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  Several enzymes have subunits that require the addition of cofactors
or maturation of the active center, which is facilitated by other genes.
Information on these functionally-related genes not only aids in the
functional analysis of target genes, but is also useful for heterologous
expression. In the present study, we analyzed the homologs of a target
gene and their relationships with adjacent genes within the genome by
constructing clusters of neighboring genes, quantifying the number of
clustered genes, and examining their conservation in a taxonomic clade of
target gene homologs. [NiFe]-hydrogenase was selected as the target because
of the availability of a concrete database for subsequent evaluations in
our analysis. The present results indicate that genes associated with target
gene function were conserved according to the molecular phylogeny of
the target gene. We subsequently introduced automated clustering of the
phylogenetic tree clade of clustered genes and applied this method to large
datasets not yet analyzed and our previous data. The results obtained suggest
that this approach provides insights into a comprehensive set of genes
involved in cellular functions, particularly when the genes being analyzed
are complex and require maturation. The procedure developed herein also
provided similar and reproducible results on previously analyzed succinate
dehydrogenase, which was not arbitrary.

Key words: genome information, protein maturation, gene cluster, molecular phylogeny,
gene neighborhoods

Despite substantial advances in genome sequencing tech‐
nology, which have facilitated the acquisition of genetic
information on microorganisms (Shendure et al., 2017;
Uhlen and Quake, 2023), the real cellular functions of genes
remain largely unknown, and novel methods for elucidating
gene function are highly expected. The functions of numer‐
ous genes may be predicted from their encoded amino acid
sequences using several bioinformatics techniques, such as
BLAST+ (Camacho et al., 2009) and HMMER tools (Eddy,
2011), in combination with highly informative databases,
including UniProtKB (UniProt Consortium, 2025), eggNOG
(Powell et al., 2012), Pfam (Paysan-Lafosse et al., 2025),
InterPro (Blum et al., 2025), dbCAN (Zheng et al., 2023),
KEGG (Kanehisa and Goto, 2000), TIGRFAMs (Haft et
al., 2001), and CDD (Wang et al., 2023). However, empiri‐
cal validation and biological insights are essential for eluci‐
dating and confirming their actual cellular functions,
particularly in uncultivable microorganisms and those
lacking developed genetic techniques. A common strategy
employed to investigate gene function involves functionali‐
zation using a cellular platform, such as the expression of

heterologous genes in model microorganisms. While this
approach is considered to be effective, its implementation
involves numerous technical and conceptual challenges. The
integration of bioinformatics-based computational methods
may not only assist in predicting gene function, it also facil‐
itates the rational selection of gene sets and host organisms
for co-expression and provides crucial guidance for experi‐
mental design and interpretation in biochemical research.

Gene function in heterologous cells sometimes requires
the co-expression of other genes, which may be classified
into structural subunits, maturation factors, and proteins
involved in cofactor biosynthesis (Thöny-Meyer et al.,
1995; Posewitz et al., 2004; Sun et al., 2010; Caetano et al.,
2011; Shiota and Kosaka, 2025). Structural subunits are
directly associated with the cognate protein encoded by
other genes, and these function together for protein matura‐
tion. Maturation factors, including chaperones and endopep‐
tidases, are involved in post-translational target protein
modifications and the formation of bonds with small mole‐
cules, such as prosthetic groups. Other proteins functionally
related to target protein maturation using small molecules
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for prosthetic groups, flavins, and hemes, or small molecule
and metal ion transporters require access to the catalytic
reaction center. Therefore, these supporting genes encoding
small molecule proteins need to be co-expressed with the
target gene whose function is being examined. Several
enzymes require such genes for heterologous expression (in
Escherichia coli), such as succinate dehydrogenase (SDH)
(protein required: SdhE) (McNeil et al., 2012), cytochrome
c (the ccm system) (Inoue et al., 2011), [NiFe]-hydrogenase
(maturation factors) (Maier et al., 2015), and [FeFe]-
hydrogenase (factor required: HydEFG) (Kuchenreuther et
al., 2010). In bacteria and archaea, gene clusters related to
the function of specific genes, such as subunits and matura‐
tion factors, have an operon structure (Lawrence and Roth,
1996; Fang et al., 2008; Fondi et al., 2024). Therefore, these
genes may be located near the target gene as gene neighbor‐
hoods. An analysis of these gene neighborhoods provides a
rational strategy for identifying candidate genes required for
target protein function, particularly in cases where experi‐
mental information is limited.

Computational methods for visualizing gene neighbor‐
hoods associated with gene function from genomic data
have been a significant focus within bioinformatics.
Analyses based on conserved gene neighborhoods (CGNs)
have predominantly focused on elucidating protein-protein
interactions (Robin et al., 2022), and various prediction pro‐
grams have been developed for this purpose (Anjos et al.,
2021). Additionally, CGN-based algorithms have been
implemented in function prediction servers (Törönen and
Holm, 2022) and in the prediction of protein homo- and
hetero-dimers (Esch and Merkl, 2020). CGNs have also
been applied to the identification of genes associated with
similar metabolic functions (Zaharia et al., 2019). The three
key steps in a computational study on protein function cur‐
rently include analyses of i) the relationships between
homologous proteins, ii) the protein domain architecture,
and iii) the CGNs of the target protein (Gumerov and
Zhulin, 2020). Furthermore, methods have been developed
to handle interconnected gene neighborhoods in bacterial
and archaeal genomes (Rogozin et al., 2002), and lists of
CGNs have been used to categorize genes into paralogous
and orthologous clusters (Fouts et al., 2012). Based on these
assumptions, databases integrating genes and related infor‐
mation, particularly the STRING database, which collects
information on these interactions, have been constructed and
are evaluated, scored, and subsequently transferred to less
well-studied organisms using hierarchical orthology infor‐
mation (Szklarczyk et al., 2023). While these resources are
useful for visualizing potential gene interaction networks,
they typically do not focus on identifying specific
functionally-related genes required for protein maturation or
expression. Although several methods exist for visualizing
gene neighborhoods, they are often limited to showing the
positional relationship between a specific gene and its
neighboring genes within a single genome (Gumerov and
Zhulin, 2020; Price and Arkin, 2024). Therefore, systematic
procedures for comparing conserved functionally-related
genes across genomes have not yet been thoroughly exami‐
ned.

Several concepts have been introduced to predict these

supporting genes using CGNs. Genes required for the matu‐
ration of certain functional gene products are present in the
genome, and proteins with a high degree of sequence simi‐
larity are expected to share similar maturation-related genes
due to their molecular phylogeny. We previously reported
the relationship between the molecular phylogeny of the
gene encoding the flavoprotein subunit of SDH of
Pelotomaculum thermopropionicum and CGNs (Kosaka et
al., 2023). In this study, we investigated the extraction and
visualization of functionally and spatially related genes from
genomic information based on [NiFe]-hydrogenase, a gene
that has been extensively examined. [NiFe]-hydrogenase is
predicted to contribute to succinate oxidation by SDH in
P. thermopropionicum (Kosaka et al., 2023). [NiFe]-
hydrogenase comprises four subunits (Beaton et al., 2018)
and requires maturation factors for its activation (Lacasse
and Zamble, 2016). Therefore, it includes subunits, matura‐
tion factors, and other functionally-related proteins. More‐
over, hydrogenases have well-documented information on
gene classification and phylogeny, motifs for metal centers,
and genetic organization (Greening et al., 2016) as well as a
database of aggregated advanced classification and analyses
(Søndergaard et al., 2016). Therefore, [NiFe]-hydrogenase
represents a good target model for evaluating the effective‐
ness of the analytical method under consideration. In the
present study, functionally-related genes to the target gene
encoding the [NiFe]-hydrogenase large subunit were clari‐
fied using a phylogenetic classification of the target gene,
the gathering of gene neighborhoods from genome sequen‐
ces, a functional classification of the gene neighborhoods
gathered from genomes, and a comparison of their conserva‐
tion across genomes. The automation of this analytical
workflow was then investigated to apply the same procedure
to multiple functionally-related genes of the target, allowing
us to visualize potential relationships among them. The
applicability of the developed procedure to another enzyme,
SDH, which we previously examined, was also demonstrated.

Materials and Methods

Sequence datasets
To avoid redundant comparisons and reduce computational

costs, we selected one representative genome per genus, ensuring
both taxonomic balance and phylogenetic diversity. This yielded
1,969 genome information entries (Table S1) retrieved from
the NCBI Reference Sequence FTP site (ftp.ncbi.nlm.nih.gov/
genomes/refseq/). The genomes were selected to minimize taxo‐
nomic bias as much as possible. The genome database selected was
used in a previous study (Kosaka et al., 2023).

