODH representatives, and (3) the MGnify Ni-
CODH-like sequences (> 100 aa) excluded in the filtering
step, all of which were sorted in the descending order of
length. The RefSeq/GenBank and MGnify representatives
were selected accordingly as centroids for the clusters.

Construction of phylogenetic tree

The 2462 Ni-CODH centroid sequences of the clusters were
aligned using the MAFFT program with the E-INS-I method
(Katoh and Standley 2013). Ambiguously aligned sites
were subsequently trimmed using the trimAl version 1.4.1
program with the "automated1" mode (Capella-Gutiérrez
et al. 2009). The trimmed alignment for phylogenetic analy-
sis contained 440 amino acid sites that were used for the
maximum likelihood phylogenetic tree reconstruction using
IQTREE version 2.0.3 (Minh et al. 2020) with the LG+R10
model assigned by ModelFinder (Kalyaanamoorthy et al.
2017). The reliability of the tree topology was evaluated by
UFBoot ultrafast bootstrapping in IQTREE based on 1000
resamplings (Hoang et al. 2018). Phylogenetic classification
of Ni-CODHs was performed as described previously (Inoue
et al. 2019a). The trees were visualized using the R package
"ggtree" version 2.2.4 (Yu et al. 2017).

Classification of biome and genome information

Biome annotation for the clustered MGnify Ni-CODH
sequences was performed according to the MGnify biome
classification (Mitchell et al. 2020). To remove detailed
lower rank subcategories, we used “engineered,” “envi-
ronmental (aquatic),” and “host-associated” as the major
categories. These categories were further divided into the
following subcategories: “engineered” into “biogas plant,”
“bioreactor,” “bioremediation,” “food production,” “solid
waste,” and “waste water”; “environmental (aquatic)”
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into “aquaculture,” “estuary,” “freshwater,” “marine,” and
“thermal springs”; “host-associated” into “human diges-
tive system,” “human skin,” “mammals digestive system,”
and “mammals respiratory systems”. Note that “human
skin” was excluded from the data analysis because only one
sequence was classified into this subcategory.
Genome-based taxonomies for the genomes encoding the
RefSeq/GenBank Ni-CODHs were annotated using GTD-
BTk version 1.3.0 with the GTDB database release R95
(Parks et al. 2020; Chaumeil et al. 2020) based on fastANI
comparison (Jain et al. 2018) and phylogenetic placement
(Matsen et al. 2010). The genomic contexts of the RefSeq/
GenBank Ni-CODH genes were assigned as described
previously with minor modifications (Omae et al. 2019).
Fifteen coding sequences upstream and downstream of
the Ni-CODH gene locus were annotated by the clusters
of orthologous groups of proteins (COGs) (Galperin et al.
2015) via the RPS-BLAST search with an e-value cutoff
of < 107® using the NCBI Conserved Domain Database
(Marchler-Bauer et al. 2017). Neighboring gene-associated
functions of the Ni-CODH genes were categorized by the
previously described COGs (Inoue et al. 2019a) found in
each genomic context: WLP (COG1614), CooF (COG0437
or COG1142), FNOR (COG1251), ECH (COG3260 and
C0OG3261), ABC transporter (COG0600, COG1116, and
COGO715), and metallochaperone (COG3640 or COG1532).

Data analysis

Similarity scores based on the Dice similarity coefficients
were calculated from the co-occurrence patterns of biomes,
Ni-CODH clades, genome-based taxonomies, and neigh-
boring gene-associated functions within the Ni-CODH
sequence clusters using the R package "proxy" version
0.4-19. The composition of Ni-CODH clades, genome-
based taxonomies, and neighboring gene-associated func-
tions in each biome were compared by principal component
analysis using R and visualized by the R package "ggplot2"
version 3.3.0.

