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Genome sequences provide fundamental information for both basic and applied life sciences. Whole-genome sequencing is
now requested for describing novel prokaryotic species and designating their type strains, which serve as representative and
well-characterized strains of the species. Indeed, the number of sequenced prokaryotic genomes has been rapidly increasing.
However, a considerable number of isolated strains, particularly technically demanding strains such as strict anaerobes and
slow growers, remain without genome sequence information. Here we report the whole-genome sequencing of 290 bacterial
and 6l archaeal strains, including technically demanding type strains, obtained from the Japan Collection of
Microorganisms (JCM) using a combination of short- and long-read sequencing technologies. The data set includes 284
type-strain genomes and 235 complete genomes. Notably, in the data set, genomes of more than 200 strains, including
more than 150 type strains, have not been made publicly available. Comparative genomic analysis suggests that some strains
need to be assigned to novel taxa or reclassified. Functional gene survey indicates that some strains possess previously un-
recognized potential for carbon fixation or bioactive secondary metabolite production. Our data set will contribute to more
accurate taxonomic classification, fill gaps in the phylogeny of prokaryotes, and provide insights into their physiology and

ecology.
[Supplemental material is available for this article.]

Whole-genome sequences serve as a fundamental blueprint for
life, providing the foundation for a broad range of life science re-
search. The genomes of prokaryotes, that is, archaea and bacteria,
are typically smaller (<10 Mbp) and simpler in structure, consisting
of a single circular chromosome in most cases, than those of eu-
karyotes. The rapid development of DNA sequencing technologies
and the increase in computational power have driven a significant
expansion in the number of both sequenced prokaryotic genomes
from cultivated strains and from culture-independent micro-
biomes. In particular, type strains, which are representatives of
species with well-characterized phenotypic information, have
been a primary focus of large-scale whole-genome sequencing pro-
jects (Mukherjee et al. 2017; Wu et al. 2018). In addition, since
2018, the determination of the genome sequence of the type strain
and comparison with those of related species have been required
when describing novel prokaryotic species (Chun et al. 2018;
Riesco and Trujillo 2024), resulting in a substantial accumulation
of type-strain genomes in public databases. Furthermore, recent
advances in long-read sequencing technologies have enabled the
resequencing and completion of type-strain genomes (Dicks
et al. 2023; Nguyen et al. 2024). However, a considerable number
of genomes from technically demanding strains, such as slow-
growing strict anaerobes with low maximum cell density, remain
unsequenced owing to the challenges associated with their culti-
vation and DNA extraction. Therefore, gaps in the prokaryotic
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phylogeny remain to be filled, and the full extent of their metabol-
ic potentials remains unclear.

Here, we report the whole-genome sequencing of 351 public-
ly available prokaryotic strains, including technically demanding
and/or previously unsequenced type strains, obtained from the
Japan Collection of Microorganisms (JCM), one of the internation-
al culture collections. Despite the rapid accumulation of metage-
nome-assembled genomes (MAGs), genomes obtained from
isolated strains remain invaluable, as they are guaranteed to be de-
rived from a single organism and can be directly linked to experi-
mentally validated phenotypes. The genome analysis of the
isolated strains will help to uncover biological characteristics that
are difficult to resolve from MAGs alone owing to their in-
completeness, assembly artifacts, and ambiguous phenotypic
predictions.

Results

We determined the whole-genome sequences of 351 microbial
strains, including 284 type strains (Fig. 1A; Supplemental Tables
S1, S2). Of the 351 genomes, 235 genomes (including 189 type-
strain genomes) were completed. The size of the determined ge-
nomes ranged from 1,265,941 bp for Methanothermus sociabilis
JCM 10723" to 10,631,713 bp for Streptontyces phaeofaciens JCM
4814" (Supplemental Fig. S1). The genome size of M. sociabilis
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Overview of the determined genomes of the 351 strains. (A) Alluvial diagram showing the distribution of type and nontype strains, genome

completeness, and the presence of extrachromosomal DNA. (B) Bar chart showing the number of strains harboring one or more secondary circular contigs.
The number of secondary circular contigs is indicated by different colors as shown in the inset box. (C) Box plot showing the size distribution of the sec-
ondary circular contigs. (D) Alluvial diagram showing the taxonomic classification and oxygen requirement of the 351 strains.

JCM 10723" is comparable to that of other small genomes of free-
living organisms, such as “Nitrosopelagicus brevis” CN25 (1.232
Mbp) and Methanothermus fervidus V24S™ (1.243 Mbp). The G+C
content of the genomes varied widely, ranging from 24% for
Exilispira thermophila JCM14728" to 76% for Cellulomonas pakista-
nensis JCM18755". The values of genome completeness and con-
tamination levels ranged from 84.3% to 100% and from zero to
13.7%, respectively (Supplemental Table S2). A total of 209 (38 ar-

chaeal and 171 bacterial) genomes, including 166 type-strain ge-
nomes, were being released from public databases for the first
time (Fig. 2). One or more (up to 16) copies of 16S rRNA genes
were found in 331 genomes.

