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ABSTRACT Prokaryotes that can oxidize carbon monoxide (CO oxidizers) can use this
gas as a source of carbon or energy. They oxidize carbon monoxide with carbon mon-
oxide dehydrogenases (CODHs): these are divided into nickel-containing CODH (Ni-
CODH), which are sensitive to O,, and molybdenum-containing CODH (Mo-CODH),
which can function aerobically. The oxygen conditions required for CO oxidizers to oxi-
dize CO may be limited, as those which have been isolated and characterized so far
contain either Ni- or Mo-CODH. Here, we report a novel CO oxidizer, Parageobacillus sp.
G301, which is capable of CO oxidation using both types of CODH based on genomic
and physiological characterization. This thermophilic, facultatively anaerobic Bacillota
bacterium was isolated from the sediments of a freshwater lake. Genomic analyses
revealed that strain G301 possessed both Ni-CODH and Mo-CODH. Genome-based
reconstruction of its respiratory machinery and physiological investigations indicated
that CO oxidation by Ni-CODH was coupled with H, production (proton reduction),
whereas CO oxidation by Mo-CODH was coupled with O, reduction under aerobic con-
ditions and nitrate reduction under anaerobic conditions. G301 would thus be able to
thrive via CO oxidation under a wide range of conditions, from aerobic environments
to anaerobic environments, even with no terminal electron acceptors other than pro-
tons. Comparative genome analyses revealed no significant differences in genome struc-
tures and encoded cellular functions, except for CO oxidation between CO oxidizers
and non-CO oxidizers in the genus Parageobacillus; CO oxidation genes are retained
exclusively for CO metabolism and related respiration.

IMPORTANCE Microbial CO oxidation has received much attention because it contrib-
utes to global carbon cycling in addition to functioning as a remover of CO, which is
toxic to many organisms. Some microbial CO oxidizers, including both bacteria and
archaea, exhibit sister relationships with non-CO oxidizers even in genus-level monophy-
letic groups. In this study, we demonstrated that a new isolate, Parageobacillus sp.
G301, is capable of both anaerobic (hydrogenogenic) and aerobic CO oxidation, which
has not been previously reported. The discovery of this new isolate, which is versatile in
CO metabolism, will accelerate research on CO oxidizers with diverse CO metabolisms,
expanding our understanding of microbial diversity. Through comparative genomic
analyses, we propose that CO oxidation genes are not essential genetic elements in the
genus Parageobacillus, providing insights into the factors which shape the punctate dis-
tribution of CO oxidizers in the prokaryote tree, even in genus-level monophyletic
groups.
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Ithough carbon monoxide is toxic to many organisms (1, 2), some prokaryotes

called CO oxidizers perform CO oxidation for energy conservation (3-6). Indeed,
because CO is a favorable electron donor (reduction potential [E°'] of —520 mV for the
CO/CO, redox pair) (7, 8), CO oxidation can be coupled with the reduction of various
terminal electron acceptors in CO oxidizers (3, 9-12). In addition to contributing to the
carbon cycle by consuming atmospheric CO (3), CO oxidizers may benefit surrounding
organisms by removing toxic amounts of CO (13). There are two types of carbon mon-
oxide dehydrogenase (CODH), the key enzyme in CO oxidation: nickel-containing
CODH (Ni-CODH) (14) and molybdenum-containing CODH (Mo-CODH) (15).

The catalytic subunit of Ni-CODH is divided into two types: CooS, which is frequently
found in bacteria, and Cdh, almost all of which are found in archaea (16). Ni-CODHs are
categorized into eight clades based on their phylogenetic relationships and active site
motifs: clade A corresponds to Cdh, and clades B to H correspond to CooS (14, 16, 17). CO
oxidizers containing cooS/cdh couple CO oxidation with the reduction of one or more ter-
minal electron acceptors, including protons, CO,, fumarate, sulfate, nitrate, and Fe(lll) (4, 7,
18). One of the most well-known of these is the hydrogenogenic CO oxidizer, which cou-
ples CO oxidation with proton reduction to generate hydrogen (H,). Physiological charac-
terization was performed on 32 isolates of hydrogenogenic CO oxidizers from five phyla:
Bacillota, Pseudomonadota, Dictioglomi, Euryarchaeota, and Crenarchaeota (7). Most hydro-
genogenic CO oxidizers possess cooS/cdh in a gene cluster composed of cooS/cdh; cooC,
which encodes a maturation factor of CooS (19); cooF, which encodes a ferredoxin-like pro-
tein (20); and genes encoding energy-converting hydrogenases (ECH) (coo—ech gene clus-
ter). ECH performs proton reduction associated with ion translocation and contributes to
energy conservation (21, 22).

Mo-CODHs can be divided into two groups: form | and form Il Cox. This classifica-
tion is based on the phylogeny and active site motifs (AYXCSFR for form I, AYRGAGR
for form II) of the large subunit CoxL (3, 23). The gene of form | CoxL is regarded as a
marker of CO oxidation; however, it is uncertain whether all form Il Cox-bearing prokar-
yotes can oxidize CO (24). CO oxidation by form | Cox can be coupled with one or
more terminal electron acceptors, including O,, nitrate, and perchlorate (9, 10, 25).
During electron transport, the quinone cycle generates a proton motive force that con-
tributes to energy conservation (26). Heterotrophic CO oxidizers with form | Cox utilize
CO as an energy source to survive under energy-limited conditions (25), whereas auto-
trophic CO oxidizers use CO as a source of both energy and carbon (27, 28).

cooS/cdh is found in the genomes of facultative and obligate anaerobes (7), possibly
reflecting the sensitivity of Ni-CODHs to O, (29). Form | coxL is found in the genomes
of (micro)aerobes (3, 30). To the best of our knowledge, no single prokaryote that can
perform both Ni-CODH- and Mo-CODH-mediated CO oxidation has yet been reported.
cooS/cdh and form | coxL demonstrate many examples of sister relationships of CO oxi-
dizers and non-CO oxidizers in the phylogenetic trees of various genera, such as
Moorella (with cooS/cdh) and Aminobacter (with form | cox) (31, 32). The key factors
shaping punctate distributions in the tree of prokaryotes remain unclear, but could be
revealed by an investigation of a monophyletic group in which some species possess
cooS/cdh, others possess form | cox, and the rest possess neither gene.