Constructed cluster list and ID assignment
The procedures for homologous gene set gathering and cluster

ID assignment are shown in Fig. 1A and B. The homologous target
gene set was constructed using BLASTp (Camacho et al., 2009)
against all protein-coding sequences from the selected genome
database based on the criteria of an E-value cut-off of 1e–5 and a
minimum aligned sequence length coverage of 70%. In the present
study, we used the amino acid sequences of [NiFe]-hydrogenase
and functionally-related factors (13 genes: PTH_1693–PTH_1705)
of P. thermopropionicum as the query sequence because of its rele‐
vance for maturation and potential heterologous expression, which
aligns well with the purpose of this analysis. To examine genes that
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are functionally related to the target gene, we applied the reported
procedure (Kosaka et al., 2023) with some modifications. Briefly,
10 genes encoded in the region surrounding each hit (five genes
each in the upstream and downstream regions) were collected.
Therefore, each hit, along with the 10 surrounding genes, was
defined as a gene neighborhood and used in the clustering analysis.
These candidate-encoded proteins were constructed by comparing
the all-against-all protein sequences of 7,205 hits and their
surrounding proteins using BLASTp with the same cut-off criteria
for homologous gene set construction, followed by Markov clus‐
tering with an inflation factor of 1.2 (van Dongen and Abreu-
Goodger, 2012). The clusters were then listed and assigned
identical numbers in order of the number of genes in the cluster as
cluster IDs.

Phylogenetic conservation of constructed clusters
The procedure for constructing the conserved cluster ID list,

involving the phylogenetic tree clade of target genes, is shown in
Fig. 1C. Multiple sequence alignments (MSA) of the clustered
sequences were constructed using MUSCLE at the amino acid
sequence level and were then used for phylogenetic construction
(Edgar, 2004a, 2004b). The MEGA X package was employed to
generate a phylogenetic tree in order to examine phylogenetic rela‐
tionships using the neighbor-joining (NJ) approach (Tamura et al.,
2007; Kumar et al., 2018). A K-means clustering analysis of the
pairwise distance matrix, from the MSA computed using the
Poisson correction model in MEGA X (Kumar et al., 2018) with
the pairwise deletion of the gap treatment, was performed using the
Clustering package in Julia language. Manual clade assignment

A. Gathering homologous gene sets

Search of homologous genes from genome data

Clustering homologs

Construction of multiple alignment

Calculation the conservation score
calculation formula: Score =

    

Gather gene neighborhoods of the 13 sets of homologous genes from 

selected genome sequences

query: The amino acid sequences of the [NiFe]-
hydrogenase and functionally-related
factors (13 genes: PTH_1693-PTH_1705)
of P. thermopropionicum (see Fig. 2A)

subject: 6,906,211 amino acid sequences from
1,969 microorganism genomes

procedure: Five genes are gethered from upstream and downstream of the target
homologue gene locus located in its genome. 

sequences: amino acid sequences in
each cluster ID

B. Cluster ID assignment

C. Conserved gene cluster list in the clade of a phylogenetic tree

tool: blastp

tool: MUSCLE

-   e-value < 1e-5
-   aligned sequence length

coverage > 70 %

Yes

Yes

genome
5 gene upstream 5 gene downstreamEach of the 13 set

7,205 homologous
genes of 13 sets
(1,788 selected

genomes)

input: 32,987 amino
acid sequences

algorithm: Markov
(inflation factor of 1.2)

algorithm: Poisson correction model
with pairwise deletion of gaps

cluster IDs

clade IDs

Conserved gene
Cluster List (GCL)

55 44 33 22 11 33 44 552211homologous gene

(Count of clustered genes in the clade
/Number of strains in the clade)

Calculation of the pairwise distance

algorithm: 
Neighbor-Joining

Tree construction

data: distance matrix
algorithm: k-means

Clustering

data: Newick format
tool: TreeCluster

Clustering

Manual clustering

Score >1.0 or
0.9

Fig. 1. Procedure flowcharts for homologous gene set and conserved cluster ID list construction.
A) Gathering homologous gene sets. B) Gathering gene neighborhoods and cluster ID assignment. C) Conserved gene cluster list in the clade of
the phylogenetic tree.
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was initially performed to analyze the constructed phylogenetic
tree. Computational clade assignment was performed using
TreeCluster (Balaban et al., 2019), which used the output of the
Newick tree format from the constructed phylogenetic trees. These
constructed clades were used to assemble a conserved gene cluster
list (GCL) by counting the number of cluster IDs and the strains in
each clade. The criteria score was then calculated by dividing the
count of the cluster genes in the clade by the number of strains in
the clade. The cluster IDs listed with criteria scores >1.0 indicated
conserved clusters in each clade of the tree. The phylogenetic tree
was colored using Ruby and R scripts with the ggtree package (Yu
et al., 2017). Scripts related to conserved GCL in the clade of a
phylogenetic tree are provided at the following repository (https://
github.com/tkosaka1976/ME25018-supplemental_files). Hydroge‐
nase class, taxonomy, and Pfam ID were assigned using a taxon‐
omy database (https://www.ncbi.nlm.nih.gov/taxonomy), HydDB
(Søndergaard et al., 2016), and HMMER3 hmmscan with the Pfam
database (accessed via https://www.uniprot.org), respectively. In
Pfam domain searches, hmmscan was run with an E-value cut-off
of 0.001.

Evaluation of clustering using HydDB
To evaluate the results of the classification of the hydrogenase

large subunit within each homologous sequence cluster, we used
the HydDB dataset (http://www.greeninglab.com/teaching/).
HydDB has already classified the hydrogenase large subunit into
8 major and 38 minor classes using an advanced analysis
(Søndergaard et al., 2016). After clustering from the MSA and
phylogenetic tree clade, two indices were used in the analysis: the
degree to which hydrogenase large subunit sequences (classified
into classes in HydDB) were clustered by the analysis
(h_class2cluster) and which HydDB class was contained in the
cluster divided by the analysis (cluster2h_class). Since each cluster
always contains at least one class and each cluster always classifies
one, 1 was subtracted from the number of classified classes and
used as the count. For example, Fig. 3 shows that Clade A
involved [NiFe] Groups 1d, 1e, and 1f; therefore, the count was 3.
On the other hand, since Clade B involved only [NiFe] Group 1b,

the count was 1. Therefore, the count was always ≥1. If clustering
is performed well, the count will be close to 1. To normalize the
count by the number of clusters classified, we defined the ratio as
the total count divided by the number of clusters.

Results and Discussion

Constructed clusters of genes located near the [NiFe]-
hydrogenase large subunit gene

We performed a gene cluster analysis within a microor‐
ganism genome database on the 13 genes (PTH_1693–
PTH_1705 from the propionate-oxidizing bacterium P.
thermopropionicum; Fig. 2A) encoding [NiFe]-hydrogenase
and its candidate maturation factors. A total of 7,205 homol‐
ogous gene sets and 32,986 genes were compiled (Fig. 1A
and B), and 7,879 cluster IDs were then assigned to the gene
neighborhoods, as shown in Fig. 1B. The list of cluster IDs
(Table 1 and S2) shows the clusters of genes predicted to be
associated with the target genes. The arrangement of clus‐
ters containing [NiFe]-hydrogenase subunit genes was as
follows: large subunit (0: cluster ID)>small subunit (4)>Fe–S
cluster subunit (7)>membrane subunit (16), representing the
complex structural sequence of these subunits from the large
subunit (Fig. 2B). In contrast, the orders of clusters, including
factors, indicate their importance to the large subunit. The
order of factor-including clusters 1, 2, 3, 5, 6, 8, and 9 sug‐
gests that the maturation of the [NiFe]-hydrogenase large
subunit was affected by Fe(CN)2CO insertion, C-terminal
extension cleavage, and Ni incorporation. Upon Ni incorpo‐
ration, the number of genes in clusters 8 and 9 was approxi‐
mately half that in cluster 0, suggesting a low requirement
for the maturation of these genes or a common feature
between different hydrogenases in the same genome. Although

Fig. 2. [NiFe]-hydrogenase maturation and related gene clusters.
A) Location of the 13 genes encoding [NiFe]-hydrogenase and its candidate maturation factors of Pelotomaculum thermopropionicum (HYD4)
positioned from 1,781,258 to 1,795,720 of the genome sequence (Accession No.: AP009389.1). The attached locus tags and accompanying cluster
ID in parentheses are listed in Table 1. B) Putative maturation mechanisms of the [NiFe]-hydrogenase large subunit and associated gene clusters
based on the presumed mechanisms of the [NiFe]-hydrogenase of E. coli (Hyd-2) (Soboh et al., 2022). Underlined numbers indicate the gene
cluster ID listed in Table 1, and the area enclosed by the bold line and the normal line in the diagram indicates the subunit and maturation factor,
respectively.
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the gene size of cluster 1 (aminoimidazole ribonucleotide
[AIR] synthase related protein: PF00586) was larger than
those of clusters 3, 5, and 6, they function together to insert
the Fe(CN)2(CO) moiety into the [NiFe]-hydrogenase large
subunit (Fig. 2B). Cluster 1 plays an active role in Fe and
CN–CN–CO insertion into the large subunit, particularly
CN, suggesting its higher functional importance in the gene
than clusters 3, 5, and 6, which are responsible for similar
reactions. The Fe(CN)2(CO) moiety may require the turn‐
over of two CN groups for an additional reaction with
cluster 1 functioning as a dimer (Miki et al., 2020). In addi‐
tion, the number of genes in cluster 1 was similar to that in
cluster 0, indicating the essential requirement of cluster 1 in
the maturation of the large subunit (cluster 0) (Table 1). This
significance, based on the gene number, was also observed
in cluster 2, which is involved in the cleavage of the
C-terminal extension. Higher cluster IDs include subunits
(10, 12, and 16) and transcriptional regulators and sensors
(11, 17, 18, and 22), but do not include factors (Table 1).
These results suggest that the positional proximity of the
genes analyzed in the microorganism genome was in the
order of functionalization>structure>regulation.