A total of 76 complete genomes contained two or more con-
tigs (Fig. 1B; Supplemental Table S2). In particular, 68 of these ge-
nomes included secondary circular contigs. Furthermore, 40 draft
genomes contained smaller circular contigs than each of the
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In the determined genomes, we
Archaea identified genes associated with a variety
38 of known metabolic functions (Supple-
78| First genomes at species level mental Table S5). For example, key genes
e.g., Hydrogenobaculum acidophilum JCM 87957 for methanogenesis (mcr for methyl-co-
enzyme M reductase) and methane oxi-
dation (pmo for particulate methane
monooxygenase) were detected in the
Type -| First genomes of named species genomes of methanogenic archaea be-
166 e.g., Methanothermobacter crinale JCM 173937 longing to Methanobacteriota, such as
. T
o First genomes of isolates at genus or higher level Methanobacterium movens JCM 154157,
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i e.g., Pyrococcus woesei JCM 84217 Regarding the potential for carbon fixa-
tion, we showed that 67 genomes pos-
25| Same species sessed the complete or nearly complete
e.g., Hydrogenovibrio thermophilus JCM 123977 gene set with the key genes for the Cal-
20 e.g., Paenibacillus thiaminolyticus JCM 7540 vin-Benson-Bassham (CBB) cycle, re-
5‘30“type verse tricarboxylic acid (rTCA) cycle,
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10| Potentially novel species versed oxidative TCA (roTCA) cycle (Fig.
e.g., Clostridium sp. JCM 10519 3A; Supplemental Table S6). We also

Figure 2. Genomic and taxonomic novelty. Alluvial diagram showing the genomic and taxonomic

showed that key genes for carbon fixa-

novelty of the 209 strains with newly released genomes in this study. Details are provided in the main ~ tion pathways were missing in the

text and in Supplemental Table S3.

longest contig. Up to five secondary cir-
cular contigs were detected per genome
(Fig. 1B). The size of these circular contigs
ranged from 1847 to 1,436,886 bp (Fig.
1C).

The data set encompassed phyloge-
netically diverse prokaryotes, comprising
61 archaeal and 290 bacterial strains (Fig.
1D; Supplemental Table S3). The taxo-
nomic classification, based on the Inter-
national Code of Nomenclature of
Prokaryotes (ICNP), showed that our
data set spanned four archaeal phyla
with seven classes and 18 bacterial phyla
with 36 classes. The scientific names for
most species were validly published;
however, the proposed names for 19 spe-
cies were not yet validated. The results
of the Genome Taxonomy Database
(GTDB)-based taxonomic classification
(Parks et al. 2022) and from the Type
Strain Genome Server (Meier-Kolthoff
et al. 2022) were also summarized in
Supplemental Table S3. Moreover, the
determined genomes represented physi-
ologically diverse prokaryotes, including
anaerobes and microaerophiles (Fig. 1D;
Supplemental Table S2), and mesophiles
to hyperthermophiles (Supplemental Ta-
ble S1). The predicted optimal growth
temperature (OGT) of each strain ranged

genomes of four strains previously re-
ported as autotrophs (Fig. 3B). Regarding

Carbon
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Figure 3. Carbon fixation pathways encoded in the genomes. (A) Alluvial diagram showing the phy-
lum-level classification of the 67 strains possessing key genes for each carbon fixation pathway. (WL)
Wood-Ljungdahl pathway; (roTCA) reversed oxidative tricarboxylic acid cycle; (rTCA) reverse tricarbox-
ylic acid cycle; (CBB) Calvin-Benson-Bassham cycle. (B) Presence of key genes for each carbon fixation
pathway in the genomes of the four autotrophic strains highlighted in the box. (*) A gene for
RuBisCO form IlI, but not forms | or II, was detected in the genome of Pyrodictium brockii JCM 93927
(for details, see the main text). (CCS) Citryl-CoA synthetase; (CCL) citryl-CoA lyase; (ACL) ATP-citrate ly-
ase; (CODH) carbon monoxide dehydrogenase; (ACS) acetyl-CoA synthase; (PRK) phosphoribulokinase;
(Rbc) ribulose-bisphosphate carboxylase; (CS) citrate synthase; (OFOR) 2-oxoacid:ferredoxin oxidore-
ductases; (MDH) malate dehydrogenase.
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the potential for secondary metabolite production, we identified
1696 biosynthetic gene clusters (BGCs) in 281 genomes (Fig. 4;
Supplemental Table S7). Of the 235 complete genomes, 222
(94.9%) genomes possessed one or more BGCs. The BGC counts
were roughly correlated with the genome sizes in our data set (12
=0.524) (Fig. 4A), a trend that has been previously reported for
Actinomycetota genomes (Seshadri et al. 2022). The types of
BGCs, such as nonribosomal peptide synthetases (NRPSs), polyke-
tide synthases (PKSs), and ribosomally synthesized and post-trans-
lationally modified peptides (RiPPs), varied among taxa (Fig. 4B).
For instance, PKS-categorized BGCs were only found in the bacte-
rial genomes. Terpene-categorized BGCs were rare in the genomes
of Methanobacteriota and Thermodesulfobacteriota, both of which
include obligate anaerobes. In contrast, RiPP-categorized BGCs
were widely detected among the bacterial and archaeal phyla.