Results

Numerous Ni-CODHs were identified
from metagenomic contigs

First, we retrieved 5430 and 3164 Ni-CODH sequences from
the MGnify and RefSeq/GenBank databases, respectively,
as representative sequences, which had conserved sequence
motifs (Inoue et al. 2019a) and sufficient lengths for phylo-
genetic analysis (Fig. S1). Next, we performed clustering at
90% amino acid sequence identity using these MGnify and
RefSeq/GenBank representative sequences and unfiltered
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MGnify sequences including short length hits (> 100 aa), in
which the representatives were selected as centroids. Thus,
2462 Ni-CODH clusters were generated from the 30,112
Ni-CODH sequences (Fig. S2 and Table S1). The clustered
26,948 MGnity sequences were derived from 6348 sequence
assemblies/runs with 4817 samples corresponding to
approximately half of all assemblies from the MGnify data-
base in the range of 0.001 to 8 per Mbp (Fig. S3), whereas
the 3164 RefSeq/GenBank sequences were encoded by 8946
gene locus tags in 5301 genomes from 66 phyla in the GTDB
genome-based taxonomy. The clusters consisted of 615 clus-
ters with both MGnify and RefSeq/GenBank sequences,
809 clusters with only MGnify sequences, and 1038 clus-
ters with only RefSeq/GenBank sequences, indicating that
the MGnify dataset expanded Ni-CODH sequence space
by ~30% at the level of 90% sequence identity.

The clustering criterion (90% amino acid sequence iden-
tity) used in this study was selected on the basis of the com-
pression rate and the number of total sequences (Fig. S2).
If the clustering criterion is precisely selected, each cluster
would be composed of sequences from closely related spe-
cies or single species, except for some horizontally trans-
ferred cases. In our study, ~94% and ~ 78% of the Ni-CODH
clusters consisted of sequences from a single genus and spe-
cies, respectively, even though horizontal gene transfers have
been reported (Techtmann et al. 2012; Inoue et al. 2019a).
The genome-based taxonomy annotation supported the clus-
tering criterion of 90%.

Metagenomic contig-derived Ni-CODHs were
phylogenetically diverse

To reveal the phylogenetic diversity of the MGnify Ni-
CODHs, we constructed phylogenetic tree using the cen-
troid sequences of the 2462 Ni-CODH clusters, and then
assigned the previously reported seven major clades A—G
(Inoue et al. 2019a) and mini-CooS (Fig. 1A). Clades A—E
showed monophyletic topology, whereas clade F was recon-
structed paraphyletically, as reported in a previous large-
scale analysis using IQ-TREE (Adam et al. 2018). Clade G
and mini-CooS formed a monophyletic clade that branched
between clade A and the other clades as described previously
(Techtmann et al. 2012; Inoue et al. 2019a). Therefore, mini-
CooS was also considered a member of clade G. We also
found the novel phylogenetic clades (collectively referred to
as clade H) including the two RefSeq/GenBank sequences,
which were previously unidentified since they had been
excluded because of differences in the selection criteria.
Both the MGnify and RefSeq/GenBank sequences were
found in all clades and broadly distributed in the Ni-CODH
phylogeny (Fig. 1A). Although the fraction of Ni-CODH
clusters containing the MGnify sequences in clade F (7%)
was twofold lower than the fraction of Ni-CODH clusters
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Fig.1 Distribution of MGnify and RefSeq/GenBank sequences
on Ni-CODH phylogeny. A A phylogenetic of Ni-CODH clusters
mapped with navy lines along the two circles showing the presence
of MGnify (outer) and RefSeq/GenBank (inner) sequences in each
cluster. An unrooted phylogenetic tree was constructed using an
alignment of centroid sequences from the 2462 Ni-CODH clusters
on 90% amino acid sequence identity. The major clades A to H are

containing RefSeq/GenBank sequences (14%) (Fig. 1B), the
overall clade composition was similar between MGnify and
RefSeq/GenBank. Thus, our dataset was sufficient to tag the
biome and genomic information on Ni-CODH phylogeny.
Moreover, it is noteworthy that our clustering approach elim-
inated the clade composition bias in the MGnify sequences
(Fig. 1B), providing a relatively unbiased biome distribution.

