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ABSTRACT
The complete mitochondrial genome of Clarias nieuhofii collected from Phatthalung, Thailand (16,502 bp) was assembled and

annotated. The study aimed to understand the mitochondrial genome composition, examine genetic divergence, and explore the

phylogenetic relationships within and between populations of C. nieuhofii. The goal was also to contribute to the understanding of

Sundaland biogeography and inform future conservation strategies. The circular mitogenome, which contained 13 protein-coding

genes (PCGs), two rRNAs, 22 tRNAs, and a control region (CR), had 28 genes encoded on the heavy strand, whereas NADH

dehydrogenase subunit 6 (ND6) and eight tRNAs were encoded on the light strand. The genome was AT-biased (57.85%–57.87%),
which is consistent with other Clarias species. DNA barcoding (cytochrome c oxidase subunit I [COI] and cytochrome b [Cytb])

and species delimitation analyses were conducted to assess intra- and interspecific divergence. A positive COI barcoding gap

(1.91%) but a negative Cytb gap (−6.94%) were observed. Delimitation tests variably split the three C. nieuhofii groups, with Cytb

separating all groups and COI distinguishing Thai sequences (Group 3: Sumatra, Thailand) from those from Kalimantan (Group 1:

Sumatra, Kalimantan). Phylogenetic and molecular analyses recovered three well-supported, geographically structured clades

(divergence ~18 million years ago [MYA]), in which Thai and Sumatran samples clustered together, and Kalimantan samples

formed distinct clades. These results suggest cryptic diversity within C. nieuhofii, underscoring the biogeography of Sundaland and

the need for broader sampling and region-specific conservation.
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1 | Introduction

The catfish family Clariidae, comprising approximately 120 rec-
ognized species in 16 genera, is distributed across Africa and Asia
[1]. Members of this family are characterized by a suprabranchial
organ formed by extensions of the second and fourth epibran-
chials [1]. Aerial oxygen uptake is facilitated by this organ, which
allows the catfish to survive in hypoxic habitats such as swamps,
floodplains, seasonally drying pools, and rainforests [2–5]. The
genus Clarias, which is the most diverse within the family, com-
prises 57 species [6], of which 19 (Clarias anfractus, C. batrachus,
C. batu, C. fuscus, C. insolitus, C. intermedius, C. kapuasensis,
C. leiacanthus, C. macrocephalus, C. meladerma, C. microspilus,
C. microstomus, C. nieuhofii, C. nigricans, C. olivaceus, C. plani-
ceps, C. pseudoleiacanthus, C. pseduonieuhofii, and C. sulcatus)
are currently recognized in the Southeast Asian group [7]. The
genus Clarias is characterized by features that include an angu-
illiform body, long dorsal and anal fins, a flattened bony head,
and a broad mouth bearing four pairs of barbels [8]. The slender
walking catfish (C. nieuhofii) is distributed across southeast
Asian countries, including Thailand and Indonesia. This species
is characterized by a reddish-brown color with 13 or 14 vertical
rows of white spots. Slender walking catfish are considered essen-
tial for maintaining a balanced ecosystem within swamp forests
because they are one of the few species capable of thriving in this
environment [9]. Owing to its attractive body pattern, taste, and
high market value, it is often used for food and ornamental pur-
poses. Over the past two decades, its population and density have
declined significantly, mainly due to overfishing, habitat loss
from peat swamp forest reclamation, and the unregulated use
of insecticides in rice fields [10]. Slender walking catfish has
been identified as a rare and vulnerable species on the Thailand
Red Data Fish List since 2005; however, it remains assessed as
least concern on the IUCN Red List, a discrepancy that highlights
the urgent need for localized conservation efforts. Remarkably,
three major groups of C. nieuhofii were observed to be allopatric,
with overlapping evolutionary relationships with C. meladerma,
C. intermedius, C. Pseudonieuhofii, and C. kapuasensis, raising
questions about the structure of the species complex among these
three groups [11, 12]. Before the resolution of the relationships
among several species, C. nieuhofiiwas hypothesized to represent
a species complex that contained cryptic species, which may be
related to the evolutionary pathway of Clarias from the islands to
mainland Southeast Asia. More comprehensive data, including
specimens from both island and mainland locations across
Southeast Asia, are required to clarify this issue.