Discussion

In this study, we determined the whole-genome sequences of 351
prokaryotic strains, spanning a broad range of archaeal and bacte-
rial taxa, including previously unsequenced type strains. The data
set of complete or near-complete genomes provides novel insights
into taxonomy and biology of prokaryotes, which are difficult to
obtain from MAG-based analyses. Because the genome data set
was constructed from isolated strains publicly available from cul-
ture collections, genome-driven hypotheses from our analyses
can be verified by cultivation experiments with the isolates.

Contamination-level assessment

Although some genomes showed high values of contamination
level, many of these genomes were completed. For instance, the
determined genome of “Desulfosporomusa polytropa” JCM 32836"
was fully completed, comprising two circular contigs of
5,636,488 bp and 261,751 bp, but showed contamination values
of up to 12.1%. Notably, the strain heterogeneity value was zero,
indicating no actual contamination. Therefore, we considered
that the high values of contamination level observed in this strain
and others were not caused by actual contamination but rather by
a limitation of the checking ability in the software used in this
study. Indeed, no 16S rRNA gene sequences from potential con-

taminants were detected in any of the assemblies. Besides, some
complete genomes showed low values of completeness level, for
example, <95% for Oligosphaera ethanolica JCM 171527, which
can also be attributed to the inadequacy of the software. Thus,
our results highlight the limitations of the widely used software
for assessment of genome completeness/contamination and also
emphasize the necessity of more complete genome data set for
more accurate estimation.

Detection of extrachromosomal DNA fragments

The genome sequencing of the isolated strains indicated the pres-
ence of extrachromosomal DNA fragments, such as secondary rep-
licons (diCenzo and Finan 2017) including plasmids and
chromids, or phages/viruses, in addition to primary chromo-
somes. Metagenomics of complex microbial communities in natu-
ral environments could detect such extrachromosomal DNA
fragments but often fail to identify their host organisms. In this
study, we detected two or more contigs in the 76 complete ge-
nomes, suggesting the presence of extrachromosomal DNA frag-
ments. Furthermore, the smaller circular contigs than each of the
longest contigs found in 40 draft genomes could also represent ex-
trachromosomal DNA fragments. Of the putative circular extra-
chromosomal DNAs, 35 were not identified as plasmids or
phages/viruses using existing tools, suggesting that these were
novel types of secondary replicons or phages/viruses. The results
will contribute to a greater understanding of interactions between
extrachromosomal DNAs and their prokaryotic hosts.

To illustrate the importance of detection of extrachromosom-
al DNA fragments in identified host organisms, we focus on a gene
(locus tag, JCM30955_02990) encoding copper-containing nitrite
reductase (NirK), which catalyzes the reduction of nitrite (NO7;) to
nitric oxide (NO) during denitrification, found in the plasmid of
Halorubrum pallidum JCM 30955". In the GTDB, 146 genomes
including six MAGs belonging to the genus Halorubrum
(“g__Halorubrum” in the GTDB taxonomy) were available.
Consistent with the patchy distribution of nirK within this genus
(Miralles-Robledillo et al. 2021), the nirK homologs were found
in 25 draft genomes of isolates but were not found in any of the
six MAGs. Notably, in the recently reported complete genome (ob-
tained from the NCBI Genome [https://www.ncbi.nlm.nih.gov/
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Figure 4. Biosynthetic gene clusters (BGCs) encoded in the genomes. (A) Plot showing the relationship between genome size and the number of BGCs.

(B) Bar chart showing the number of BGCs for each category. (RiPP) Ribosomally synthesized and post-translationally modified peptide; (PKS) polyketide

synthase; (NRPS) nonribosomal peptide synthetase.
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home/genomes/] database under accession number GCF_
0511227635.1) of Halorubrum sp. AS12 (Runzheimer et al. 2025), a
nirK homolog was found only in its plasmid, like the case of H. pal-
lidum JCM 30955. These results suggest that plasmids play a role in
the distribution of nirK among Halorubrum spp. and contribute to
nitrogen cycling.