Biome distribution of Ni-CODHs was different
depending on their phylogeny

The Ni-CODH clusters containing the MGnify sequences
were assigned by biome information to demonstrate the rela-
tionships between their phylogeny and biome distribution
(Fig. 2A). The RefSeq/GenBank representative sequences
contained MAG-derived sequences; nevertheless, biome
tagging was performed using only MGnify datasets to
unify criteria for biome classification. The clustered 26,948
MGnify Ni-CODH sequences were assigned to the three
major biome categories containing 3796 “engineered,” 2967

A B EC ' D ME HF BG HH

highlighted by different colors as follows: yellow orange, clade A;
light blue, clade B; green, clade C; yellow, clade D; blue clade E; red
orange, clade F; pale magenta, clade G; and magenta, clade H. The
black circles on the branches separating the major clades or subclades
indicate their bootstrap value of >0.95 support. B Pie charts for clade
compositions in Ni-CODH clusters and sequences with MGnify and
RefSeq/GenBank

“environmental (aquatic),” and 20,228 “host-associated”
sequences (Table S1), indicating “environmental (aquatic)”
and “host-associated” sequences as the least and the most
abundant, respectively, in the current dataset. After cluster-
ing, a total of 1424 Ni-CODH clusters (~60% of all Ni-
CODH clusters) were classified into one or more of the three
biome categories: 529, 871, and 194 clusters were classified
into “engineered,” “environmental (aquatic),” and “host-
associated,” respectively (Fig. 2A and Table S1). These data
indicated that the “host-associated” Ni-CODHs showed con-
siderably lower diversity in amino acid sequences in spite
of the high sequence counts as indicated above, whereas
the most diverse Ni-CODHs were found in the smallest
sequence space of the “environmental (aquatic)” category.
As shown in Fig. 2A, Ni-CODHs from “environmental
(aquatic)” and “engineered” samples were phylogenetically
diverse, whereas Ni-CODHs from “host-associated”” samples
were noticeably restricted to some groups, especially clades
B, C, and E, which included 92% of total “host-associated”
Ni-CODH clusters. Principal component analysis suggested
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Fig.2 Biome mapping to whole Ni-CODH phylogeny. A A phylo-
genetic tree of Ni-CODH clusters as shown in Fig. 1A mapped with
three major biomes. The innermost ring represents clades of Ni-
CODH clusters by colors as shown in Fig. 1A. The second inner ring
indicates relative abundance of MGnify Ni-CODH sequences in each
cluster by navy lines with color gradation. The outer three rings rep-
resent the presence of MGnify Ni-CODH sequences from three major

that the composition of the Ni-CODH clades in the “host-
associated” samples was different from the composition of
those in the other samples (Fig. 2B, C). The Dice similar-
ity coefficient value determined from co-occurrence in the
sequence clusters between “environmental (aquatic)” and
“host-associated” (0.046) samples was also three to four-
fold lower than the value between “engineered” and ‘“host-
associated” (0.14) samples and that between “environmental
(aquatic)” and “engineered” (0.18) samples, respectively.
These data indicated that the “environmental (aquatic)” and
“host-associated” samples had phylogenetically distinct
Ni-CODH sequences. The similarity values of the “engi-
neered” samples in combination with the other samples were
comparable. Despite the difference in clade compositions,

@ Springer

biomes in the following order from inner to outer: green lines, "engi-
neered"; blue lines, "environmental (aquatic)"; and magenta lines,
"host-associated". B, C Clade compositions of Ni-CODH clusters (B)
and principal component analysis (C) in the three major biome cat-
egories. D Principal component analysis of clade compositions of Ni-
CODH clusters in the fourteen biome subcategories related to Fig. S4

the Ni-CODHs from the “engineered” samples exhibited
co-occurrence at the same level with those from the “host-
associated” samples as well as "environmental (aquatic)"
samples in the Ni-CODH clusters.

The subcategorized biomes (see “Materials and meth-
ods”) mapped on the phylogenetic tree exhibited similar
distribution patterns among the three major biomes (Fig.
S4). Co-occurrence analysis of Ni-CODH clusters showed
that the mean value of the Dice similarity coefficients of
the three self-combinations within each major category
(0.12) was sixfold higher than that of the other three com-
binations (0.020) (P=0.0016 by Welch’s # test). The com-
positions of the Ni-CODH clades in the subcategorized
biomes were similar within each major category, except for
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Fig.3 Compositions of phylum-level taxonomies (A) and neighboring gene-associated functions (B) in three major biome categories annotated

by co-occurrence of biome and genomic information

the “engineered” category (Fig. 2D). In the “engineered”
category, the composition of Ni-CODH clades in “biore-
mediation” was similar to that of the “host-associated” sam-
ples. Similarly, the Dice similarity coefficient value between
“bioremediation” and “human digestive system” (0.24) was
eightfold higher than the mean value of the all combina-
tions between “engineered” and “host-associated” biomes
(P=0.00054 by Grubbs—Smirnov test). Overall, with the few
exceptions, the results using subcategorized biomes were
similar to those using the three major categories, indicating
that the distribution patterns of the distinct clades of the
Ni-CODHs were restricted by the major biome categories.