Parageobacillus of the phylum Bacillota is a bacterial genus comprising obligately aerobic
or facultatively anaerobic thermophiles (33) and was recently reclassified from the genus
Geobacillus (34, 35). It includes six species (P. toebii, P. thermoglucosidasius, P. thermantarcti-
cus, P. caldoxylosilyticus, P. galactosidasius, and P. yumthangensis) and one genomospecies,
Parageobacillus genomospecies 1 NUB3621 (36). Among these, P. toebii, P. galactosidasius,
and P. yumthangensis have been proposed to be the same species (37). In addition, Sacch-
arococcus thermophilus, another thermophilic Bacillota bacterium, has been proposed for
re-classification as Parageobacillus (37).

Four P. thermoglucosidasius strains (strains DSM 25427, DSM 2543, DSM 6285, and
TG4) have a coo-ech gene cluster and perform hydrogenogenic CO oxidation (38-40).
According to our previous analysis, the coo—ech gene cluster encodes functional Coo/
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ECH, and both coo and ech are required for hydrogenogenic CO oxidation (41).
Conversely, the type strain of P. toebii was demonstrated to contain coxMSL, although
their CO oxidation was not confirmed (38).

In this study, we report a new isolate, Parageobacillus sp. G301, closely related to P.
toebii, that performs both hydrogenogenic and aerobic CO oxidation reactions. We
expanded our knowledge of the physiological diversity, functional versatility, and evo-
lution of CO oxidizers using comparative genomics. Additionally, we discuss the factors
that contribute to the punctate distribution of codh genes in the tree of prokaryotes.

RESULTS

Isolation of strain G301. CO oxidizers were enriched in the sediment of Unagi-ike
(31°13’'37” N and 130°36'38" E), a freshwater lake in Japan into which water flows from
a hot spring, by cultivation at 65°C under atmospheric conditions with a N,:CO ratio of
80:20. Following CO depletion and H, evolution, the liquid phase of the culture was
streaked on an NBRC 802 agar plate (42) and incubated aerobically at 65°C. The strain
G301 was isolated from a single colony. G301 cells were rod-shaped and measured 0.5
to 1.0 um x 2.0 to 3.5 wm in size (Fig. S1). Further cultivation revealed that strain G301
was a facultatively anaerobic, hydrogenogenic CO oxidizer.

General features of the G301 genome and phylogenetic relationships with
other Parageobacillus. The G301 genome comprised nine scaffolds with a total length
of 3,483,861 bp and a G+C content of 41.79%. It contained 13 rRNA genes, 58 tRNA
genes, 2,128 protein-coding genes with known functions, and 1,659 functionally unas-
signed open reading frames (ORFs) according to gene prediction using PATRIC (43).

In the 16S rRNA gene tree, strain G301 was distantly related to P. thermoglucosidasius,
a well-characterized hydrogenogenic CO oxidizer (Fig. 1A). However, the closest relative
of G301 remained unclear in this analysis. Thus, we performed a phylogenomic analysis
using a concatenated data set of amino acid sequences of 1,505 single-copy core genes
from 27 Parageobacillus strains. Of these strains, 1 and 7 were classified as S. thermophilus
and “unclassified Geobacillus” in NCBI taxonomy (44), respectively. G301 was sister to the
clade of P. toebii, P. galactosidasius, P. yumthangensis, Geobacillus sp. 44C, Geobacillus sp.
NFOSA3, Geobacillus sp. E263, Geobacillus sp. WCH70, and Geobacillus sp. LYN3 with 100%
bootstrap support (Fig. 1B). The average nucleotide identity (ANI) values between the
G301 genome and those of P. toebii, P. galactosidasius, P. yumthangensis, and the 5 unclas-
sified Geobacillus strains ranged from 96.0% to 97.1% (Table S1), which exceeded the 95%
threshold for the same species (45).

Genes involved in CO oxidation in G301. To characterize the genes whose prod-
ucts contribute to CO oxidation, we searched cooS and form | coxL in the G301 ge-
nome. According to annotation using DFAST (46), cooS was present in BSDB01000001
(locus tag: PG301_04030, 373,389 to 375,311 bp) between cooC (PG301_04020) (19)
and cooF (PG301_04040) (20) (Fig. 2A). Furthermore, 12 genes encoding hydrogenase
(locus tag: PG301_04050-PG301_04160) were located downstream of cooF (Fig. 2A).
The large subunit of hydrogenase encoded by PG301_04100 was classified as a [NiFe]
Group 4a hydrogenase by HydDB (47). The composition of the genes corresponded to
that of the coo-ech gene clusters (14, 16).