Recovery of 16S rRNA genes

Another limitation during MAG construction by short-read
metagenomics is the difficulty in recovering multiple, nearly iden-
tical gene copies, such as 16S rRNA genes. For example, the deter-
mined complete genome of Lactivibrio alcoholicus JCM 171517
contains three copies of the 16S rRNA gene. Based on the GTDB-
based taxonomic classification, the genus Lactivibrio is correspond-
ing to “g_ CALF XNO1,” which includes three MAGs (obtained
from NCBI Genome database under accession numbers
GCA_937957815.1, GCA_937870605.1, and GCA_036788195.1),
all with genome completeness values exceeding 90%. Notably,
none of these MAGs contain 16S rRNA genes, likely owing to the
difficulty of recovering these genes during MAG construction.
Because 16S rRNA genes serve as essential taxonomic markers for
PCR amplicon-based analyses in microbial ecology, the recovery
of 165 rRNA genes from the clades previously lacking them high-
lights the significance of our data set.

Potential proposal of novel taxa and reclassification

Despite being much smaller number than the total of publicly
available genomes, our data set covers a broad range of prokaryotic
taxa and contributes to accurate taxonomic classification. Of the
166 type-strain genomes, the genomes of 78 strains, for example,
Hydrogenobaculum acidophilum JCM 8795", showed low similarity
(<95% average nucleotide identity [ANI] or <70% digital DNA-
DNA hybridization [dDDH], commonly used thresholds for spe-
cies-level definition) (Konstantinidis and Tiedje 2005; Goris et al.
2007) to any of publicly available genomes derived from isolates
or MAGs. This indicates that these genomes are the first to be pub-
licly released at the species level. Other 17 genomes showed high
similarity (>95% ANI) to previously reported MAGs or genomes
of as-yet-unnamed isolates. For instance, the genome of
Methanothermobacter crinale JCM 173937 showed high similarity
(99.6% ANI) to the MAG 41_258 (obtained from NCBI Genome
database under accession number GCA_001507955.1) recovered
from an oil reservoir (Hu et al. 2016). It should be noted that
some of the counts of genomes reported in the present study
may be subject to change owing to ongoing updates of public
databases.

Of the 166 newly released type-strain genomes, other 21 ge-
nomes were the first type-strain genomes to be publicly released
at the genus level, based on the GTDB-based taxonomic classifica-
tion. For instance, the genome of Sulfophobococcus zilligii JCM
10309" did not match any genomes of isolates but showed high
similarity (98.7% ANI) to a MAG (UBA285, obtained from NCBI
Genome database under accession number GCA_002495025.1),
which was assigned to the genus-level clade “g UBA285” within
the family-level clade “f _Desulfurococcaceae.” This result indicates
that the genus-level clade “g_ UBA285” corresponds to the genus
Sulfophobococcus. Similarly, we released the first type-strain genomes
for other 20 validly named genera, including Stetteria and Thermo-
discus in the domain Archaea, as well as Vulcanithermus and Thiore-
ductor in the domain Bacteria. Moreover, some genomes of the 21
type strains had a potential for the assignment to novel taxa at

the family or higher level. According to the GTDB-based classifica-
tion, our genome data set potentially encompassed one novel class,
three novel orders, and four novel families. For instance, E. thermo-
philaJCM 14728", a member of the phylum Spirochaetota, could rep-
resent a novel family, order, or even class. Similarly, Endothiovibrio
diazotrophicus JCM 179617 belonging to the class Gammaproteobac-
teria could represent a novel family and order. Thioprofundum litho-
trophicum JCM 14586, belonging to the family Thioprofiundaceae,
could represent a novel order. Both Brassicibacter thermophilus JCM
30480" and Thiofiactor thiocaminus JCM 157477 could represent a
novel family. Further phylogenetic analysis is needed to support
the assignment to these novel taxa.

The GTDB-based classification suggested that other eight
type-strain genomes, currently assigned to already known genera,
could represent novel genera. For example, Methanosarcina baltica
JCM 11281" was classified as “g_ JAQVBPO1,” which is distinct
from “g Methanosarcina” and the corresponding genus
Methanosarcina. This result is consistent with a previous study re-
porting that M. baltica can be physiologically and phylogenetically
distinguished from other species in Methanosarcina (von Klein
et al. 2002). Among species in Methanosarcina, the most similar
type strain to M. baltica JCM 112817 was Methanosarcina subterra-
nea JCM 15540", whose genome was determined in this study
and classified as “g_Methanosarcina.” The comparisons between
these two strains showed the values of 94.9% (16S rRNA gene sim-
ilarity), 72.9% (amino acid identity [AAI]), and 61.9% (percentage
of conserved proteins [POCP]). Given the reported values for genus
boundary (90%-99% for 16S tRNA gene similarity, 65%-72% for
AAI, and 50%-60% for POCP) (Konstantinidis and Tiedje 2007;
Qin et al. 2014; Yarza et al. 2014; Hackmann 2025), M. baltica
JCM 112817 is standing on the boundary of the genus threshold.
These results imply that M. baltica JCM 112817 belongs to a dis-
tinct genus from Methanosarcina, although further careful analysis
is needed to conclude this notion.