Although genes in each cluster may be compared among
individual microorganisms, difficulties are associated with
analyzing and understanding them comprehensively on a
genome-wide basis. As shown in the list of homologs of P.
thermopropionicum and E. coli in these clusters (Table 1),
[NiFe]-hydrogenase as a whole and in individual microor‐
ganisms may be compared and understood by moving back
and forth between the genetic information obtained on
related gene clusters and individual microorganisms. For
example, clusters 11 and 12 had high gene numbers, but no
homologs in P. thermopropionicum or E. coli (Table 1). In
addition, some clusters were conserved only in P.
thermopropionicum and E. coli, such as clusters 9 and 13.
However, the taxonomic classification of microorganisms
within each cluster revealed inconsistencies when compared
with the whole cluster composition (Table 1 and S2). For
example, in clusters 9–13, Bacillota were almost completely
absent in cluster 12, whereas Pseudomonadota were uni‐
formly present in these clusters (Table S2). Therefore, there
appear to be phylogenetic differences among the microor‐
ganisms in each gene cluster, whereas identifying them in
the list is difficult, and detecting relationships among the
clusters is also challenging because the presence or absence
of genes in the clusters differs for each microorganism.

Conserved gene cluster distribution in the molecular
phylogeny of [NiFe]-hydrogenase large subunit homologs

To analyze the conservation of gene clusters related to the
molecular phylogeny of the target gene, a phylogenetic tree
of the amino acid sequences of homologous gene sets of
cluster 0, such as the [NiFe]-hydrogenase large subunit, was
constructed. MSA was performed using MUSCLE, and a
tree was constructed using the NJ method. The leaves of
the cluster 0 tree were manually classified into 13 clades,
clades A–M, and the conserved GCL was assigned
(Fig. 3). Comparisons of our classification with HydDB
(Søndergaard et al., 2016) revealed that our homologous
gene set of cluster 0 corresponded to the [NiFe] groups 1–3

of HydDB, with the separation aligning well with the
HydDB classification (Fig. 3). However, clade H was not
separated into [NiFe] Group 2 subclass 2a–2e (Fig. 3).
Moreover, the gene clusters obtained in each clade revealed
the correspondence of the class separation of hydrogenase,
whereas the microbial taxonomic classification of genomes
encoding genes was not necessarily clustered together, but
rather scattered across several clades (Fig. 3). Multiple
homologs may be encoded in the same genome and have
evolved to perform different functions. These results sug‐
gest that the taxonomies of functional proteins and microor‐
ganisms need to be analyzed separately.

Our procedure for constructing the GCL is shown in Fig.
1C. Briefly, cluster IDs were plotted if the count of genes
assigned to a classified clade in the tree was higher than the
count of strains assigned to the clade, namely, a cut-off
value >1.0 (Fig. 3). Observations of the GCL in the whole
clades of the constructed phylogenetic tree of [NiFe]-
hydrogenase large subunit homologs revealed that the clus‐
ters for factors conserved in this tree were clusters 1, 2, 3, 5,
6, 8, and 9, which have already been reported as maturation
factors for the [NiFe]-hydrogenase large subunit, cluster 0
(Lacasse and Zamble, 2016). Other conserved clusters were
clusters 4, 7, 10, 12, 16, and 87, which were subunits that
function together with cluster 0, except for cluster 11, a sig‐
nal sensor protein. These conserved clusters were partly dif‐
ferent in each clade, and conservation patterns correlated
with the phylogenetic distribution of cluster 0. For example,
cluster 12 was conserved in clades I–M, but not in clades
A–H (Fig. 3). This result indicates that the functional inter‐
action of the cluster 12 subunit with cluster 0 was from the
specific amino acid sequence pattern, and phylogenetically
classified amino acid sequences were functionally con‐
served. This clade classification and cluster conservation
were identical to the classification of HydDB, namely,
[NiFe] group 3 of HydDB interacted with cluster 12 (Fig.
3). The conservation of clusters 8 and 9, which are required
for Ni acquisition in [NiFe]-hydrogenase large subunit
maturation, was very low, specifically in clades B, E, and K,
which showed only cluster 8 conservation. These results
suggest the following: i) some [NiFe]-hydrogenase large
subunits do not require maturation factors for Ni acquisi‐
tion; ii) clusters 8 and 9 may compensate for each other for
this function; and iii) the function dependent on each cluster
has already been incorporated into some clusters. Among
the conserved clusters within the tree of cluster 0, the func‐
tional redundancy of clusters 8 and 9 was not consistently
observed in this set, indicating a low possibility. Therefore,
functional compensation by other clusters is highly likely.

We also analyzed the proteins encoded by the genomes of
specific microorganisms, P. thermopropionicum HyaB and
E. coli HybC. HyaB of P. thermopropionicum was located in
clade D, while HybC of E. coli was located in clade C (Fig.
3). These proteins were clearly separated into different
clades; however, the GCL patterns in these clades were sim‐
ilar to 0|1|2|3|4|5|7|16, except for cluster 6, which was only
present in clade C (Fig. 3). These results suggest that P.
thermopropionicum HyaB shares a nearly identical set of
related gene clusters with E. coli HybC and that the heterol‐
ogous expression and maturation of P. thermopropionicum
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Table 1. Constructed conserved gene clusters (ID ≤50)

Cluster
ID

Gene
count Name (highest Pfam hit) Pfam short (%) >10%

P.
thermopropi
onicum

E. coli

0 951 Nickel-dependent
hydrogenase

NiFeSe_Hases (100) PTH_1702 b0973:b2994

1 953 AIR synthase related protein,
N-terminal domain

AIRS (100); AIRS_C (99) PTH_1699 b2730

2 758 Hydrogenase maturation
protease

HycI (87); - (13) PTH_1700 b0975:b2717:
b2993

3 748 HupF/HypC family HupF_HypC (100) PTH_1697 b2728:b2990
4 633 NADH ubiquinone

oxidoreductase, 20 Kd subunit
Oxidored_q6 (100); NiFe_hyd_SSU_C (100); TAT_signal (19) PTH_1701 b0972:b2997

5 615 Hydrogenase formation hypA
family

HypD (100) PTH_1698 b2729

6 600 HypF Kae1-like domain HypF_C (100); Sua5_yciO_yrdC (97); zf-HYPF (96);
Acylphosphatase (96); TsaD (40)

PTH_1696 b2712

7 554 4Fe-4S dicluster domain Fer4_7 (100); Fer4_11 (100); Fer4_9 (97); Fer4_10 (97); Fer4_6
(94); Fer4 (94); Fer4_2 (94); Fer4_21 (75); Fer4_4 (61); Fer4_3
(40); Fer4_8 (34); Fer4_16 (31); Form-deh_trans (22); Fer4_17
(17)

PTH_0669:
PTH_1703:
PTH_1713

b2713:b2724:
b2996:b3893

8 527 Hydrogenase/urease nickel
incorporation,
metallochaperone, hypA

HypA (100) PTH_1694 b2726:b2991

9 445 CobW/HypB/UreG,
nucleotide-binding domain

cobW (100); MeaB (18); MobB (11); RsgA_GTPase (11) b2727

10 339 Molybdopterin oxidoreductase Molybdopterin (100); Molydop_binding (93); Molybdop_Fe4S4
(65); TAT_signal (14)

PTH_1712 b3894

11 312 Histidine kinase-, DNA gyrase
B-, and HSP90-like ATPase

HATPase_c (99); HisKA (88); PAS (49); PAS_4 (48); PAS_9 (47);
PAS_8 (32); Response_reg (27); HATPase_c_5 (24); HAMP (23);
PAS_3 (20); HATPase_c_3 (14)

12 306 NADH ubiquinone
oxidoreductase, 20 Kd subunit

Oxidored_q6 (100)

13 300 Tautomerase enzyme Tautomerase (100); Tautomerase_2 (93) PTH_1705
14 260 ABC transporter ABC_tran (100); AAA_21 (89); SMC_N (65); AAA_29 (37);

AAA_16 (22); AAA_22 (21); AAA_23 (14); RsgA_GTPase (13)
15 224 Prokaryotic cytochrome b561 Ni_hydr_CYTB (100); DUF4405 (84) b0974
16 222 Polysulphide reductase, NrfD NrfD (82); - (18) PTH_1704:

PTH_1714
b2995

17 216 Sigma-54 interaction domain Sigma54_activat (100); Sigma54_activ_2 (100); AAA_5 (94);
HTH_8 (87); AAA (76); Response_reg (56); Mg_chelatase (38);
HTH_50 (19); PAS (19); PAS_4 (18); GAF (18); GAF_2 (18);
PAS_9 (17); PAS_8 (16); AAA_2 (15); GAF_3 (15)

b2709:b2731

18 183 Response regulator receiver
domain

Response_reg (97); Trans_reg_C (25); GerE (20); Sigma70_r4_2
(16); LytTR (11)

19 185 Prokaryotic cytochrome b561 Ni_hydr_CYTB (97); DUF4405 (66) b3892
20 172 NUBPL iron-transfer P-loop

NTPase
ParA (100); CbiA (99); AAA_31 (98); MipZ (88); ArsA_ATPase
(81); Fer4_NifH (74); FeS_assembly_P (26); VirC1 (22);
AAA_26 (20); CBP_BcsQ (17); AAA_25 (12); MeaB (10)