One form | coxL was also found in BSDB01000001 (locus tag: PG301_05530, 523,179 to
525,530 bp) (Fig. 2A). coxM (locus tag: PG301_05550) and coxS (locus tag: PG301_05540)
genes, which encode the medium and small subunits of Cox, respectively (15), were
located upstream of coxL. The genes downstream of coxL encoded CoxF, CoxG, CoxD,
CoxE, cytochrome c oxidase assembly protein CtaG, CoxF, nucleotidyltransferase family pro-
tein MocA, molybdopterin adenylyltransferase MogA, and molybdopterin molybdenum
transferase MoeA (locus tags: PG301_05520-PG301_05440). These genes encode accessory
proteins of Cox or proteins associated with biosynthesis of the molybdenum cofactors,
which may help in the maturation of Cox catalytic subunits. The gene organization of cox,
including coxM, coxS, coxL, coxD, coxE, and coxF, was a common feature of the form | cox
gene cluster (3). Additionally, another gene cluster comprising genes encoding cytochrome
ubiquinol oxidase subunits CydA and CydB (locus tags: PG301_05590 and PG301_05580)
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FIG 1 (A) Maximum-likelihood trees of 18 Parageobacillus strains and Geobacillus thermodenitrificans inferred by 16S rRNA gene sequences. (B) Maximum-
likelihood trees of 27 Parageobacillus strains and G. thermodenitrificans inferred by the amino acid sequences of 1,505 single-copy core genes. Bootstrap
values over 90% are shown. Branch lengths represent the number of substitutions per site. Strains whose average nucleotide identity (ANI) values with
G301 were higher than 95% are highlighted in red. Strains whose ANI values with P. caldoxylosilyticus DSM 12041 were higher than 95% are highlighted in
green. Strains whose ANI values with P. thermoglucosidasius NCIMB 11955 were higher than 95% are highlighted in blue.

and their maturation factors CydC and CydD (locus tags: PG301_05570 and PG301_05560)
was present upstream of coxM (Fig. 2A). The cyd gene cluster was separated from the cox
gene cluster by a 1,656-bp region which contains no functionally assignable ORF and no
genetic elements such as CRISPR, tRNA, and rRNA genes. The gene content of cyd was sim-
ilar to that of cyd operon in Bacillus subtilis (48). The proximity of the cyd and cox gene clus-
ters (here, the “cyd-cox region”) raises the possibility that their products might be function-
ally related to each other.

Respiratory machineries that can couple with CO oxidation. We investigated
respiratory genes in the G301 genome to estimate the physiological functions of CO oxida-
tion. G301 harbored genes encoding the aerobic respiratory chain, namely, nuoABCDHUKLMN
encoding complex |, sdhABC encoding complex Il, and genes encoding terminal oxidases,
such as CydABCD and cytochrome ¢ oxidases (Fig. 2B). Regarding anaerobic respiratory
machineries, two gene clusters of the respiratory nitrate reductase (narG1H111J1 and
narG2H2I2J2) were found (Fig. 2B). Both aerobic respiration and nitrate reduction utilize
quinones for electron transfer (49, 50). The CO-derived electrons from Mo-CODH may be
received by the quinones (51), implying that aerobic respiration and nitrate reduction may
be coupled with Mo-CODH-mediated CO oxidation. Quinone-dependent respiratory ma-
chinery, except for the aerobic respiratory chain and nitrate reductase, was not identified.
In other previously investigated CO oxidizers, the electrons obtained from CO by Ni-CODH
are transferred to CooF or ferredoxin for subsequent oxidation-reduction reactions, such
as H, evolution by ECH (52) or NAD* reduction to NADH by Rnf (53). A lack of any genes
homologous to rnf suggests that G301 might use ECH to accept electrons from Ni-CODH-
mediated CO oxidation. Among the seven known carbon fixation pathways, genes for the
reductive glycine pathway (54) are present in the G301 genome. However, these gene
products can also function as the glycine cleavage pathway. Therefore, whether they con-
tribute to CO-dependent autotrophic growth in G301 remains unclear.
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FIG 2 (A) The organization of the coo-ech gene cluster and the cyd-cox region of G301. Arrows show coding regions and
directions. The coo, ech, cox, and cyd gene clusters are colored in blue, light blue, orange, and red, respectively. (B) Summary of
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Distribution of coo-ech gene cluster and cyd-cox region in Parageobacillus
genomes. To explore the distribution of coo-ech gene cluster and cyd—cox region in
the genus Parageobacillus, we examined these genes in Parageobacillus genomes using
OrthoFinder (55) and PATRIC (43).

A single copy of coo-ech gene cluster was present in all the genomes which showed an
ANI value of =95% with P. thermoglucosidasius NCIMB 11955, while a single copy of cyd-
cox region was found in the genomes of Parageobacillus genomosp. 1 NUB3621, S. thermo-
philus DSM 4749, P. toebii DSM 14590, Geobacillus sp. 44C, Geobacillus sp. NFOSA3, and P.
galactosidasius DSM 18751 (Fig. 2B). However, the cyd-cox region of P. galactosidasius DSM
18751 lacked genes encoding the maturation factors of Cox. No publicly available
Parageobacillus genomes, other than that of G301, contained both cooS and form | cox.

To determine whether another prokaryotic isolate could use CO both aerobically and
anaerobically, we surveyed cooS/cdh and coxL against 183,204 prokaryotic isolate genomes
in RefSeq/GenBank. While 4,305 and 10,540 isolates harbored cooS/cdh and form I/form Il
coxL, respectively, only 6 harbored both genes (Fig. S2A). None of them had both cooS/cdh
and form | coxL, further highlighting the uniqueness of G301 (Fig. S2B).