Other 17 type-strain genomes showed high similarity (>95%
ANI or >70% dDDH) to those of different species, suggesting that
taxonomic reclassification should be considered. For example, the
determined genome of Pyrococcus woesei JCM 84217 showed high
similarity to that of Pyrococcus furiosus DSM 3638" (obtained
from NCBI Genome database wunder accession number
GCA_000007305.1), with ANI and dDDH values of 99.6% and
95.2%, respectively. This result supports the notion that these
two strains belong to the same species, namely, P. furiosus, which
has been previously noted owing to the high similarities on their
gene sequences and physiological characteristics (Kanoksilapat-
ham et al. 2004). Similarly, the genome of “Thermococcus marinus”
JCM 11825", a proposed novel species with an as-yet unvalidated
name (Jolivet et al. 2004), showed high similarity to that of Ther-
mococcus eurythermalis A501" (obtained from NCBI Genome data-
base under accession number GCA_000769655.1), with ANI and
dDDH values of 99.2% and 90.5%, respectively. Our data set in-
cludes 14 additional strains that have been proposed to represent
novel species but whose scientific names have not yet been validat-
ed. Given the strong recommendation for whole-genome sequenc-
es in the field of prokaryotic taxonomy since 2018, our data set is
expected to facilitate taxonomic reclassification.

Among the newly released 43 genomes of nontype strains, 10
genomes showed low similarity to any publicly available or deter-
mined genomes of type strains, indicating that they represented
probable novel species. For instance, the genome of Clostridium
sp. JCM 10519 (=NkU-1) showed a low similarity to its
closest relative, Lacrimispora saccharolytica (formerly Clostridium

Genome Research 879
www.genome.org


https://www.ncbi.nlm.nih.gov/home/genomes/
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on October 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Kato et al.

saccharolytica) strain WM1T (obtained from NCBI Genome data-
base under accession number GCA_000144625.1), with ANI and
dDDH values of 85.0% and 29.8%, respectively. Indeed, despite a
high 16S rRNA gene similarity of 98.9% between the two strains,
their physiological characteristics are distinct, as reported previ-
ously (Thong-On et al. 2012). Further analyses of Clostridium sp.
JCM 10519 and the other nine strains are expected to provide ad-
ditional supporting evidence for describing novel species. Other
13 genomes of unidentified species showed high similarities
(=95% ANI or >70% dDDH) to those of known species. For in-
stance, the genome of Streptomyces sp. JCM 18897 was highly sim-
ilar to that of Streptomyces albidoflavus NRRL B-1271" with 99.0%
ANI and 95.9% dDDH, and thus, Streptomyces sp. JCM 18897 could
be assigned to the species S. albidoflavus.

The remaining 25 genomes of type strains showed high sim-
ilarities to the genomes of the same species of nontype strains. For
instance, the determined genome of Hydrogenovibrio thermophilus
JCM 123977 showed a high similarity (97.1% ANI) to the genome
of H. thermophilus JR-2 (a nontype strain; obtained from NCBI
Genome database under accession number GCF_004028275.1) re-
covered from a deep-sea hydrothermal vent field (Scott et al. 2018).
The remaining 20 genomes of nontype strains, for example,
Paenibacillus thiaminolyticus JCM 7540, showed high similarities
to the previously reported genomes of the same species of type
or nontype strains.

Actual and predicted OGT

The strains used in this study represent a wide range of OGT, from
mesophiles to hyperthermophiles. Based on the determined ge-
nome sequences, we assessed the accuracy of bioinformatic tools
for OGT prediction. Although generally consistent, the predicted
OGTs for several strains deviated from their actual OGT by
>10°C. For instance, Desulfuromusa ferrireducens JCM 12926" and
Desulfuromonas svalbardensis JCM 12927" with the actual OGTs
of 14°C-17°C (Vandieken et al. 2006) were predicted to have
OGTs of 25°C-30°C. Similarly, Piezobacter thermophilus JCM
14636" with the actual OGT of 50°C-55°C (Takai et al. 2009) was
predicted to have OGTs of 35°C-37°C. These results highlight
the limitations of current OGT prediction tools, and our data set
provides a valuable resource for the development of more accurate
predictive models. Such accurate optimum growth temperature
predictions will help to obtain novel isolates from natural
environments.