PTH_1695 b2113

21 172 Protein involved in formate
dehydrogenase formation

FdhE (100) PTH_1693 b3891

22 128 Bacterial regulatory helix-
turn-helix protein, lysR family

HTH_1 (99); LysR_substrate (98)

23 105 NADH-ubiquinone
oxidoreductase-F iron-sulfur
binding region

NADH_4Fe-4S (100); Complex1_51K (100); 2Fe-2S_thioredx
(84); SLBB (77); Fer4_7 (14); Fer4 (14); Fer4_9 (13); Fer4_10
(13); Fer4_21 (12); Fer4_2 (11); Fer4_6 (11)

24 107 Oxidoreductase NAD-binding
domain

NAD_binding_1 (98); DHODB_Fe-S_bind (92); FAD_binding_6
(45)

25 95 4Fe-4S dicluster domain Fer4_22 (100); Fer4_7 (92); Fer4_2 (91); Fer4_10 (88); Fer4_8
(86); Fer4_9 (84); Fer4_17 (77); Fer4_18 (68); Fer4_21 (66); Fer4
(54); Fer4_16 (41); Fer4_6 (26)

26 96 Molybdopterin oxidoreductase
Fe4S4 domain

Molybdop_Fe4S4 (100); Molybdopterin (59); TAT_signal (20) PTH_1711

27 88 2Fe-2S iron-sulfur cluster
binding domain

Fer2_4 (100); NADH-G_4Fe-4S_3 (99); Fer4_15 (80); Fer2 (74);
Fer4 (65); Fer4_10 (59); Fer4_9 (59); Fer4_7 (59); Fer4_6 (59);
Fer4_16 (59); Fer4_2 (53); Fer4_8 (49); Fer4_21 (48); Fer4_18
(22); Fer4_4 (19); Fer4_13 (15); Fer4_17 (13)

28 87 Enoyl-(Acyl carrier protein)
reductase

adh_short_C2 (100); adh_short (100); KR (89); Epimerase (40);
NAD_binding_10 (14); DUF1776 (10)

29 87 Methyl-accepting chemotaxis
protein (MCP) signalling
domain

MCPsignal (99); HAMP (69); 4HB_MCP_1 (20); TarH (11);
Cache_3-Cache_2 (10)

PTH_0667

30 75 NifU-like domain NifU (91); Rieske (49); Rieske_2 (43)
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HyaB in host E. coli cells may be accomplished by the pres‐
ence of similar maturation factors.

Comparison of phylogenetic tree clade clustering methods
for automation

The results of the GCL analysis for the [NiFe]-
hydrogenase large subunit showed that gene cluster distribu‐
tion among clades was related to target protein function, and
our constructed analysis procedure showed its conservation.
Although this analysis is useful, it presents some challenges,
particularly in the manual separation of clades because of
the complexity of the criteria and unclear validity unless
other highly analyzed databases for target proteins, such as
HydDB, are available. In addition, performing the same
analysis on multiple target genes requires considerable
effort and time. We introduced a computational algorithmic
analysis for clustering the clades of a tree. Two different
algorithms for computationally separating the clades were
compared. One was k-means clustering using the pairwise
distance matrices of MSAs, and the other was TreeCluster

(Balaban et al., 2019) using constructed tree data (Newick
format). A clustering analysis for the clade separation of
trees is generally performed by k-means clustering (Czech
and Stamatakis, 2019), while TreeCluster may be useful due
to the setting of universal criteria, which is not dependent on
the cluster number as in k-means. Comparative clustering
analyses of the [NiFe]-hydrogenase large subunit (Fig. 3)
were performed using these algorithms (Fig. 1C). In
k-means, clustering was performed on 2–50 clusters. In
TreeCluster, several implemented algorithms were com‐
pared, and the results obtained were summarized as
avg_clade, leaf_dist_max, leaf_dist_min, root_dist, and
single_linkage. To evaluate differences between the algo‐
rithms and method conditions, the agreement of clustered
genes with the HydDB class of the assigned clade ID by
clustering and the control of the HydDB class distribution in
the clusters were analyzed. In k-means, the over-assignment
ratio to the HydDB class remained constant as the number
of clusters increased (Fig. 4). The distribution of the HydDB
class to the cluster ID was less likely to decrease beyond a

Table 1. Continued.
31 75 4Fe-4S dicluster domain Fer4_8 (97); Fer4_17 (97); CCG (96); Fer4_7 (79); Fer4_10 (71);

Fer4_9 (65); Fer4 (57); Fer4_21 (35); Fer4_2 (33); Fer4_6 (32);
Fer4_18 (20); Fer4_16 (20); Fer4_4 (17)

32 75 FdhD/NarQ family FdhD-NarQ (100) b3895
33 75 [NiFe]-hydrogenase assembly,

chaperone, HybE
NiFe-hyd_HybE (100); Rubredoxin (21); PHD_4 (13) b2992

34 71 Universal stress protein family Usp (100)
35 69 Nickel-dependent

hydrogenase
NiFeSe_Hases (65); - (35)

36 70 Alpha/beta hydrolase family Abhydrolase_6 (100); Abhydrolase_1 (99); Hydrolase_4 (99); Ndr
(57); Thioesterase (56); Abhydrolase_5 (46); Esterase (33);
PGAP1 (26); DUF915 (19); UPF0227 (19); LIDHydrolase (17);
Ser_hydrolase (17); Abhydrolase_11 (14); Peptidase_S9 (14);
DUF1057 (13)

37 68 SIS domain SIS_2 (94); SIS (66)
38 65 Fumarylacetoacetate (FAA)

hydrolase family
FAA_hydrolase (92)

39 64 Molydopterin dinucleotide
binding domain

Molydop_binding (100); Molybdopterin (100); Molybdop_Fe4S4
(58); TAT_signal (28)

40 57 Thioredoxin-like [2Fe-2S]
ferredoxin

2Fe-2S_thioredx (100)

41 58 CBS domain CBS (100); CP12 (24)
42 56 NAD dependent epimerase/

dehydratase family
Epimerase (96); GDP_Man_Dehyd (84); 3Beta_HSD (82);
RmlD_sub_bind (82); NAD_binding_4 (77); NAD_binding_10
(75); Polysacc_synt_2 (63); NmrA (48); KR (32); adh_short (32)

43 56 Acetyltransferase (GNAT)
domain

Acetyltransf_7 (100); Acetyltransf_1 (100); Acetyltransf_10 (98);
FR47 (77); Acetyltransf_3 (59); Acetyltransf_9 (55);
Acetyltransf_4 (36); Acetyltransf_8 (21); Acetyltransf_6 (14);
Acetyltransf_CG (13)

44 54 Haloacid dehalogenase-like
hydrolase

HAD_2 (100); Hydrolase (96); Hydrolase_like (83); HAD (52)

45 52 Methyl-viologen-reducing
hydrogenase, delta subunit

FlpD (100)

46 54 4Fe-4S dicluster domain Fer4_9 (96); Fer4_7 (94); Fer4_10 (93); Fer4 (93); Fer4_21 (91);
Fer4_2 (87); Fer4_6 (87); Fer4_16 (85); Fer4_4 (65); Fer4_17
(59); Fer4_8 (56); Fer4_13 (48); Fer4_15 (39); Fer4_22 (39);
Fer4_3 (26)

47 54 Radical SAM superfamily Radical_SAM (100); Fer4_14 (78); Fer4_12 (70); SPASM (63);
Mob_synth_C (22)

48 53 Polysulphide reductase, NrfD NrfD (100); NrfD_2 (30)
49 46 HupH hydrogenase expression

protein, C-terminal conserved
region

HupH_C (100) b0977

50 50 EAL domain EAL (98); GGDEF (96); PAS_9 (56); PAS_4 (56); PAS (56);
PAS_3 (50); PAS_8 (44); GAF_2 (16)

PTH_0666
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certain point for k-means, but was even lower for the spe‐
cific algorithm of TreeCluster (Fig. 4). These results suggest
that avg_clade, leaf_dist, leaf_dist_min, and root_dist of
TreeCluster construct favorable clusters. In addition, the
clustering results shown by the colored tree indicated that
when the number of clusters was increased by changing the
alpha value, the relatively good increase in the classification
pattern was due to ave_clade of TreeCluster rather than the
k-means cluster size of 30 (Fig. 5). This procedure of con‐
structed clustering using TreeCluster was applied to the con‐
structed tree of gene clusters 1–17. A comparison of the
results of all conditions varying the alpha factor from 0–1.0
showed that avg_clade with threshold alpha of 0.3–0.8
resulted in a range of cluster sizes from 5 to 50 (Fig. 6A). In
addition, the ave_clade method showed that the number of
out-groups in the cluster was always <2 (Fig. 6B). These
results indicate that in contrast to the other methods, the
ave_clade method constantly obtains data from all samples
(Fig. 6).