Genomic traits shared among Parageobacillus strains with coo-ech gene cluster
or cyd-cox region. The respiratory genes of the G301 genome were broadly distributed
among Parageobacillus genomes, although there were variations in the presence and absence
of homologs (Fig. 2B). There were two sets of genes for aerobic respiratory chain, cydA and
cydB, referred to as cydA1B1 and cydA2B2. The cydA1B1 genes were located in the cyd-cox
region (Fig. 2B). The genes for nitrate reduction, narG1H111J1, were found in 12 genomes,
including all of the form | cox-containing strains except Parageobacillus genomosp. 1
NUB3621. The other gene set for respiratory nitrate reduction, narG2H2/2J2, was found in all
the Parageobacillus genomes (Fig. 2B).

We compared Parageobacillus genomes with each other to explore whether the reten-
tion of codh could affect genomic structures and whether certain cellular functions unre-
lated to respiration could be coupled with CO oxidation. We first compared the whole-ge-
nome synteny among Parageobacillus sp. G301, P. toebii DSM 14590, and Geobacillus sp.
WCH70, which were all closely related but have distinct sets of codh genes (Fig. 1A and B,
Fig. 2B). Genome synteny was highly conserved, indicating that the presence or absence of
coo-ech gene clusters and cyd—cox regions did not result in any unique whole-genome
rearrangements (Fig. S3A, B, and C). Subsequently, we compared the synteny of the ge-
nomic regions around the coo-ech gene cluster and cyd—cox region. The genes were con-
served in and around the coo-ech gene cluster (Fig. S3D) and cyd-cox regions, although
there were minor differences, such as the translocation or addition of genes in the cyd-cox
region (Fig. S3E). The genes surrounding the coo-ech gene cluster and cyd-cox regions
were also conserved in codh-lacking genomes, indicating that these gene clusters were
inserted or deleted in homologous loci without changing the surrounding genomic
regions. Finally, we investigated the genes uniquely encoded by genomes with coo-ech
gene clusters and those with cyd—cox regions. Only one gene, except for those in the coo-
ech gene clusters, was uniquely present in the genomes with coo-ech (Fig. 3A). This gene
encoded the undecaprenyl-diphosphatase UppP, which contributes to cell wall biosynthe-
sis (56). However, its involvement in hydrogenogenic CO oxidation remains unclear.
Conversely, no genes, except for those in the cox and cyd gene clusters, were uniquely
identified in genomes with the cyd—cox regions (Fig. 3B).

Overall, the retention of codh genes would have a minor effect on genomic structures
and cellular functions other than CO-mediated electron transport in Parageobacillus.

CO metabolisms of G301 cultures. We characterized the CO metabolism of G301 by

FIG 2 Legend (Continued)
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the presence and absence of codh and respiratory genes in Parageobacillus genomes that can couple with CO oxidation. Top
panel: presence and absence of coo, ech, cox, cyd, and nar genes. Bottom panel: presence and absence of respiratory complex
genes other than cyd. Strain names are colored in the same manner as in Fig. 1. Detected and undetected genes are filled in as
red and white, respectively. Although hypA of Parageobacillus sp. G301 and cooF of Geobacillus sp. YA1MC1 were not annotated
by PATRIC, they were regarded as present because corresponding genes were found in the annotation by DFAST and genomic

data obtained from RefSeq, respectively.
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FIG 3 Comparison of the core and pan-genomes of Parageobacillus genomes with and without codh gene
cluster. (A) Core and pan-genomes of Parageobacillus genomes with coo-ech gene cluster (coo-ech [+])
and without coo-ech gene cluster (coo-ech [—]). Inner circle represents the core genomes, while outer
circle represents the pan-genomes. Numbers indicate shared genes in each category. The category for
genes shared exclusively by all the coo-ech gene cluster-containing genomes is highlighted, and genes
shown in the box are colored blue if they are located in the coo-ech gene clusters. (B) Core and pan-
genomes of Parageobacillus genomes with cyd-cox region including accessory genes of cox (cox, cyd [+])
and lacking either or neither of the cox and cyd gene clusters (cox, cyd [—]). The category for genes shared
exclusively by all the genomes with cyd—cox region is highlighted, and those genes shown in the box are
colored red if they were located in the cox or cyd gene clusters. Other details are as described in panel A.

culturing it in medium supplemented with yeast extract as an organic carbon source in the
presence or absence of CO and different terminal electron acceptors, i.e., proton, O,, and
nitrate. G301 was confirmed to consume CO under all tested conditions (Fig. 4A, D, and G).
In the cultures with CO but without O, and nitrate, CO consumption and H, and CO, pro-
duction were observed from the late log phase to the stationary phase (4 to 24 h after
inoculation) (molar ratio of consumed CO/H, evolved in the gas phase/CO, evolved in the
gas phase = 1:1.03:0.47) (Fig. 4A). Neither H, nor CO, production was observed in the cul-
ture without CO, O,, and nitrate (Fig. 4B). Although there was no significant increase (P >
0.05), the growth yield in the presence of CO was 3.07-fold higher than that without CO
(Fig. 4C). CO might have supported growth under these conditions, possibly as an energy
source, as indicated in previous studies (21). This result was consistent with that observed
in P. thermoglucosidasius (41).