Potential for previously unrecognized metabolism

Genome analysis of isolates not only enables the prediction of pre-
viously unrecognized metabolic processes by identifying known
genes but also facilitates the discovery of novel pathways underly-
ing experimentally validated metabolisms. Overall, the gene con-
text of the determined genomes is largely consistent with reported
metabolic activities characterized through cultivation. However,
several predicted metabolic capabilities remain unverified. In
this study, we further focused on the potential for carbon fixation
and secondary metabolite production, both of which are critical
for applications in carbon neutrality and medical and agricultural
sciences, directly relevant to human activities. The genome analy-
sis will facilitate experimental validation of the potential for car-
bon fixation and secondary metabolite production using the
corresponding strains.

Potential for carbon fixation

To date, seven pathways are known to be involved in autotrophic
carbon fixation (Htigler and Sievert 2011; Sanchez-Andrea et al.
2020), including the CBB cycle, the rTCA cycle, and the WL path-
way. Additionally, some autotrophs can fix CO, via the roTCA cy-
cle, which does not require key enzymes such as citryl-CoA
synthetase (CCS) or ATP-citric lyase (ACL) in the r'TCA cycle but
is driven only by the enzymes used in the “normal” oxidative
TCA cycle (Mall et al. 2018; Nunoura et al. 2018) with a key en-
zyme of ferredoxin-dependent 2-oxoglutarate synthase (Steffens
et al. 2021). As expected, most strains possessing the complete or
nearly complete gene set with the key genes for carbon fixation
have been reported to be autotrophs. However, we also found
the key genes in the genomes of some strains that have not been
reported as autotrophs. For example, Mycolicibacterium crocinum
JCM 16369" and Mycobacterium pallens JCM 16370T have not
been tested for the capability of carbon fixation (Hennessee et al.
2009), whereas their complete genomes possessed the complete
gene set for the CBB cycle. Indeed, some autotrophic species in
the genus Mpycolicibacterium have been reported (Gomila et al.
2008), suggesting that the two strains may also be capable of auto-
trophic growth.

Notably, the key genes for the seven carbon fixation path-
ways, and even roTCA cycle, were incompletely found in the ge-
nomes of the four strains, namely, Pyrodictium brockii JCM 93927
(Stetter et al. 1983), Desulfonauticus autotrophicus JCM 130287
(Mayilraj et al. 2009), Desulfonatronum parangueonense JCM
31598" (Pérez Bernal et al. 2017), and Salinisphaera hydrothermalis
JCM 15514T (Crespo-Medina et al. 2009), all of which have been
reported as autotrophs. Except for JCM 31598, complete genomes
of the three strains were determined in this study. Therefore, they
potentially fix CO, via unknown carbon fixation pathways. In the
case of S. hydrothermalis JCM 155147, the gene for ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO), a key enzyme
of the CBB cycle, has been detected by PCR cloning-sequencing
(Crespo-Medina et al. 2009). However, neither the RuBisCO gene
nor other key genes for carbon fixation were found in the deter-
mined complete genome sequence or in the previously reported
draft genome sequence (obtained from the NCBI Nucleotide data-
base [https://www.ncbi.nlm.nih.gov/nuccore] under accession
number APNE0O0O000000.1). In the complete genome of P. brockii
JCM 9392", we found a gene for RuBisCO form III, which may
not be involved in carbon fixation (Sato et al. 2007), and no
gene for phosphoribulokinase (PRK), another key enzyme of the
CBB cycle. For the above four strains, further analyses including
re-evaluation of their autotrophy will be needed to reveal the pres-
ence of novel carbon fixation pathways.

Potential for secondary metabolite production

Bioactive secondary metabolites, including antibiotics, are crucial
targets for applications in medicine and agriculture, as well as for
understanding interactions among organisms in ecology. The
genes responsible for producing secondary metabolites are often
encoded in BGCs, which have been found in the genomes of
diverse bacteria and archaea (Dinglasan et al. 2025; Udwary et al.
2025; Zdouc et al. 2025). We identified nearly 1700 BGCs in the
281 genomes, not only from aerobic bacteria including well-stud-
ied Streptomyces species of the phylum Actinomycetota but also from
archaea and anaerobic bacteria, which have been less studied
(Scherlach and Hertweck 2021).
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More than 20 BGCs per genome were exclusively detected
from the phylum Actinomycetota, with the highest number (36
BGCs) found in the genome of S. phaeofaciens JCM 48147, al-
though some Streptomyces species have been reported to harbor
more than 70 BGCs per genome (Belknap et al. 2020; Seshadri
et al. 2022). Notably, 10 or more BGCs per genome were detected
from the phyla Bacillota, Pseudomonadota, and Thermodesulfobac-
teriota, in addition to Actinomycetota. In obligate anaerobic
bacteria, up to 11 BGCs were found in the genomes of Desulfocon-
vexum algidum JCM 160857 (Thermodesulfobacteriota) and Clostrid-
ium nitrophenolicum JCM 140307 (Bacillota), whose genomes were
first determined and completed in this study. In contrast, archaeal
genomes had fewer BGCs, which correlated with their smaller ge-
nome sizes. The highest number (eight BGCs) was found in the
aerobic halophile Halorubellus litoreus JCM 171177, followed by
seven BGCs in the obligate anaerobic methanogen M. movens
JCM 154157, Although the functions of most secondary metabo-
lites produced by BGCs remain unknown, the determined ge-
nomes of the isolated strains, especially those of not-well-studied
archaea and anaerobic bacteria, will serve as a valuable foundation
for genome-based mining of novel bioactive compounds.