GCL analysis of constructed gene clusters for the [NiFe]-
hydrogenase large subunit

Using TreeCluster, an automated method of clustering
that showed the best performance, we analyzed the extent to
which manual and automated classifications differed in their
GCL analysis of cluster 0. The GCL analysis of cluster 0 by
the applied computational automatic classification indicated
separation in Group 2 of HydDB (Fig. 7A). Cluster 10, a
formate dehydrogenase subunit, was identified in several
clades, including 6, 7, 15, and 16 (Fig. 7A), suggesting a
relationship between [NiFe]-hydrogenase and formate
dehydrogenase, which forms a large complex that converts
hydrogen and carbon dioxide to formate. However, the con‐
servation of cluster 10 was scattered in the tree (Fig. 7A).
Since the results of the GCL analysis by manual and auto‐
matic clustering were similar (Fig. 3 and 7A), we applied
this method to a GCL analysis of cluster 1, which has the
highest number of genes in the cluster, to consider the sig‐

Fig. 3. Conserved gene cluster ID list distribution based on the [NiFe]-hydrogenase large subunit (cluster 0) phylogenetic tree.
MEGA, including MUSCLE (Edgar, 2004a), is used to create a multiple sequence alignment and the tree of cluster 0 based on 951 amino acid
sequences, which includes homologs of the [NiFe]-hydrogenase large subunit. Refer to Fig. 1 for a description of these methods. The numbers,
which are cluster IDs from Table 1, separated by “|”, are attached to each clade shown by a letter. These indicate the conserved gene cluster IDs
within each clade. The square boxes indicate the percentage of HydDB (Søndergaard et al., 2016) classes assigned in each clade in the top row and
the phylum classification of microorganisms with the gene and its percentage in the bottom row.
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nificance of a GCL analysis of each gene cluster. The GCL
analysis of cluster 1 including a maturation factor for cluster
0 showed that genes may be divided into those highly
related and those not related to cluster 0 (Fig. 7B). The GCL

of clades 5, 6, and 7 were 0|1|2|3|4|5|6, and those of clades
1–23 also involved cluster 0. However, the GCL of other
clades showed no involvement of cluster 0. In addition, the
GCL including 2|3|4|5|6 in clades 5–10 exhibited high simi‐

Fig. 4. Evaluation of clustering methods for phylogenetic clade classification using HydDB.
Cluster 0 homologs are clustered using k-means clustering and TreeCluster (Balaban et al., 2019) using the ave_clade, leaf_dis_max,
leaf_dist_min, root_dist, and single_linkage algorithms. h_class2cluster assigns a HydDB (Søndergaard et al., 2016) class to the cluster created by
each algorithm, and cluster2h_class assigns a cluster to a HydDB class. The number of classes classified is 1, since one is generally expected for
each to be classified and then summed. The counts are added and divided by the number of clusters to obtain a ratio. Total refers to the sum of
both values.

Fig. 5. Comparison of clustering methods for phylogenetic clade classification by color.
The same dataset of the homologous gene set of cluster 0 was used as in Fig. 3. Colored trees are constructed using the ggtree of R package (Xu et
al., 2022). The upper portion of the tree indicates the algorithm used and distance threshold, and the bottom portion shows the cluster number of
the result.
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Fig. 6. Comparison of cluster sizes and unclassified numbers among different algorithms of TreeCluster for gene clusters.
Clustering is performed for clusters 0–17 using specific algorithms, varying the distance threshold from 0.05 to 1.0 in increments of 0.05. The
cluster size (A, C, E, G) and resulting –1 (unclassified) ratio (divided by the cluster size) (B, D, F, H) are shown. The algorithms used are
avg_clade (A, B), leaf_dist_min (C, D), leaf_dist_max (E, F), and root_dist (G, H).
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larity to the GCL of cluster 0 (Fig. 7). These results suggest
that the GCL includes gene clusters related to maturation
and subunit cooperation for the genes involved in the clades,
while if the gene cluster is not involved in the GCL, it indi‐
cates a weaker relationship with the target genes and the
genes in the clade. We then constructed the GCL of gene
clusters 4, 7, and 16, which comprise the subunits for
[NiFe]-hydrogenase, to examine the relationship between
each subunit and the cluster containing the maturation gene.

The GCL of the tree of cluster 4, the [NiFe]-hydrogenase
small subunit, indicated the co-conservation of gene clusters
7 and 16 (7/10) and clusters 7 and 15 (3/10) (Fig. 8A).
These results suggest that the genes in cluster 4 were func‐
tionally related to clusters 7 and 16 or 15 and may be classi‐
fied. However, there was no conservation tendency in
cluster 12, as observed in the GCL of cluster 0, suggesting
that cluster 4 was not involved in the relationship between
clusters 0 and 12. The GCL of cluster 7 was classified into
relationships among clusters 10, 15, 16, and 17 (Fig. 8B). In
addition, the genes of cluster 7 may be clustered as relating
to cluster 39, while cluster 12 was not observed as in the
results on the GCL of cluster 4. In the GCL analysis of clus‐
ter 16, most genes of cluster 16 were related to clusters 0, 4,
and 7; however, the clade clustering of the tree of cluster 16
was unclear (Fig. 8C), suggesting that cluster 16 always
works together with clusters 0, 4, and 7, and the relationship
with them is required for its overall function in redox reac‐
tions with its substrates. However, within the GCL of cluster
16, clusters 33 and 39 were distinctly present in several
clades (Fig. 8C), indicating the identification of other genes
highly related to [NiFe]-hydrogenase by this analysis.

In contrast, the GCL analysis of cluster 0 showed the
lower conservation of gene clusters 8, 9, and 10 than that of
clusters 1–3, 5, and 6 (Fig. 3 and 7A). The GCLs of these
less-conserved clusters were analyzed to clarify how their
low conservation is related to the conservation of other gene
clusters. The GCL of cluster 8 showed that almost all clus‐
tered clades conserved cluster 0, which may be classified as
either with or without the inclusion of cluster 4 (Fig. 9A). In
addition, all clustered clades showed the weak conservation
of clusters 1–3 and 7, and a uniform distribution of clusters
5 and 6 in all clades (Fig. 9A). These results suggest that
cluster 8 is a factor highly responsible for its target gene
cluster (cluster 0), and the conservation of other gene clus‐
ters is not essential for its function. This was also observed
in the GCL of cluster 9 (Fig. 9B), corresponding to the func‐
tional similarity of clusters 9 and 8 (Table 1). The GCL of
cluster 10 showed the lower conservation of factors, but
higher conservation of subunits, particularly in clusters 0, 7,
and 19 observed in clustered clades 5, 9, and 15. However,
cluster 4 was not observed in several clades (Fig. 9C). These
results suggest a significant relationship between the respec‐
tive functions of genes in each cluster and their conservation
tendency, and also that functions may be considered in
terms of their relationship to the target gene for analysis by
searching for conservation tendency around the gene to be
analyzed. Therefore, a GCL analysis provides advanced
information for understanding the comprehensive set of genes
involved in performing practical functions in cells if the
genes to be analyzed are complex and require maturation.

Automated GCL analysis of the SDH subunits
We applied our constructed procedure to a GCL analysis

of SDH, which has already been performed (Kosaka et al.,
2023). In the previous analysis, the phylogenetic tree of
flavoprotein subunit homolog amino acid sequences was
manually separated into 8 clades (Kosaka et al., 2023).
However, using this procedure, it was almost automatically
separated into 42 clades (Fig. 10A). Therefore, the cluster
structure (the GCL in the present analysis), which was
unclear in the previous study, was produced by a number-
based calculation, successfully reducing any subjective
judgment by the analyst. The clustered clade containing
SdhA of P. thermopropionicum showed the GCL as 0|1|29,
which existed in phylogenetically close clades 8, 9, and 10
(Fig. 10A). This result is consistent with previous findings
(Kosaka et al., 2023). However, the cluster 9 including
chaperons for flavin adenine dinucleotide (FAD) binding
subunit was not observed in the results obtained with a cut-
off >1.0 (data not shown). We then changed the cut-off to
>0.9 and observed cluster 9 in the GCL of clades 26 and 27
(Fig. 10A), suggesting that lowering the cut-off criteria is
sometimes required. In addition, we previously considered
cluster 9 to be distributed among many flavoprotein subunit
homologs; however, this analysis revealed its conservation
in specific clades (Fig. 10A), suggesting that cluster 9 was
specifically acquired. Moreover, we assumed that cluster 9
was not present in other flavoprotein subunits, and also that
FAD covalently binding to flavoprotein subunits, flavinyla‐
tion, may be aided by other subunits, such as clusters 1, 2, 3,
4, and 29. Therefore, cluster 9, the chaperone, may not be
required for the flavinylation of all flavoprotein subunits,
and those flavoprotein subunits may self-flavinylate. These
results support previous findings indicating that the phylo‐
genetic distribution of flavoprotein subunits strongly corre‐
lated with the conservation of functionally important
membrane subunits. In addition to the GCL analysis of SDH
flavoprotein subunits, we performed an analysis of cluster 1,
including the SDH Fe–S cluster subunits. A similar GCL
pattern to that of flavoprotein subunits was observed, partic‐
ularly in relation to clusters 2 and 4 or cluster 3, but not for
cluster 9 (Fig. 10B), suggesting that the GCL analysis
reveals high functional interactions between flavoproteins
and Fe–S cluster subunits, but not with the chaperone or its
flavinylation.