In the presence of CO and O,, the consumption of CO and O, and the production of
CO, were observed until 96 h (molar ratio of consumed CO/consumed O,/CO, evolved
in the gas phase = 1:0.95:0.60), whereas no H, production was observed (Fig. 4D). The
levels of O, consumed and CO, evolved in the gas phase at 96 h after inoculation were
32% and 64% lower, respectively, in the culture without CO than in the culture with
CO, implying that G301 performed aerobic CO oxidation. Explicit CO depletion was
observed during the stationary phase (Fig. 4E), implying that G301 utilized CO as an
energy source during starvation as predicted for heterotrophic aerobic CO oxidizers
(25). The growth rate in the log phase (0 to 4 h) and growth yield in the culture with
CO were not significantly different from those in the culture without CO (P > 0.05)
(Fig. 4F). However, the depletion of ODy,, (optical density at 600 nm) during the sta-
tionary phase tended to be slower in the culture with CO (Fig. 4F).

In anaerobic cultures with CO and nitrate, complete consumption of CO and nitrate
and the production of CO, and nitrite were observed after 48 h (molar ratio of consumed
CO/consumed nitrate/CO, evolved in the gas phase/nitrite produced = 1:1.79:0.60:1.63).
However, H, production was not observed as in the presence of O, (Fig. 4G). The amounts
of consumed nitrate, CO, evolved during the gas phase, and nitrite produced at 96 h after
inoculation were 46%, 69%, and 40% lower in the absence of CO than in the presence of
CO, respectively, indicating the occurrence of CO oxidation coupled with nitrate reduction.
Again, explicit CO depletion was observed during the stationary phase (Fig. 4H). The
growth rate in the log phase (0 to 4 h) and growth yield in the CO-treated cultures were
not significantly different from those in the non-CO-treated cultures (P > 0.05). The
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FIG 4 Growth of the G301 cultures and the levels of CO, CO,, H,, O,, nitrate, and nitrite. The presence and absence of CO, O,, and nitrate under
the initial conditions are shown in parentheses in each panel. Plus (+) and minus (—) symbols indicate presence and absence, respectively. (A)
Amount of H,, CO, and CO, in the culture with CO but without O, and nitrate. (B) Amount of H,, CO, and CO, in the culture without CO, O,, and
nitrate. (C) Growth of cultures under the conditions described in panels A and B. (D) Amount of O,, CO, and CO, in the culture with CO and O, but
without nitrate. (E) Amount of O,, CO, and CO, in the culture with O, but without CO and nitrate. (F) Growth of cultures under the conditions
described in panels D and E. (G) Amount of CO, CO,, nitrate, and nitrite in the culture with CO and nitrate but without O,. (H) Amount of CO, CO,,
nitrate, and nitrite in the culture with nitrate but without CO and O,. (I) Growth of cultures under the conditions described in panels H and I. Plots

represent the means of three biological replicates. Thin vertical lines represent standard deviation.

decrease in ODq, in the stationary phase tended to be slower in the presence of CO, as

observed in aerobic CO oxidation (Fig. 4l).

To determine which of the CODHs in G301 was responsible for CO oxidation in the
presence of nitrate, we examined the CO oxidation of P. thermoglucosidasius, which
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had a CooS with over 70% amino acid identity to that of G301 but lacked cox. P. ther-
moglucosidasius showed CO consumption, H, production, and CO, production in cul-
tures with KCl instead of nitrate as the control (Fig. S4A). However, hydrogenogenic CO
oxidation was not observed in the nitrate-containing cultures (Fig. S4B), implying that
P. thermoglucosidasius did not couple nitrate reduction and Ni-CODH-mediated CO oxi-
dation at detectable levels.

DISCUSSION

Sequencing, de novo assembly, and comparative genomic analysis of Parageobacillus
sp. G301 revealed that this strain was the only isolate with both cooS/cdh and form | cox
(Fig. S2). Cultivation experiments validated the genome-based estimation of CO oxidation
in G301, both aerobically and anaerobically (Fig. 4), indicating that both Ni-CODH and Mo-
CODH were functional in this strain. In particular, no Ni-CODH-mediated CO oxidation
coupled with nitrate reduction was identified in P. thermoglucosidasius, indicating that CO
oxidation coupled with nitrate reduction in G301 was most likely mediated by Mo-CODH
rather than by Ni-CODH, the amino acid sequence of which is highly similar to that of P.
thermoglucosidasius. Overall, G301 was the only isolate capable of performing CO oxidation
coupled with H, production, O, reduction, and nitrate reduction. Thus, G301 would con-
serve energy through CO-mediated respiration under diverse environmental conditions.
This metabolic trait may be advantageous in an oxic-anoxic interface because it allows pro-
karyotes to utilize CO from the atmosphere or other sources such as hydrothermal vents
(57), soil (58), seawater (59), or freshwater environments (60, 61) with fluctuating O, levels.
Explorations under such changeable environmental conditions would lead to the discovery
of novel CO oxidizers with previously unknown combinations of distinct CO metabolisms,
providing further insight into the diversity, evolution, and industrial applications of these
prokaryotes with intriguing respiration.