Methods

Microbial strains and DNA extraction

We obtained 203 microbial strains from the JCM at the RIKEN
BioResource Research Center (BRC) in Tsukuba, Japan. These
strains were cultivated under the growth conditions summarized
in Supplemental Table S1. Detailed information on the media
used to culture each strain is available on the JCM website (https
://jem.brc.riken.jp/en/) and also deposited on the figshare website
(https://doi.org/10.6084/m9.figshare.28756649.v1). Cells were
harvested by centrifugation at 10,000¢ and stored at —80°C until
DNA extraction. Genomic DNAs were extracted from the harvest-
ed cells using a DNeasy PowerLyzer microbial kit (Qiagen).
Additionally, we obtained pre-extracted genomic DNAs for other
148 microbial strains from the DNA bank of RIKEN BRC
(Supplemental Table S1). Thus, in total, we sequenced the ge-
nomes of 351 strains. These strains were selected based on the
absence of previously published genome sequences or the avail-
ability of only draft genome sequence data. The selected strains
primarily comprised type strains but also included nontype strains
potentially representing novel species or higher taxonomic ranks.
The purity and quantity of the DNA samples were assessed using a
Qubit 3.0 fluorometer (Thermo Fisher Scientific) with dsDNA
quantification assay Kits, as well as a Multiskan SkyHigh micro-
plate spectrophotometer (Thermo Fisher Scientific) with a pDrop
plate (Thermo Fisher Scientific).

Genome sequencing

We performed short-read sequencing on MiSeq or NextSeq 1000
instruments (Illumina). DNA libraries were constructed from ali-
quots of the DNA samples using the QIAseq FX DNA library kit
(Qiagen) for sequencing on MiSeq and NextSeq instruments and
were sequenced with the MiSeq reagent kit version 3 (600 cycles,
300 bp paired-end reads; Illumina) and the NextSeq 1000/2000
P1 XLEAP-SBS reagent kit (600 cycles, 300 bp paired-end reads;
Illumina).

For long-read sequencing, we used a MinION device (Oxford
Nanopore Technologies [ONT]) and a Revio system (Pacific Biosci-
ences [PacBio]). For ONT sequencing, DNA libraries were con-
structed using the rapid barcoding kit 24 V14 (SQK-RBK114.24)

and sequenced with R10.4.1 flow cells (FLO-MIN114). The raw
data were basecalled using Dorado version 0.7.1 (https://github
.com/nanoporetech/dorado) with the “sup” model. For PacBio se-
quencing, we first assessed the quality of the DNA samples using
a Femto Pulse system (Agilent Technologies). Subsequently,
SMRTbell libraries were prepared using the SMRTbell express tem-
plate prep kit v2.0. On several libraries when necessary, size selec-
tion was performed on the BluePippin system using a 0.75%
agarose cassette (Sage Science) with a 5-50 kb high-pass cutoff.
The SMRTbell libraries were then bound to the sequencing poly-
merase enzyme using a Revio polymerase kit. Shotgun genomic
DNA sequence data were collected on SMRT cells using HiFi se-
quencing protocols and a Revio sequencing plate (PacBio). HiFi
reads were generated using SMRTLink v13.1 with default parame-
ters and extracted with a quality score>Q30.

Genome assembly

The short reads were filtered using fastp version 0.23.4 (Chen
2023) with the option “-1 200.” The long reads were filtered using
Chopper version 0.7.0, implemented in NanoPack2 (De Coster
and Rademakers 2023), with the options “-q 8 -1 1000.” In
some cases, long-read data exceeding the desired size were down-
sized to approximately 100x coverage using Filtlong (https://
github.com/rrwick/Filtlong). The filtered long reads were assem-
bled using Flye version 2.9.3 (Kolmogorov et al. 2019) or the Im-
proved Phased Assembler version 1.8.0 (https://github.com/
PacificBiosciences/pbipa) equipped with the PacBio Revio system.
If closed contigs for putative primary chromosomes were not ob-
tained, hybrid assembly was performed using Unicycler version
0.5.0 (short-read-first hybrid assembling) (Wick et al. 2017) or
Hybracter version 0.7.3 (long-read-first hybrid assembling) (Bouras
etal. 2024) with the short reads. For cases in which only short reads
were available, Unicycler was used for short-read-only assembly.
The assembly software used for each strain is listed in Supplemen-
tal Table S2. In this study, when the longest contig for the primary
chromosome in the assembly was circularized, the genome was
treated as a “complete” genome, with the exception of Streptomyces
species, which may have linear chromosomes. For Streptomyces as-
semblies, the presence of terminal inverted repeats detected by
BLASTN version 2.14.0 (Altschul et al. 1997) was used to assess
whether the linear genomes were complete.