Phylum-level taxonomies rather than associated
protein functions affected biome distribution
of Ni-CODHs

Finally, to gain insight into the factors underpinning the
restricted Ni-CODH distribution, we analyzed the relation-
ships between biome distribution and genomic information
of Ni-CODHs. In particular, we focused on taxonomy of
the Ni-CODH-bearing prokaryotes and function of genes
located near the Ni-CODH genes, possibly as gene clus-
ters, since these two appeared to be related to the Ni-CODH
phylogeny (Inoue et al. 2019a). Genomic information was
mapped onto the phylogenetic tree of Ni-CODHs and co-
occurrence analysis of biome and genomic information
was performed using the 615 Ni-CODH clusters with both
MGnify and RefSeq/GenBank sequences (Fig. S5).
Composition profiles of phylum-level taxonomies of the
Ni-CODH owners were different among the three major
biomes, which were characterized by major phyla (> 10%

relative abundance of clusters) as follows (Fig. 3A):
Firmicutes_A, Desulfobacterota, Halobacteriota, and
Firmicutes_B in “engineered”’; Desulfobacterota, Halobac-
teriota, Chloroflexota, and Thermoproteota in “environ-
mental (aquatic)”; and Firmicutes_A in “host-associated”
samples. The Shannon diversity indices by phylum-level
taxonomy of “engineered,” “environmental (aquatic),”
and “host-associated” samples were 0.88, 0.95, and 0.46,
respectively, indicating the lowest taxonomic diversity of
the “host-associated” Ni-CODHs. In fact,~75% of the
“host-associated” Ni-CODH clusters were derived from
the phylum Firmicutes_A, whereas the remaining 25%
were derived from only nine phyla. The order Lachno-
spirales in Firmicutes_A was a major owner of the “host-
associated” Ni-CODH clusters covering 64% of the Ni-
CODH clusters from Firmicutes_A in “host-associated”
samples, but only 7% of those in “environmental (aquatic)”
and “engineered” samples indicating considerable differ-
ences even in the lower taxonomic levels, orders, among
biomes. These taxonomic differences likely restricted the
distribution of the Ni-CODH clades in each biome.
Conversely, the composition patterns of neighboring
gene-functions (i.e., WLP, CooF, FNOR, ECH, ABC
transporter, and metallochaperone) were similar among
the three major biome categories, although slight differ-
ences were observed (Fig. 3B). The fraction of the WLP-
associated Ni-CODH clusters was relatively more abun-
dant in “environmental (aquatic)” samples while those of
the CooF- and FNOR-associated Ni-CODH clusters were
higher in “host-associated” samples. A few ECH-related
Ni-CODH clusters were detected throughout the three
major biomes as described previously (Omae et al. 2019;

@ Springer



9 Page8of11

Extremophiles (2022) 26:9

Fukuyama et al. 2020). These results suggested that func-
tional requirements of Ni-CODHs remain similar among
different biomes.

Discussion

Ni-CODH is a key enzyme for energy conservation and car-
bon fixation with CO, a mysterious but ubiquitous microbial
metabolite (Oelgeschldger and Rother 2008; Nitschke and
Russell 2013; Robb and Techtmann 2018). In the present
study, we focused on the molecular ecology of Ni-CODHs,
especially the relationship between phylogenetic diversity
and biome distribution of the enzyme.