G301 allowed us to further investigate the factors that contributed to the broad but
punctate phylogenetic distribution of CO metabolism. Comparative genomic analyses
revealed that hydrogenogenic CO oxidation via Ni-CODH, anaerobic CO oxidation coupled
with nitrate reduction via Mo-CODH, and aerobic CO oxidation via Mo-CODH showed
punctate but not ubiquitous phylogenetic distribution in the genus Parageobacillus. The
punctate distribution of CO metabolism might be explained by the lack of significant influ-
ence of codh gene clusters on cellular functions, given that there were no obvious explicit
differences in genomes and gene repertoires between CO oxidizers and non-CO oxidizers
(Fig. S3). This was consistent with our previous observation that P. thermoglucosidasius
mutants lacking codh could grow with or without CO (41). codh genes might act as
optional genetic elements that improve fitness under limited conditions rather than as
essential genes for cell viability. If this is the case, the gain and loss of codh genes may
have had less impact on cell physiology and viability. This might result in frequent gain or
loss of codh genes and may have shaped the current punctate distribution of codh genes
in the tree of the genus Parageobacillus. There are taxa other than Parageobacillus which
have a punctate distribution of codh genes, and CO oxidation does not appear to cause a
significant difference in the overall cellular functions. In the family Roseobacteraceae, a
group of marine bacteria formally known as the Marine Roseobacter Clade, CO oxidizers
with form | cox gene clusters and non-CO oxidizers without form | cox gene clusters are
closely related (24). One CO oxidizer of this family, Ruegeria pomeroyi, exhibited no observ-
able differences in growth or metabolome between cells grown with and without CO (62),
although in a study by Schreier et al. (63), disruption of form | cox in this bacterium affected
its growth under co-cultivation with multiple bacterial species and a diatom strain.
Another example is Thermoanaerobacter, a genus of thermophilic anaerobic acetogens.
Two anaerobic hydrogenogenic CO oxidizer strains and one strain with the coo-ech gene
cluster have been characterized, whereas no other strains with coo-ech are known (5, 31,
64). One of the two cooS genes responsible for hydrogenogenic CO oxidation was deleted
in T. kivui, a hydrogenogenic CO oxidizer. The resulting mutant lacked the ability to grow
on CO, but grew similarly to the parental strain on glucose, mannitol, H,+CO,, or formate
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(65). If the codh genes are optional genetic elements, the punctate distribution of codh and
CO metabolism in various prokaryotic lineages may also be explained, at least partially, as
it has for Parageobacillus.

MATERIALS AND METHODS

Sampling. Sediment samples were collected from Unagi-ike (31°13'37" N, 130°36'3"” E) on 12 May
2018. The collected sample was preserved in a 50-mL plastic tube, and the headspace was filled with N,
gas (GL Science Inc., Tokyo, Japan). The sediment was kept under anaerobic conditions by packing it in a
freezer bag with Anaero Pack (Mitsubishi Gas Chemical, Tokyo, Japan), cooling it with ice during trans-
portation to the laboratory, and storing it at 4°C until use.

Isolation. As liquid medium for enrichment culture, we used a B medium that was modified (41) from
the B medium used in a previous study (12); this medium comprised 0.03 g Na,SiO;, 0.5 g NH,Cl, 0.1 g
KH,PO,, 0.2 g MgCl,-6H,0, 0.1 g CaCl,-2H,0, 0.3 g KCl, 0.1 g NaHCO,, 1 g yeast extract, 0.5 mL trace mineral
solution SL-6 (66), and 1 mL vitamin solution (67) per L. For plate cultivation, NBRC 802 agar (42) was used;
this medium was composed of 10 g/L hipolypepton, 2 g/L yeast extract, 1 g/L MgSO,-7H,0, and 15 g/L agar.
First, 1 g of the sediment was transferred to modified B medium and incubated under a N,:CO (80:20) atmos-
phere at 65°C in a DRS620DA forced convection oven (Advantec, Tokyo, Japan). The gas composition of the
enrichment culture was measured by sampling 1 mL of the gas phase in SVG-3 glass vials (Nichiden Rika-
Glass Co., Kobe, Japan) filled with air and sealed with a butyl rubber and melamine cap. Subsequently, the
gas (0.5 mL) in the vials was analyzed using a GC-2014 gas chromatography system (Shimadzu, Kyoto, Japan)
equipped with a thermal conductivity detector and a Shincarbon ST-packed column (Shinwa Chemical
Industries, Kyoto, Japan), using N, as the carrier gas. When CO consumption and H, production were
observed, the liquid phase of the culture was spread over the NBRC 802 agar plate and incubated at 65°C
overnight under aerobic conditions. A single colony was selected and named strain G301. The purity of this
isolate was confirmed using Sanger sequencing of the PCR-amplified, partial 16S rRNA gene, as described in
the literature (68). A partial 165 rRNA sequence was used as the query for a BLASTn search against the NRBI
RefSeq genome database to identify close relatives of G301.

Observation of cell morphology. Aerobically grown G301 cells were harvested during the log
phase. After fixation by adding glutaraldehyde to a final concentration of 1%, the cells were negatively
stained with 2% uranyl acetate (69) and observed under a transmission electron microscope (H-7650;
Hitachi, Tokyo, Japan).

Genome sequencing. DNA was extracted from G301 cells using a DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany). The sequence library was prepared using the Nextera Mate Pair Sample Prep kit (Illumina,
San Diego, CA, USA) according to the manufacturer’s protocol, then sequenced on the MiSeq platform using a
MiSeq Reagent Kit v3 (2 x 300 bp paired-end) (lllumina, San Diego, CA, USA), yielding 3,272,078 paired-end
reads. Quality trimming and adapter removal were performed with Trimmomatic v.0.3.6 (70) by setting the
“ILLUMINACLIP" option at 2:30:10, “LEADING” and “TRAILING” options at 3, “SLIDINGWINDOW" option at 4:15,
and “MINLEN" option at 30. Further trimming of mate-pair adapter sequences was performed using NxTrim
v.04.1 (71) with default parameters, resulting in 2,769,352 paired-end reads. The qualified paired-end reads
were assembled with SPAdes v.3.13.0 using the “-hgmp” and “-careful” options (72). Mate pair sequences were
mapped against the assembled contigs using Burrows-Wheeler Aligner (BWA) v.0.7.17 (73) and SAMtools
v.0.1.19 (74) with default parameters, and the quality of the assembled scaffolds was evaluated using NxRepair
v.0.13 (75). The draft genome was annotated using DFAST v.1.2.6 (46).