To date, the characterization of Clarias mitogenomes has been
limited in scope and less extensive. Eleven complete mitochon-
drial genomes (mitogenomes) from five species (C. batrachus,
C. dussumieri, C. fuscus, C. gariepinus, and C. macrocephalus)
have been reported [13]. No mitogenome data or annotations
for C. nieuhofiiwere available. Only specific mitochondrial single
nucleotide polymorphism (SNP) variations have been described
in most previous studies [13], which lacked comprehensive com-
parisons and left the mitogenome structural variability in Clarias
incompletely understood. A definitive evaluation of the hypothe-
sis that the C. nieuhofii species complex contains multiple cryptic
species is prevented by this knowledge gap, which restricts the
availability of comparative data. This study aimed to assemble
the complete mitogenome of C. nieuhofii from southern

Thailand, marking the first complete mitogenome specimen
from mainland Southeast Asia. Its structure and variations
were compared to those of other Clariasmitogenomes. Addition-
ally, a mitogenome-based phylogeny and time tree were con-
structed to explore the evolutionary patterns and diversification
of C. nieuhofii and other Clarias species. These mitogenomic data
are expected to clarify the population genetic structure of Clarias
species across their distribution, aiding the sustainable conserva-
tion and aquaculture of native populations.

2 | Materials and Methods

2.1 | Sample Collection and DNA Extraction

Caudal fin tissue was obtained from four adult C. nieuhofii speci-
mens (two males and two females) (Supporting Information 1:
Figure S1), which were collected from the breeding stock of the
Fisheries Science and Aquatic Resources Program, Faculty of
Technology and Community Development, Thaksin University,
Phatthalung, Thailand (7°37′0.696″ N, 100°4′22.3788″ E), main-
tained under the registered aquaculture laboratory (ESPReL Reg-
istration No. 2-0560-0003-2) in October 2024. These specimens
had been originally captured in Narathiwat Province, Thailand
(6°04′21.044″N, 101°57′53.820″ E) were identified by morpholog-
ical characters [14]. Tissue samples were excised, preserved in
95% ethanol, and stored at −80 °C until genomic DNA extraction.
All animal care and experimental procedures were approved by
the Animal Experiment Committee of Kasetsart University
(Approval No. ACKU66-SCI-0014). All experiments were con-
ducted in accordance with the Regulations on Animal Experi-
ments at Kasetsart University and the ARRIVE guidelines
(https://arriveguidelines.org). Genomic DNA was extracted
from the preserved dorsal fin tissue using the salting-out protocol
that was described by Supikamolseni et al. [15]. DNA concentra-
tion and purity were quantified using a NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific, Wilmington, DE, USA),
and DNA integrity was assessed using 1% agarose gel
electrophoresis.