Additional discussion
The analysis of gene-pair connections in the genome has

historically been an important area of research (Rogozin et
al., 2002), revealing that similar genes are often located in
close proximity and typically form clusters in the genome.
A concept relevant to our approach is the development of
the pan-genomic ortholog clustering tool that uses CGNs to
cluster recurrently diverged paralogs into orthologous clus‐
ters (Fouts et al., 2012). In contrast, our procedure in the
present study takes the reverse strategy: rather than using
CGNs to group genes, genes are clustered phylogenetically
and divided into clades to analyze how CGNs are distrib‐
uted, which is an unprecedented approach. Our procedure is
also compatible with TreeCluster, enabling automation of
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A

B

Hydrogenase cluster 0, avg_clade 0.5

Hydrogenase cluster 1, avg_clade 0.6

C0-01 0|1|2|3|4|5|6
C0-02 0|1|2|3|4|5|6
C0-03 0|1|2|3|4|5|6
C0-04 0|1|2|3|4|5|6
C0-05 0|1|2|3|4|5|6|12
C0-06 0|1|2|3|4|5|6|7|10|11|12|16|17|121
C0-07 0|1|2|3|4|5|6|7|10|11|16
C0-08 0|1|2|3|4|5|6|7|11|12|16
C0-09 0|1|2|3|4|5|6|7|11|12|16|45
C0-10 0|1|2|3|4|5|6|7|11|16
C0-11 0|1|2|3|4|5|6|7|11|17|29
C0-12 0|1|2|3|4|5|6|7|16|76|424|500|530|829|836|1022|
1030
C0-13 0|1|2|3|4|5|6|7|8|15|17|19|20|21|26|47|263|289|
1734
C0-14 0|1|2|3|4|5|6|7|8|16
C0-15 0|1|2|3|4|5|6|7|8|9|10|12|14|15|25
C0-16 0|1|2|3|4|5|6|7|8|9|10|15|16|19|21
C0-17 0|1|2|3|4|5|6|7|9|12|52|60
C0-18 0|1|2|3|4|5|6|8|12|24|25
C0-19 0|1|2|3|4|5|6|8|15
C0-20 0|1|2|3|4|5|6|8|19
C0-21 0|1|2|3|4|5|6|8|9|14|15|59|60|101|332|840|1003|
1680|2083|2084|2445
C0-22 0|1|2|3|4|5|6|8|9|15|60|145
C0-23 0|1|2|3|4|5|6|9|11|17
C0-24 0|1|2|3|4|5|7|16|18|39|68
C0-25 0|1|2|3|5|6
C0-26 0|1|2|3|5|6|7|12|16
C0-27 0|1|2|3|5|6|7|8|9|12|16
C0-28 0|1|2|3|5|6|8
C0-29 0|1|2|3|5|6|8|12|14
C0-30 0|1|2|3|5|8|12|87
C0-31 0|1|2|4|5|6|9
C0-32 0|1|2|5|12|87
C0-33 0|1|2|5|12|87

C1-01 0|1
C1-02 0|1
C1-03 0|1|109|1050
C1-04 0|1|2|3
C1-05 0|1|2|3|4|5|6
C1-06 0|1|2|3|4|5|6
C1-07 0|1|2|3|4|5|6
C1-08 0|1|2|3|4|5|6|7|8|9
C1-09 0|1|2|3|4|5|6|8
C1-10 0|1|2|3|4|5|6|8|12
C1-11 0|1|2|3|5|12
C1-12 0|1|2|3|5|6
C1-13 0|1|2|3|5|6|12|14|41|45|46|87|116|172|229
C1-14 0|1|2|3|5|6|8|12|14
C1-15 0|1|2|3|5|7
C1-16 0|1|2|4|5|6
C1-17 0|1|2|7|16
C1-18 0|1|2|8|14|18
C1-19 0|1|3|5|6
C1-20 0|1|3|5|6|8
C1-21 0|1|4
C1-22 0|1|7|10
C1-23 0|1|7|10
C1-24 1
C1-25 1
C1-26 1
C1-27 1
C1-28 1
C1-29 1
C1-30 1
C1-31 1
C1-32 1
C1-33 1
C1-34 1|140|231|704
C1-35 1|161|227|231|246|399|513|514|1483
C1-36 1|20|486
C1-37 1|286|538|1431
C1-38 1|2|3|5|6|10
C1-39 1|38|124|132|133|154|182|183
C1-40 1|41
C1-41 1|43|136|156|157
C1-42 1|43|136|156|157
C1-43 1|478

Fig. 7. Clade clustering of the phylogenetic tree for gene clusters 0 and 1, with its conserved gene cluster list (GCL).
Clade clustering is performed by TreeCluster using avg_clade with distance thresholds of 0.5 and 0.6 for clusters 0 and 1, respectively. In each
cluster, 951 and 953 amino acid sequences are used for clusters 0 and 1, respectively. The clustered clade lists on the right side show the clade
number and the GCL as numbers separated by “|”. The colors of the tree are identical to those of the listed individual clades. A) cluster 0. B)
cluster 1.
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A

B

C

Hydrogenase cluster 4, avg_clade 0.45

Hydrogenase cluster 7, avg_clade 0.4

Hydrogenase cluster 16, avg_clade 0.4

C4-01 0|1|2|3|4|5|6
C4-02 0|1|2|3|4|5|6
C4-03 0|1|2|3|4|5|6|11|17
C4-04 0|1|2|3|4|5|6|7|10|11|16
C4-05 0|1|2|3|4|5|6|7|10|15
C4-06 0|1|2|3|4|5|6|7|11
C4-07 0|1|2|3|4|5|6|7|16|76|424|500|530|829|836|
1022|1030
C4-08 0|1|2|3|4|5|6|7|8|10|15|16|19|21
C4-09 0|1|2|3|4|5|6|7|8|16
C4-10 0|1|2|3|4|5|6|7|8|9|10|12|16|17|34
C4-11 0|1|2|3|4|5|6|7|8|9|10|15|17|18|19|21|26|47|83|
88|89|95|100|608|897
C4-12 0|1|2|3|4|5|6|7|8|9|10|15|17|19|21|26|47|69|
83|88|89|95|100|242|322|466|573|608|897|1086|
1141|1891|1893
C4-13 0|1|2|3|4|5|6|7|9|11|15|17|29
C4-14 0|1|2|3|4|5|6|8
C4-15 0|1|2|3|4|5|6|8
C4-16 0|1|2|3|4|5|6|8|12|19|87
C4-17 0|1|2|3|4|5|6|8|15
C4-18 0|1|2|3|4|5|6|8|9|11
C4-19 0|1|2|3|4|5|6|8|9|12|19|45|116|150|168|1346
C4-20 0|1|2|3|4|5|6|8|9|14|69|107|127|219

C7-01 0|1|2|3|4|5|6|7|10|11|12|16|17
C7-02 0|1|2|3|4|5|6|7|10|11|12|16|17
C7-03 0|1|2|3|4|5|6|7|10|12|16|34
C7-04 0|1|2|3|4|5|6|7|10|15|16|17|19|21|22|39|65|
123|172|1036|1187|2000
C7-05 0|1|2|3|4|5|6|7|10|15|19
C7-06 0|1|2|3|4|5|6|7|10|15|19|21
C7-07 0|1|2|3|4|5|6|7|11|15|17|19
C7-08 0|1|2|3|4|5|6|7|8|12|16|18|24|25|39|52|59|60|
68|103|1094|1344
C7-09 0|1|2|3|4|5|6|7|8|9|10|12|14|15|16|21|26|45|
69|107|165|175
C7-10 0|1|2|3|4|5|6|7|8|9|10|12|15|16|17|18|19|21|
26|47|69
C7-11 0|1|2|3|4|5|6|7|8|9|10|15|17|19|21|242|608
C7-12 0|1|2|3|4|5|6|7|8|9|11|12|15|16|17|19|39|684|
695|811|1250
C7-13 0|1|2|3|4|5|7|10|11|12|14|16|17|18|20|21|45|
68|105|106|121|306
C7-14 0|1|2|3|4|5|7|10|11|16|17|18|21|31
C7-15 0|1|2|3|4|5|7|8|16
C7-16 0|1|2|3|5|6|7|8|9|10|17
C7-17 0|1|2|3|5|6|7|8|9|10|17|67
C7-18 0|1|2|4|5|7|8|10|15|17|19|21
C7-19 0|1|2|4|7|10|11|16|17|31
C7-20 0|1|2|4|7|11|12|16|17

C16-01 0|1|2|3|4|5|6|7|10|11|12|16|17|18|34|45|179|
197|279|571
C16-02 0|1|2|3|4|5|6|7|10|12|16|45|69
C16-03 0|1|2|3|4|5|6|7|10|15|16|18|22|39|68
C16-04 0|1|2|3|4|5|6|7|11|12|16|17|45|205
C16-05 0|1|2|3|4|5|6|7|11|12|16|18|31|61|86|125
C16-06 0|1|2|3|4|5|6|7|12|15|16|23|27|31|35|36|49|
50|61|66|118|333|449|450|614|723|864|867|1060|
1290|1686
C16-07 0|1|2|3|4|5|6|7|16
C16-08 0|1|2|3|4|5|6|7|8|9|10|12|16|21|34|59|66|258|
313|384|578|597|1557|2145
C16-09 0|1|2|3|4|5|6|7|8|9|11|12|15|16|17|695|719
C16-10 0|1|2|3|4|5|6|7|8|9|11|12|16
C16-11 0|1|2|3|4|5|6|7|8|9|11|12|16|17|45|116|179|
719
C16-12 0|1|2|3|4|5|7|8|9|10|16|33
C16-13 0|1|2|3|4|7|10|11|16|17
C16-14 0|1|2|4|5|7|11|12|16|17
C16-15 0|1|2|4|7|10|11|12|16|17
C16-16 0|1|2|4|7|10|11|16|17|39|69
C16-17 0|1|2|4|7|10|16|31
C16-18 0|1|7|16|39|65
C16-19 0|1|7|16|39|65|462|463
C16-20 0|2|3|4|7|10|11|16|17|18|31|34|61