Genome analysis

The genome assemblies were then annotated using DFAST version
1.3.2 (Tanizawa et al. 2018) with the option “--minimum_length
500 --use_prodigal --use_trnascan.” For additional annotation,
we used METABOLIC version 4.0 (Zhou et al. 2022) equipped
with KEGG (Ogata et al. 1999), HydDB (Sendergaard et al. 2016),
dbCAN2 (Zhang et al. 2018) and MEROPS (Rawlings et al. 2018),
eggNOG-mapper version 2.1.12 (Cantalapiedra et al. 2021), and
gapseq version 1.3.1 (Zimmermann et al. 2021). BGCs were detect-
ed using antiSMASH version 7.1.0 (Blin et al. 2023). Plasmids and
viruses/phages were identified using geNomad version 1.8.1
(Camargo et al. 2024), mob-suite version 3.1.9 (Robertson and
Nash 2018), and VirSorter version 2.2.4 (Guo et al. 2021).

The quality of the determined genomes was evaluated using
CheckM version 1.2.3 (Parks et al. 2015) and CheckM2 version
1.0.2 (Chklovski et al. 2023). Taxonomic classification of strains
based on the determined genomes was performed using GTDB-tk
version 2.4.0 (Chaumeil et al. 2022) with the reference database
R226 (Parks et al. 2022). ANI values among the determined ge-
nomes were calculated using FastANI version 1.34 (Jain et al.
2018). Average AAI values among the determined genomes were

Genome Research 881
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281026.125/-/DC1
https://jcm.brc.riken.jp/en/
https://jcm.brc.riken.jp/en/
https://jcm.brc.riken.jp/en/
https://jcm.brc.riken.jp/en/
https://jcm.brc.riken.jp/en/
https://jcm.brc.riken.jp/en/
https://doi.org/10.6084/m9.figshare.28756649.v1
https://doi.org/10.6084/m9.figshare.28756649.v1
https://doi.org/10.6084/m9.figshare.28756649.v1
https://doi.org/10.6084/m9.figshare.28756649.v1
https://doi.org/10.6084/m9.figshare.28756649.v1
https://doi.org/10.6084/m9.figshare.28756649.v1
https://doi.org/10.6084/m9.figshare.28756649.v1
https://doi.org/10.6084/m9.figshare.28756649.v1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281026.125/-/DC1
https://github.com/nanoporetech/dorado
https://github.com/nanoporetech/dorado
https://github.com/nanoporetech/dorado
https://github.com/nanoporetech/dorado
https://github.com/rrwick/Filtlong
https://github.com/rrwick/Filtlong
https://github.com/rrwick/Filtlong
https://github.com/rrwick/Filtlong
https://github.com/rrwick/Filtlong
https://github.com/PacificBiosciences/pbipa
https://github.com/PacificBiosciences/pbipa
https://github.com/PacificBiosciences/pbipa
https://github.com/PacificBiosciences/pbipa
https://github.com/PacificBiosciences/pbipa
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281026.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.281026.125/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on October 14, 2026 . Published by Cold Spring Harbor Laboratory Press

Kato et al.

calculated using EzAAI version 1.2.3 (Kim et al. 2021). Values of
the POCP were calculated using POCP-nf version 2.3.4 (Holzer
2024). dDDH values were determined using the Genome-to-
Genome Distance Calculator (GGDC) version 3.0 (Meier-
Kolthoff et al. 2022). We used the Type Strain Genome Server
(Meier-Kolthoff et al. 2022) and GTDB-tk to detect the closest pub-
licly available genomes to determined ones, based on dDDH and
ANI values, respectively. The OGT of each strain was predicted us-
ing Tome version 1.0.0 (Li et al. 2019) and OGTFinder version
0.0.2 (Colette et al. 2025). Alluvial diagrams were generated using
RAWGraphs (https://www.rawgraphs.io). Plots and bar charts were
generated using ggplot2 (https://ggplot2.tidyverse.org).
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All raw and processed sequencing data generated in this study
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Supplemental Materials are also available at Figshare (https://doi
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