2.2 | Whole Genome Sequencing, Mitogenome
Assembly, and Annotation

DNA samples (100 ng/µL) were subjected to next-generation
sequencing on an Illumina NovaSeq 6000 (2× 150 bp paired-
end) to a target coverage of 15× at Novogene Co., Ltd. (Singa-
pore). Raw reads were preprocessed using fastp [16], which was
used to remove low-quality sequences and generate clean data for
assembly. High-quality reads were assembled using GetOrganelle
Galaxy version 1.7.7.1, followed by manual inspection to com-
pare the assembled sequences with reference mitogenomes [17].
Annotation was performed using MITOS2 de-novo annotation of
metazoan mitochondrial genomes (version 2.1.9) [18]. Reference-
based annotation was performed using the mitochondrial
genome of C. gariepinus (GenBank Accession No. NC_027661)
as the reference sequence. Secondary structures of all mitochon-
drial tRNA genes were predicted using two bioinformatics tools
to confirm tRNA location and folding. RNAfold (Galaxy version
2.2.10.4), which calculates the minimum free-energy secondary
structures and partition functions, was run on the Aragorn (Gal-
axy v1.2.36), which predicts tRNA genes, was executed with
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default parameters [19]. The predicted secondary structures were
visualized using Forna (http://rna.tbi.univie.ac.at/forna/) as
described by Kerpedjiev et al. [20]. The genomic sequences
were deposited in the NCBI database (https://www.ncbi.nlm.ni
h.gov, accessed on 01 April 2026) under the accession numbers
PX395444, PX395445, PX395446, and PX395447. The mitogen-
ome map was visualized using OGDRAW 1.3.1 [21]. Three con-
served regions, the terminal-associated sequence (TAS), central
conserved domain, and conserved sequence blocks (CSBs), were
identified in both control regions (CRs) by recognizing motifs
that were similar to those described in other vertebrates [22].
Tandem repeats in the CRs, including motifs, repeat length,
and copy number, were detected using Tandem Repeats Finder
v4.09. Additionally, raw sequence data for a C. nieuhofii sample
from Kalimantan (SRR30682833, BioProject PRJNA1155604)
were retrieved from GenBank (accessed July 22, 2025), which
were used to perform a parallel mitogenome annotation.

2.3 | Comparative Sequence Analysis and Base
Composition and Skewness Analysis

The four complete mitogenome sequences of C. nieuhofii gener-
ated in this study were included in the analyses, along with the
mitogenomes of other Clarias species. Nucleotide composition (A
%, T%, C%, and G%), AT content (A+T), and GC content (G+C)
of each mitogenome were calculated using MEGA version 12
[23]. Strand asymmetry was computed using the formulas GC
skew= (G−C)/(G+C) and AT skew= (A−T)/(A+T) [24]. The
observed skewness, which may reflect differential mutational
pressures arising from asymmetric mitogenome replication, has
been previously recorded [25].

2.4 | Codon Usage and Selective Pressures Across
Protein-Coding Gene (PCG)

The codon usage parameters of PCGs in C. nieuhofii and other
Clarias species included the relative synonymous codon usage
(RSCU), GC content at the first and second codon positions
(GC12), GC content at the third codon position (GC3), and the
effective number of codons (ENc). RSCU analysis was performed
with the R package “cubar” [26], whereas GC12, GC3, and ENc
were calculated with DAMBE7 [27]. RSCU is defined as the ratio
between the observed frequency of a synonymous codon and the
expected frequency when all codons for an amino acid are used
evenly, indicating a deviation from even usage (RSCU >1= pre-
ferred; RSCU <1= less frequent; RSCU= 1=no bias) [28]. Neu-
trality plots comparing GC12 and GC3 were used to assess the
relative influence of mutation pressure and natural selection on
codon usage [29]. ENc, which ranged from 20 (extreme bias) to 60
(neutral usage), was examined along with ENc –GC3s plots to
infer mutational versus selective effects [30]. The P2 index, which
estimates codon–anticodon interaction efficiency, was calculated
as (WWC+ SSU)/(WWY+ SSY) (W=A or U; S=C or G; Y=C or
U), and P2 >0.5 was interpreted as evidence of translational
selection [31].

2.5 | Signature of Selection Analysis

The ratio of nonsynonymous (Ka) to synonymous (Ks) substitu-
tion rates (Ka/Ks) was used to assess the evolutionary pressure on

the PCGs in C. nieuhofii and other Clarias species, with each gene
analyzed separately. Ka/Ks ratios were interpreted as follows:
values greater than 1 indicated positive selection, values less
than 1 indicated purifying selection, and values less than 1 indi-
cated neutral evolution [32]. The Ka and Ks, as well as their
ratios, were calculated using DnaSP version 6.12.03 [33].