Phylogenetic analysis of Parageobacillus isolates. The genome sequences of G301 and
Parageobacillus strains retrieved from NCBI RefSeq (76), GTDB (77), and PATRIC (43) were subjected to an
all-versus-all comparison of ANI using FastANI (45) with default parameters. Genome pairs that showed
an ANI above 99.9% were regarded as identical, and one of the genomes was removed at this step. The
genome size, GC content, and number of scaffolds of the remaining genomes were evaluated with quast
v.5.0.2 (78). The number of protein-coding genes was estimated using PATRIC (43).

To determine the phylogenetic position of G301, 16S rRNA gene sequences were retrieved from 18
Parageobacillus genomes and the genome of G. thermodenitrificans NG80-2 as an outgroup. Sequences
were aligned using the L-INS-I method in MAFFT (79) v.7.471 and trimmed using trimAl v.1.4.1 (80) with
the “automated1” option, resulting in a data set of 19 taxa and 1,562 sites. The maximum-likelihood tree
was reconstructed using IQTREE v.1.6.12 (81) under the TN+F+R2 model, which was selected as the
best model based on the BIC for the data set, with 1,000 ultrafast bootstrap analyses. The tree was
visualized using the Interactive Tree Of Life (iTOL) web server (82). We determined the phylogenetic rela-
tionships among Parageobacillus strains based on core protein-coding genes, which were single-copy
genes present in all 27 Parageobacillus and G. thermodenitrificans genomes. All encoded proteins, includ-
ing hypothetical proteins, were clustered using OrthoFinder v.2.5.2 (55). The translated amino acid
sequences of the identified 1,505 core genes in the 28 genomes were aligned using muscle v.3.8.31 (83)
with the default parameters, trimmed using trimAl v.1.4.1 (80), and concatenated to yield a data set of
28 taxa and 421,717 sites. The maximume-likelihood tree was reconstructed using IQTREE v.1.6.12 (81)
under the JTT+F+R4 substitution model, which was selected as the best model based on the BIC for
the data set, with 100 bootstrap analyses. The tree was visualized as previously described.

Identification of genomes with codh from Parageobacillus isolates and from the NCBI genome
database. Using CooS of P. thermoglucosidasius strain TG4 as a cue, homologs of cooS in the analyzed
genomes were identified using OrthoFinder v.2.5.2 (55). The obtained protein sequences were confirmed to
be CooS using phylogenetic analysis, followed by a comparison of the active-site motifs. We constructed a
phylogenetic tree with amino acid sequences of CooS homologs with representative CooS sequences of
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each clade from A to G, as well as mini-CooS (16) (WP_011305243.1, WP_026514536.1, WP_039226206.1,
WP_011342982.1, WP_012571978.1, WP_011343033.1, OGP75751.1, and WP_007288589.1, respectively),
mentioned in the previous study (14), and hydroxylamine reductase (WP_010939296.1) as the outgroup.
These sequences were aligned and trimmed as described above for the phylogenetic analysis of 16S rRNA,
resulting in a data set of 17 taxa and 613 sites. The data set was subjected to maximum-likelihood analysis
with IQTREE v.1.6.12 (81) under the Blosum62+G4 model, which was automatically selected as the best
model based on the BIC for the data set, with 1,000 ultrafast bootstrap analyses. The tree was visualized as
previously described. To identify the active site motif of CooS homologs, alignment was visualized using
MEGA-X (84), and the presence of the conserved catalytic site and surrounding metal clusters, as previously
described (14), was manually checked.

Homologs of CoxL were identified as described for CooS, using CoxL from P. toebii strain DSM 14590 as a
query. In contrast to CooS, CoxL homologs may contain different proteins of the xanthine oxidase family (85).
We performed a phylogenetic analysis, followed by a comparison of the active site motifs to remove proteins
other than form | CoxL. We compared all detected CoxL homologs with the form | CoxL sequences of Afipia
carboxidovorans and Mycobacterium tuberculosis (1ZXI_2 and SRX92445.1, respectively), both of which oxidize
CO in cultivation experiments (86, 87). Enzymatic analysis of A. carboxidovorans confirmed CO oxidation by
the form | CoxL (51). Sequences were aligned and trimmed as described above, resulting in a data set of 15
taxa and 819 sites. The data set was subjected to maximum-likelihood analysis using IQTREE v.1.6.12 (81)
under the LG+1+G4 model, which was automatically selected as the best model based on the BIC for the
data set, with 1,000 ultrafast bootstrap analyses. The tree was visualized as described previously. The align-
ment was visualized using MEGA-X (84), and AYXCSFR, the motif of the active site of functional form | CoxL,
as reported in a previous study (3), was manually checked. We removed six proteins that were found in
Parageobacillus genomes but did not conserve the active site motif and formed a different group from the
known form | CoxL on the phylogenetic tree (Fig. S5).