C4-21 0|1|2|3|4|5|6|8|9|15|60|145
C4-22 0|1|2|3|4|5|6|9|15
C4-23 0|1|2|3|4|5|7|10|11|12|16|17|18
C4-24 0|1|2|3|4|5|7|16|18|39|68|277
C4-25 0|1|2|4|5|6|7|10|11|16|17|29
C4-26 0|1|2|4|5|6|9|15|60
C4-27 0|2|4|7|8|16|21|69|165

C7-21 0|1|2|4|7|8|10|15|16|18|19|21|22|65|68
C7-22 0|1|3|4|7|15|39|65
C7-23 0|1|7|10|11|13|16|17|65|92|597|781|
1536
C7-24 0|1|7|10|11|16|19|39|65|123
C7-25 0|1|7|16|39|65
C7-26 0|1|7|16|39|65
C7-27 0|2|3|4|7|10|11|16|17|18|19|31|61
C7-28 0|2|4|7|10|11|16
C7-29 0|2|4|7|10|11|16|17|18
C7-30 0|2|4|7|10|11|16|17|18|39|65|105|986|
2336|2535
C7-31 0|2|4|7|10|14|15|19|20|21
C7-32 0|2|4|7|16|165
C7-33 0|2|4|7|20|39
C7-34 0|7|10
C7-35 0|7|10|48
C7-36 0|7|10|65
C7-37 0|7|11|16|18
C7-38 7|10|16|21|26|69|107|165
C7-39 7|11|16|519
C7-40 7|39

C16-21 0|2|4|7|10|11|16|17
C16-22 0|2|4|7|8|16|21|69|165
C16-23 0|2|7|13|16|45|75|165|467|1437
C16-24 0|4|7|15|16|165
C16-25 7|11|16|519
C16-26 7|16|18|54|153|447

Fig. 8. Clade clustering of the phylogenetic tree for gene clusters 4, 7, and 16, with their gene cluster list.
Clustering is performed by TreeCluster with avg_clade at distance thresholds of 0.45, 0.4, and 0.4 for clusters 4, 7, and 16, respectively. In each
cluster, 633, 554, and 222 amino acid sequences are used for clusters 4, 7, and 16, respectively. A) cluster 4. B) cluster 7. C) cluster 16.
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A

B

C

Hydrogenase cluster 8, avg_clade 0.7

Hydrogenase cluster 9, avg_clade 0.4

Hydrogenase cluster 10, avg_clade 0.35

C8-01 0|1|2|3|4|5|6|7|8|10|11|16|18
C8-02 0|1|2|3|4|5|6|7|8|11|12|16
C8-03 0|1|2|3|4|5|6|7|8|9|10|15|19
C8-04 0|1|2|3|4|5|6|7|8|9|15
C8-05 0|1|2|3|4|5|6|8
C8-06 0|1|2|3|4|5|6|8
C8-07 0|1|2|3|4|5|6|8|37
C8-08 0|1|2|3|4|5|6|8|9
C8-09 0|1|2|3|4|5|6|8|9
C8-10 0|1|2|3|4|5|6|8|9
C8-11 0|1|2|3|4|5|6|8|9
C8-12 0|1|2|3|4|5|6|8|9
C8-13 0|1|2|3|4|5|6|8|9
C8-14 0|1|2|3|4|5|6|8|9|15|37
C8-15 0|1|2|3|4|5|6|8|9|37|47
C8-16 0|1|2|3|4|5|6|8|9|70|288|297|617|676
C8-17 0|1|2|3|4|5|7|8|9|10
C8-18 0|1|2|3|5|6|7|8|12|16|18|24|25|39|59|68|146|348|543|
1094|1344
C8-19 0|1|2|3|5|6|7|8|9|10|14|19|20|75|86
C8-20 0|1|2|3|5|6|8

C9-01 0|1|2|3|4|5|6|7|8|9|10|11|16|17|18|31
C9-02 0|1|2|3|4|5|6|7|8|9|10|12|14|15|19|20|21|25|86|107|
125|230|361|393|497|675|789|979|1188|1289|1521|2503|
2504|2510|2511|2512
C9-03 0|1|2|3|4|5|6|7|8|9|10|15
C9-04 0|1|2|3|4|5|6|7|8|9|10|15|17|19|21|69
C9-05 0|1|2|3|4|5|6|7|8|9|11|12|16|17
C9-06 0|1|2|3|4|5|6|8|9
C9-07 0|1|2|3|4|5|6|8|9
C9-08 0|1|2|3|4|5|6|8|9
C9-09 0|1|2|3|4|5|6|8|9
C9-10 0|1|2|3|4|5|6|8|9|11
C9-11 0|1|2|3|4|5|6|8|9|11|29|424|440|530|586|829|836|1011
C9-12 0|1|2|3|4|5|6|8|9|15
C9-13 0|1|2|3|4|5|6|8|9|15
C9-14 0|1|2|3|4|5|6|8|9|2537
C9-15 0|1|2|3|4|5|6|8|9|30|71|72|84
C9-16 0|1|2|3|4|5|6|8|9|37
C9-17 0|1|2|3|4|5|6|8|9|37
C9-18 0|1|2|3|4|5|6|9|15|145
C9-19 0|1|2|3|4|5|7|8|9|10
C9-20 0|1|2|3|4|7|8|9|10|12|20

C10-01 0|1|2|3|4|5|6|7|10|11|12|16|17
C10-02 0|1|2|3|4|5|6|7|10|11|12|16|24|25|105|106|349|526|
682|806|808|887|1454|1455
C10-03 0|1|2|3|4|5|6|7|10|11|12|16|31|34|53|105|121|166|
306|417|540|584|2210|2317
C10-04 0|1|2|3|4|5|6|7|10|11|15|16|22|65|123
C10-05 0|1|2|3|4|5|6|7|10|11|16|17|18|105|131|356|417
C10-06 0|1|2|3|4|5|6|7|10|15|19|21
C10-07 0|1|2|3|4|5|6|7|8|10|13|14|15|18|19|21|46|142
C10-08 0|1|2|3|4|5|6|7|8|9|10|11|12|13|14|16|17|18|20|21|23|
26|27|31|40|41|44|45|46|47|68|105|106|109|110|112|121|149|
158|161|225|306|309|360|459|512|526|535|717|792|806|871|
996|1203|1204|1491|1910|2017|2018|2019|2080|2130|2138|
2155|2433|7059|7060|7061|7062|7063|7064|7065|7066|
7067|7068|7069|7070|7071|7072|7073|7074|7075|7076|
7077|7078|7079|7080|7081|7082|7083|7084|7085|7086
C10-09 0|1|2|3|4|5|6|7|8|9|10|11|12|16|17|18|31|34|41|61|105|
109|184|236|391|400|421|471|810
C10-10 0|1|2|3|4|5|6|7|8|9|10|11|14|16|17|18|31|34|41|61|75|
86|105|137|170|184|390|400|421|665
C10-11 0|1|2|3|4|5|6|7|8|9|10|11|16|17|19|21|32|73
C10-12 0|1|2|3|4|5|6|7|8|9|10|12|16|21|34|59|66|258|313|384|
578|597|1557|2145
C10-13 0|1|2|3|4|5|6|7|8|9|10|15|16|18|19|21|65|68
C10-14 0|1|2|3|4|5|6|7|9|10|11|15|18|48|145|242
C10-15 0|1|2|3|4|5|7|10|11|12|16|17
C10-16 0|1|2|3|4|5|7|10|11|14|16|17|18|20|21|31
C10-17 0|1|2|3|4|5|7|10|11|14|16|21|31|61|105|106|137|170|
196|347|682|1574
C10-18 0|1|2|3|4|5|7|8|9|10|11|17|123
C10-19 0|1|2|3|4|7|10
C10-20 0|1|2|3|5|6|10|12|23|55|66|104|199|282|385|387|419|
477|478|771|772|773

C8-21 0|1|2|3|5|6|8
C8-22 0|1|2|3|5|6|8
C8-23 0|1|2|3|5|6|8|9
C8-24 0|1|2|3|5|6|8|9
C8-25 0|1|2|3|5|7|8|68
C8-26 0|1|2|3|5|7|8|9|10|17
C8-27 0|1|2|3|8
C8-28 0|1|2|4|5|6|8
C8-29 0|1|2|5|6|8|9|10
C8-30 0|1|2|5|8|12
C8-31 0|1|2|8|20
C8-32 0|1|3|4|5|8|9
C8-33 0|1|3|5|6|8
C8-34 0|1|3|5|6|8|9
C8-35 0|1|3|8|20
C8-36 0|1|3|8|9
C8-37 5|8|9