2.6 | Phylogenetic Tree and Molecular Dating

Twelve concatenated mitochondrial PCGs, excluding the NADH
dehydrogenase subunit (ND6) sequence located in the light
chain, along with the cytochrome c oxidase subunit I (COI)
and cytochrome b (Cytb) gene datasets, were independently
aligned using MAFFT v7.490 [34]. The best-fit substitution mod-
els were selected using ModelFinder, based on the Bayesian
information criterion [35]. The models identified were GTR+F
+ I+G4 and TVM+F+G4 for the CR dataset, where GTR repre-
sents the general time-reversible model, TVM indicates the trans-
version model, F signifies the use of empirical frequencies, I
indicates invariant sites, and G denotes the discrete gamma dis-
tribution. Phylogenetic trees were constructed using maximum
likelihood (ML) with 10,000 ultrafast bootstrap replicates in IQ-
TREE v1.6.12 [36, 37]. Bayesian inference (BI) was performed
with Markov chain Monte Carlo (MCMC) runs of 2,000,000 gen-
erations, sampling every 1000 generations, with the first 25%
discarded as burn-in, in MrBayes v3.2.6 [38] via the CIPRES
Science Gateway. The analysis was conducted under the GTR
+F+ I+G4 model. For the COI dataset, Heteropneustes fossilis
and Bagrus bajad (GenBank JX983313 andMK335908) were used
as outgroups. For Cytb, Heteropneustes fossilis and Bagre pana-
mensis (GenBank PV617374 and AJ580999) were used as out-
groups. For the PCGs dataset, Heteropneustes fossilis and Bagre
panamensis (GenBank KP345880 and NC_037470) served as out-
groups. All the datasets were selected using the same analytical
framework. The mean sequence divergence of the annotated
PCGs of the studied mitogenomes was estimated using MEGA
version 12 [23] with the Kimura 2-parameter (K2P) substitution
model. Divergence times were estimated for three datasets
(PCGs, COI, and Cytb) using BEAST2 in XSEDE version 2.7.3
[39], with calibration points derived from the fossil-calibrated
nodes of Cobitoidei. The earliest cobitoid fossils from the family
Catostomidae date back to the early Paleocene (61.1–65.5million
years ago [MYA]). Accordingly, the lower age constraint for
Cobitoidei was set at 61.1 MYA, with a soft upper bound of
140.2 MYA, modeled using an exponential distribution with a
mean of 21.45 [40]. Another calibration point was set at the first
appearance of African Clariidae in the Lower Eocene (34–56
MYA, mean≈ 45 MYA), based on fossil evidence [41]. The
GTR model was used, along with a log-normal relaxed clock
algorithm, for the Yule speciation process [42]. Markov chain
MCMC simulations were run for 10million iterations, and con-
vergence was verified using LogCombiner version 1.8.4 [43]. A
maximum clade credibility tree was generated using TreeAnno-
tator version 1.8.4.

2.7 | Species Identification With DNA Barcoding

Mitochondrial gene sequences, which focus on the COI and Cytb
regions, commonly used for clariid catfish identification and phy-
logenetic analysis [44], were analyzed for C. nieuhofii specimens
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obtained in this study. These data were combined with publicly
available C. nieuhofii sequences retrieved from the NCBI, a Bio-
technology Information database, for further analysis. Each data-
set was aligned using the Geneious Prime software (version
2025.2.2). Sequences containing deletions or gaps were excluded
from further analysis to avoid contamination with nuclear mito-
chondrial DNA. Because sequence lengths varied, the most fre-
quently occurring lengths were selected for downstream analyses
[45]. The selected COI and Cytb coding sequences were translated
into amino acid sequences using MEGA version 12 to verify the
presence of open reading frames without stop codons [23]. Align-
ment length, number of variable positions, and GC content were
compared among the datasets. Sequence divergence among indi-
vidual sequences was calculated using the K2P model, which is
commonly used in barcoding studies, to evaluate the discrimina-
tory power of the distance- and tree-based approaches [46]. Both
distance- and tree-based approaches, which were used to exam-
ine genetic structure, were applied to the C. nieuhofii species
Group. Pairwise divergences were computed using the dist.dna
function in the R package ape [47–50]. The nearest-neighbor test
was performed using the nearest neighbor function in the R
package spider to determine whether the shortest divergences
were among conspecific sequences, even in C. nieuhofii [49].
The percentage of correctly identified sequences was calculated
by dividing the number of sequences with an intraspecific nearest
neighbor by the total number of sequences. The barcoding gap
was determined by calculating the difference between the mini-
mum and maximum intraspecific divergence using the non-Con-
Dist and maxInDist functions in spider [49]. The barcoding gaps
among markers were compared using the Kruskal–Wallis test to
assess significant differences between the COI and Cytb datasets
[51], with Dunn’s post hoc test and Bonferroni correction for
multiple comparisons [52]. Markers with high discriminatory
power were identified by a high percentage of correct identifica-
tions in the nearest-neighbor test and a positive barcoding gap.