Genomes containing both cooS/cdh and form | coxL were also explored for available genomes as
described in our previous study (17). Briefly, CooS/Cdh was searched using the BLASTp of DIAMOND
v.0.9.29 (88) against the NCBI non-redundant protein database (February 2020) using representative
sequences from clades A to G of CooS/Cdh and mini-CooS as queries. Sequences with an E value of
<0.001, =400 amino acids, and including the conserved catalytic site and the surrounding metal clus-
ters described previously (14) were regarded as genuine CooS/Cdh. To identify genomes with form |
coxL, we searched for genomes carrying coxL homologs by BLASTp search using DIAMOND v.0.9.29,
using the amino acid sequence of form | CoxL of A. carboxidovorans (1ZXI_2) as a query. Sequences with
E values of <0.001, =400 amino acids, and bit scores of =500 were obtained regardless of whether they
had the active site motif of form | CoxL. Genomes containing cooS/cdh and coxL were obtained from the
RefSeq/GenBank genome database as described by Omae et al. (31). CoxL homologs encoded in the
genomes of CooS homologs were classified as form | CoxL or other proteins, as described above.

Comparative genomic analysis. To analyze the genomic context of cooS and form | coxL and to
explore the conservation of respiratory machinery, protein-coding genes in the Parageobacillus genomes
were predicted and re-annotated with PATRIC v.3.6.8 and a BLASTp search against the NCBI non-redundant
protein database. Whole-genome synteny was evaluated using the nucmer method in MUMmer v.3.23 (89).
To analyze the conservation of genomic regions around Ni-CODH/Mo-CODH, the genomic regions around
coo-ech and cox-cyd were annotated using the RAST server v.2.0 (90) and a BLASTx search against NCBI non-
redundant protein sequences. The conservation of genomic regions was visualized using EasyFig v.2.2.3 (91).
Additionally, if we found a long noncoding region, we searched for genetic elements such as CRISPR and
RNA genes using CRT (CRISPR Recognition Tool) v.1.1 (92), tRNAscan-SE v.2.0 (93), and RNAmmer v.1.2 (94).
The conservation of regions surrounding coo-ech was examined by comparing genomes bearing coo-ech
with each other and with strains lacking coo-ech (P. toebii DSM 14590 for Parageobacillus sp. G301, and P.
thermoglucosidasius W-2 for P. thermoglucosidasius TG4). Conservation around the cyd-cox region was ana-
lyzed by comparing genomes bearing the cyd-cox region with each other and with strains lacking cyd-cox
region (P. caldoxylosilyticus CIC9 for Parageobacillus genomosp. 1 NUB3621, and Geobacillus sp. E263 for P.
galactosidasius DSM 18751). To investigate the cell functions conserved in genomes with codh, the presence
or absence of the orthologous genes identified above using OrthoFinder was compared between genomes
with and without the coo-ech gene cluster and between genomes with cyd—cox region containing accessory
genes of cox and genomes without one.

Cultivation in the presence of different terminal electron acceptors. G301 cells were cultured with
and without CO as follows: frozen stock of G301 was streaked on TGP agar (95) and incubated overnight at
65°C under aerobic conditions. A single colony was injected into 5 mL of modified B medium in a 180 x 18-
mm glass test tube (IWAKI, Tokyo, Japan) with a polycarbonate screw cap (IWAKI, Tokyo, Japan) and grown
aerobically at 65°C and pH 6.7. Growth was monitored by measuring the ODy,, of the culture using an
Ultrospec2100 (Biochrom, Cambridge, UK). When the OD,,, reached 0.49 to 0.56, around the exponential
growth phase, a 500-uL aliquot was injected into 50 mL of modified B medium in 300-mL glass bottles
(PYREX, Osaka, Japan) sealed with bromobutyl rubber stoppers (Altair Corporation, Yokohama, Japan) and
phenol resin screw caps (SIBATA, Tokyo, Japan).

To characterize CO metabolism, G301 cells were cultured under three distinct conditions. G301 was
cultured with neither O, nor nitrate in the modified B medium described above under a N,:CO (80:20)
atmosphere or a 100% N, atmosphere as a negative control at 65°C and pH 6.8 with gyratory shaking at
100 rpm. Growth was monitored by measuring the OD,, The gas composition was monitored as
described above and Ar was used as the carrier gas.

G301 was cultured under an N,:CO (80:20) atmosphere or 100% N, atmosphere as a negative control,
as described above, with the exception of modified B medium including 5.0 g/L KNO,. The growth and gas
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composition were monitored as described above. Nitrate and nitrite were quantified by the Griess reaction
using a NO,/NO, Assay Kit Cll (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer’s
protocol.

G301 cells were cultured in an air:CO (80:20) or air:N, (80:20) atmosphere as a negative control at
65°C and pH 6.7 with gyratory shaking at 100 rpm. Growth and gas composition were monitored as
described above, except that the gas vials were purged with Ar to quantify O, prior to analysis. Each
experiment was conducted in triplicates. The significance of differences in growth yield and growth rate
was analyzed using Welch's ¢ test.

To analyze whether Parageobacillus with only cooS can couple CO oxidation with nitrate reduction,
we cultured P. thermoglucosidasius in N,:CO (75:25) atmosphere in the presence and absence of nitrate
(KNO; or KCI was added at a final concentration of 50 mM, respectively) at 65°C and pH 7.0. We used Bly
medium, which has a composition similar to that of the modified B medium; however, the amount of
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yeast extract was reduced by one-tenth.
Data availability. The genome of strain G301 was deposited in GenBank under the name “BioProject
PRJDB14871" (accession numbers for each scaffold are BSDB01000001 to BSDB01000009; BioSample
SAMDO00562293).
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