C9-21 0|1|2|3|4|7|8|9|10|30|48|71|72|85|210|
358|1288
C9-22 0|1|2|3|5|6|7|8|9
C9-23 0|1|2|3|5|6|7|8|9|14|16|20|85|137|302|
1310|2299
C9-24 0|1|2|3|5|6|8|9
C9-25 0|1|2|3|5|6|8|9
C9-26 0|1|2|3|5|6|8|9
C9-27 0|1|2|3|5|6|8|9
C9-28 0|1|2|3|5|6|8|9
C9-29 0|1|2|3|5|6|8|9|10|12|23
C9-30 0|1|2|3|5|6|8|9|10|23|55|66|104|140|263|
282|387|410|419|477|771
C9-31 0|1|2|3|5|6|8|9|12|13
C9-32 0|1|2|3|5|6|9|10|12|14|45|46|87|116|172|
323|616|678|700|970|1261|1271|1272|1273|
1274|1608|1644|1645|2389|2390|2392
C9-33 0|1|2|4|5|6|7|9
C9-34 0|1|2|5|8|9|12|45
C9-35 0|1|3|5|6|8|9
C9-36 0|1|3|5|6|8|9
C9-37 0|1|3|5|6|9
C9-38 0|1|3|8|9
C9-39 0|1|5|7|8|9|68

C10-21 0|1|2|3|5|6|10|12|46|87|116|172|700|
970|1271|1272|1273|1274
C10-22 0|1|2|3|5|6|7|10|12|14|17|20|23
C10-23 0|1|2|3|5|6|7|8|9|10|12|18|24|42|59|1004
C10-24 0|1|2|3|5|6|7|8|9|10|17|19
C10-25 0|1|2|3|5|6|8|9|10|12|13|23|55|66|82|
104|117|140|167|199|263|282|289|385|387|410|
419|427|477|478|722|769|770|771|1037|1367|
1621|1634
C10-26 0|1|2|3|5|6|8|9|10|12|23|40|41|59|260|
456|469|533
C10-27 0|1|2|3|5|6|8|9|10|12|23|40|59|533
C10-28 0|1|2|3|5|6|8|9|10|12|23|63|415|456|611|
624|898|899|900
C10-29 0|1|2|3|5|6|9|10|12|41|45|47|64|87|116|
172|175|323|1049|1283
C10-30 0|1|2|4|5|7|8|10|15|17|19|21|123
C10-31 0|1|2|4|7|8|9|10|16|17|42|44|92|105|449|
1073
C10-32 0|1|3|4|5|6|7|10|19
C10-33 0|1|7|10|11|13|16|17|65|92|597|781|
1536
C10-34 0|2|10|11|166
C10-35 0|2|4|7|10|11|15|18|19|21
C10-36 0|2|4|7|10|15|19|20|21
C10-37 0|2|7|10|11|12|14|16|18|20|45|68|105|
121|306
C10-38 0|2|7|10|11|16|17|18|21|31|34|45|61|
105|170|309|996
C10-39 0|2|7|10|16|21|69
C10-40 0|7|10|19
C10-41 0|7|10|48
C10-42 7|10

Fig. 9. Clade clustering of the phylogenetic tree for gene clusters 8, 9, and 10, with their gene cluster list.
Clustering was performed using TreeCluster with avg_clade at distance thresholds of 0.7, 0.4, and 0.35 for clusters 8, 9, and 10, respectively. In
each cluster, 527, 445, and 339 amino acid sequences are used for clusters 8, 9, and 10, respectively. A) cluster 8. B) cluster 9. C) cluster 10.
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the process. Previous studies already proposed methods
for visualizing the CGNs of genes in a single genome
(Gumerov and Zhulin, 2020; Price and Arkin, 2024).
However, our procedure is more informative because it ena‐
bles the visualization of CGNs along each gene’s molecular
lineage, thereby providing insights into how gene neighbor‐
hoods evolve and also how genes may be functionally clas‐
sified based on their genomic context.

In biological research, individual genes involved in spe‐
cific phenomena sometimes need to be analyzed. The provi‐
sion of information on what family a gene belongs to and
what type of gene it is related to in advance, as well as what
types of domains and motifs it has, may provide a more
detailed understanding of its function. In addition, informa‐
tion on the relationship between genes and the target gene is

sometimes required for heterologous expression in other
cells to achieve functional expression. The present results
indicate that the visualization of functionally-related genes
to a target gene conserved in genomes combined may be
achieved by the phylogenetic classification of a target gene
with our constructed procedure using genomic information.
The information obtained on related conserved genetic clus‐
ters for the target gene is for heterologous expression, host
cell selection for expression, and gene expression platform
development for desired functions within cells. This proce‐
dure may be used for already known as well as unknown
genes because genomic information is static, the analysis
method implemented in this study basically consists of
homology and clustering, and relationships are revealed
independent of functional information concerning the genes.

A

B

SDH cluster 0 (SdhA): avg_clade 0.4, cut off > 0.9

SDH cluster 1 (SdhB): avg_clade 0.4 cut off > 0.9

S0-01 0
S0-02 0|1
S0-03 0|1
S0-04 0|1
S0-05 0|1
S0-06 0|1|13|14
S0-07 0|1|186
S0-08 0|1|29
S0-09 0|1|29
S0-10 0|1|29
S0-11 0|1|2|4
S0-12 0|1|2|4
S0-13 0|1|2|4
S0-14 0|1|2|4
S0-15 0|1|2|4
S0-16 0|1|2|4
S0-17 0|1|2|4|16
S0-18 0|1|2|4|16
S0-19 0|1|2|4|16|19|26
S0-20 0|1|2|4|16|19|26|31|67

S1-01 0|1
S1-02 0|1
S1-03 0|1
S1-04 0|1
S1-05 0|1|136|186|613
S1-06 0|1|13|14
S1-07 0|1|186
S1-08 0|1|2
S1-09 0|1|29
S1-10 0|1|29
S1-11 0|1|29
S1-12 0|1|2|4
S1-13 0|1|2|4
S1-14 0|1|2|4
S1-15 0|1|2|4
S1-16 0|1|2|4
S1-17 0|1|2|4
S1-18 0|1|2|4|16
S1-19 0|1|2|4|16|19|26
S1-20 0|1|2|4|16|358
S1-21 0|1|2|4|16|36
S1-22 0|1|2|4|16|38|584
S1-23 0|1|2|4|19
S1-24 0|1|2|4|274|275
S1-25 0|1|2|4|38|163|275

S0-21 0|1|2|4|16|19|31|65|175
S0-22 0|1|2|4|16|38|584
S0-23 0|1|2|4|16|67|426
S0-24 0|1|2|4|19
S0-25 0|1|2|5|6|7|8|10
S0-26 0|1|2|5|9
S0-27 0|1|2|9|25
S0-28 0|1|3
S0-29 0|1|3
S0-30 0|1|3
S0-31 0|1|3
S0-32 0|1|3
S0-33 0|1|32
S0-34 0|1|32
S0-35 0|1|327
S0-36 0|1|32|70
S0-37 0|1|3|32|33|46|47|791
S0-38 0|1|3|33
S0-39 0|1|72|745|746
S0-40 0|2|19
S0-41 0|2|4
S0-42 0|3

S1-26 0|1|2|5|6
S1-27 0|1|3
S1-28 0|1|3
S1-29 0|1|3
S1-30 0|1|3
S1-31 0|1|3
S1-32 0|1|3
S1-33 0|1|3
S1-34 0|1|3
S1-35 0|1|32
S1-36 0|1|32
S1-37 0|1|327
S1-38 0|1|32|116
S1-39 0|1|32|125
S1-40 0|1|32|125
S1-41 0|1|32|145|160|212|411|
412|651|652|653|654|655|656|657
S1-42 0|1|32|153|283|788
S1-43 0|1|32|174
S1-44 0|1|32|290
S1-45 0|1|3|14
S1-46 0|1|3|240
S1-47 0|1|3|32|33|46|47|791
S1-48 0|1|3|33
S1-49 0|1|3|33|47
S1-50 0|1|72|745|746

Fig. 10. Clade clustering of the phylogenetic tree for homologs of the flavoprotein and Fe–S subunit of succinate dehydrogenase (SDH) and its
gene cluster list.
Clustering is performed using TreeCluster with avg_clade at a distance threshold of 0.4 with a cut-off of 0.9. The amino acid sequences used are
1,163 and 1,047 for SdhA and SdhB, respectively. Homologs for A) SdhA (cluster 0) and B) SdhB (cluster 1).
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In addition, an almost automated analysis may facilitate the
collection of important biological information, such as the
specific amino acids of SdhA and SdhC observed in a
previous analysis (Kosaka et al., 2023). Although these
functionally-related genes were only involved in the individ‐
ual maturation function for the target gene, the [NiFe]-
hydrogenase large subunit, genes involved in the maturation
of the Fe–S cluster in many other enzymes and the biosyn‐
thetic pathway for quinone were not highly observed in the
list (Table 1). Since genes directly associated with the physi‐
cal function of a target gene may be extracted and visualized
using this procedure, in contrast to gene clusters that are
required for multiple proteins, we need other procedures to
consider these gene clusters.

The construction of homologous gene sets, MSA, and tree
generation require computing power and memory for calcu‐
lations; however, subsequent analyses do not require as
much machine power. Regarding phylogenetic trees con‐
structed from protein homologs, TreeCluster (Balaban et al.,
2019) is a good program for automatic clade clustering, and
the ave_clade method and 0.4–0.7 threshold are the optimal
settings for this purpose. Further studies are needed to
establish whether the criteria for listing needs to be ≤1.0.
Clustering may be further reduced by considering the results
of the list, and conversely, singularities may be searched. In
addition, although the tree calculation is only based on the
NJ method and the distance method in this study, it may be
interesting to compare the same with the trait state method.
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