Phylogenetic analyses were conducted using the BI method,
which was applied to reconstruct phylogenies based on COI
and Cytb datasets, allowing for the assessment of topological
congruence across various programs and algorithms. The out-
group sequences for the COI dataset, Heteropneustes fossilis and
Bagrus bajad (GenBank accessions JX983313 and MK335908),
were used as outgroups, whereas Heteropneustes fossilis and
Bagre panamensis (GenBank accessions PV617374 and
AJ580999) served as outgroups for the Cytb dataset. Sequences
were aligned using Clustal Omega in Geneious Prime 2025.2.2.
Phylogenetic analysis was performed with BI using MCMC runs
of 2,000,000 generations, sampling every 1000 generations, with
the first 25% discarded as burn-in in MrBayes 3.2.6 [38] via the
CIPRES Science Gateway, with the best-fit model GTR+F+ I+
G4. The resulting trees were visualized and edited using the
online tools One Table (tvBOT) [53] and Interactive Tree of
Life (iTOL) v6 [54]. The number of monophyletic Groups was
calculated using the R package spider, which was used to evalu-
ate monophyly with the “monophyly” function [49]. A tree-based
barcoding efficiency test was performed to evaluate the ability of
gene markers to recover monophyly among sequences of the
same species, without considering the relationships among other
taxa. This approach was also used to test whether all specimens
of C. nieuhofii could be grouped regardless of their classification.

2.8 | Species Delimitation

The delimitation of C. nieuhofii was assessed using two methods:
the Bayesian Poisson tree process (bPTP) [55] and the multirate
Poisson tree process (mPTP) [56]. The COI and Cytb datasets
were tested separately. For the bPTP (available in https://specie
s.h-its.org/) and mPTP (https://mptp.h-its.org/#/tree) analyses,
an ML tree built in the software RAxML version 8.2.10 [57]
was used as input, using 100,000 Monte Carlo Markov chains
(MCMC) generations, thinning= 100, and 10% of burn-in. The
bPTP adds Bayesian support to the nodes from a tree considering
similar diversification rates [55], while mPTP assumes distinct
evolutionary rates and relies on the Akaike information criterion
(AIC) to infer the number of species in the input trees [56].