The genome-based datasets presented here overcame the
limitations of the previous studies using PCR-based meth-
ods (Matson et al. 2011; Hoshino and Inagaki 2017; Omae
et al. 2021) and provided the first comprehensive view of
the molecular ecology of Ni-CODHs. Our clustering-based
strategy using both the MGnify and RefSeq/GenBank data-
bases enabled the detection of phylogenetically diverse Ni-
CODH sequences in half of all metagenome-derived assem-
blies from diverse biomes without any cultivation or primer
bias (Figs. 1, S2, S3). Through the analyses, we proposed
an additional Ni-CODH clade, clade H, and mini-CooS as
a member of clade G. These data indicate that Ni-CODHs
might be one of the prevalent enzymes across diverse micro-
biomes regardless of their substrate CO gas which is not
prevalent on the Earth.

Our analysis revealed clade-specific distributions of
Ni-CODHs in the biomes (Fig. 2). Especially, specific Ni-
CODH clusters in clades B-E were identified mainly in the
“host-associated” samples. The phylogenetic restriction of
Ni-CODHs to the “host-associated” biomes is consistent
with the phylogenetic niche conservatism at the protein level
(Boyd et al. 2010; Pyron et al. 2015). A simple hypothesis
was that taxonomic restriction in the abundant Ni-CODH
owners might be occurred in the “host-associated”” samples.
In fact, the “host-associated” Ni-CODHs exhibited the low
taxonomic diversity in which Firmicutes_A occupied ~75%
of the Ni-CODH clusters (Fig. 3A) and the order Lachno-
spirales, major owner of the “host-associated” Ni-CODHs
in Firmicutes_A is one of the most abundant taxa in human
and mammals gut microbiomes (Meehan and Beiko 2014;
Vacca et al. 2020). Thus, we speculated that highly biased
microbial communities might have affected the composi-
tion of the gene pool and restricted the phylogenetic clades
of Ni-CODHs in host-associated environments. However,
the remaining 25% of the “host-associated” Ni-CODH clus-
ters were distinct from Firmicutes_A at the phylum level
(Fig. 3A) indicating that 10 distinct phyla possess phylo-
genetically closely related Ni-CODHs possibly through
horizontal gene transfers. Although the organisms bearing
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the Ni-CODHs and their restricted habitats in the “host-
associated” environments could be one of the main factors
in determining the biased Ni-CODH distribution in micro-
biomes, horizontal gene transfers of Ni-CODHs within a
particular environment might have also partly caused the
observed restriction of Ni-CODH distributions in host-asso-
ciated environments.

In contrast, the composition profiles of neighboring
gene-associated functions did not show particular pat-
terns but were similar among the three major biomes
(Fig. 3B). Firmicutes_A and Desulfobacteota, Chloroflex-
ota, Firmicutes_B, Halobacteriota and Thermoproteota, the
major phyla of Ni-CODH owners in our analysis, contained
various acetogens, methanogens, and carboxydotrophs to
use the multiple Ni-CODHs for energy conservation and
carbon fixation (Takors et al. 2018; Inoue et al. 2019a).
Especially, in human gut microbiomes, the Ni-CODHs in
the order Lachnospirales such as Blautia hydrogenotrophica
are used for H,-dependent acetogenesis via WLP (Rey et al.
2010; Laverde Gomez et al. 2019). Moreover, luminal CO
emission occurs via various microbial metabolic pathways as
well as the host and carbon cycling is performed by CO-uti-
lizing microbiomes (Hopper et al. 2020) where CO oxidation
by Ni-CODH might be coupled with ECH or CooF/FNOR.
Similarly, CO emission occurs via organic solid waste degra-
dation processes (Haarstad et al. 2006; Stegenta-Dabrowska
et al. 2019), whereas most MAGs constructed in anaerobic
digesters encode the Ni-CODH genes performing carbon
cycle via methanogenesis and acetogenesis (Treu et al. 2018;
Zhu et al. 2019; Campanaro et al. 2020). In natural aquatic
environments, CO-mediated carbon cycle is performed by
such carboxydotrophs (Conte et al. 2019); however, the
direct involvement of Ni-CODH enzymes in the all the
above CO-oxidation processes remains to be demonstrated.
Our results representing phylogenetically diverse clades of
Ni-CODHs prevalent in “environmental (aquatic)” suggested
that Ni-CODHs might play an important ecological role even
in aquatic environments containing less abundant CO.
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