3 | Results

3.1 | Mitogenome Structure of C. nieuhofii

The complete mitogenome of C. nieuhofii, which was 16,501–
16,502 bp in length (Supporting Information 1: Figures S2–S5),
included 37 genes and one CR. This genome consisted of 13
PCGs, two rRNA genes (12S and 16S rRNA), 22 tRNA genes,
and a CR (Supporting Information 2: Table S1; Supporting Infor-
mation 1: Figure S6). All PCGs within the mitogenome, except for
the COI gene, which uses GTG as the start codon, begin with a
common ATG start codon. Complete stop codons, such as TAA
and TAG, were observed in ND1, ND2, ND3, ND5, ND6, ND4L,
COI, ATP8, and ATP6, whereas incomplete stop codons (TA or T)
were detected in ND4, COII, COIII, and Cytb. Among the PCGs,
ND5was the longest at 1849–1850 bp andATP8was the shortest at
170bp (Supporting Information 1: Figures S2–S5, Supporting
Information 2: Table S1). The base composition of the C. nieuhofii
PCGs was 30.41%–30.43% A, 27.43%–27.44% T, 27.41%–27.42% C,
and 14.71%–14.74% G, which resulted in an A + T bias of
57.85%–57.87% (Supporting Information 2: Table S2; Supporting
Information 1: Figure S7). A positive AT skew and a negative GC
skew were exhibited by the PCGs, except ND6 and ND4L, which
showed a negative AT skew (Supporting Information 2: Table S3;
Supporting Information 1: Figure S8). The large noncoding region
located between the tRNA-Thr and tRNA-Pro genes inC. nieuhofii
(936 bp) was assumed to be a putative CR (Supporting Informa-
tion 1: Figures S2–S5; Supporting Information 2: Table S1). Three
functional domains were identified in the putative CR. These
included (1) the extended TAS (ETAS) domain, which contained
ETAS regions, (2) the central domain, which included CB-1, CB-2,
CB-3, and CB-4, and (3) the CSB domain, which comprised CSB-1,
CSB-2, and CSB-3 (Supporting Information 1: Figure S9).

3.2 | Codon Usage and Selective Pressures Across
PCGs

Codons encoding leucine and serine were most frequently used
in C. nieuhofii (Supporting Information 1: Figure S10), and codon
usage bias was observed across other Clarias species (Supporting
Information 1: Figure S11). The highest RSCU values were
observed for GUA (Val), AAA (Lys), AGC (Ser), GAA (Glu),
and CUA (Leu), whereas the lowest values were observed for
AAU (Asn) and CAC (His). Twenty-five codons were found to
have RSCU >1 (preferential usage); of these, 14 were terminated
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with A or T and 11 were terminated with G or C. Methionine and
tryptophan, which lack synonymous codons, were unique, and
two codons were observed with RSCU= 1 (unbiased usage). Neu-
trality-plot analysis, which compared GC12 versus GC3, revealed
GC3 values that ranged from 23.1% to 46.5% and produced a
slope of 0.16 (Supporting Information 1: Figure S12a). ENc–GC3s
analysis that all PCGs in the Clarias mitogenome fell below the
expected ENc curve (Supporting Information 1: Figure S12b),
with factors other than mutation influencing codon usage. The
average ENc values across the PCGs were greater than 40 (Sup-
porting Information 1: Figure S12c; Supporting Information 2:
Table S4), which was consistent with a moderate codon bias. A
bias toward cytosine over uracil at the third codon position was
indicated by the P2 index, which had a mean value of <0.5 for 13
PCGs of C. nieuhofii (Supporting Information 2: Table S5).

3.3 | Selection of Clarias Mitogenome and Genetic
Distances

Ka/Ks analysis across Clarias species showed that ND3 had the
highest average Ks, whereas COI had the lowest average Ka
(Supporting Information 2: Table S6). Across the 13 PCGs, the
Ka/Ks ratios ranged from 0.003 to 0.251, consistent with strong
purifying selection acting on these genes (Supporting Informa-
tion 2: Table S7; Supporting Information 1: Figure S13).

3.4 | Phylogenetic Relationships and Molecular
Dating

The evolutionary distance estimation among Clarias species indi-
cated that ND3 exhibited the largest K2P genetic distance, fol-
lowed by ND4 and ND5, while ATP8 showed the smallest value
(Supporting Information 2: Table S7). Bayesian divergence-time
analyses indicated that Asian and African Clarias lineages
diverged during the Eocene epoch, were estimated to have
diverged at marker-specific times, which were 40–65 MYA based
on COI and 35–51 MYA based on Cytb; the PCGs-based estimate
was 37–42 MYA (Figures 1–3). Within the Asian Clarias, C. nieu-
hofii was observed as a species complex comprising three clades:
C. nieuhofii Group 1, which is distributed in Kalimantan and
Sumatra; C. nieuhofii Group 2, which was restricted to Kaliman-
tan; and C. nieuhofii Group 3, which was found on Sumatra
Island and in the southern part of Thailand. Groups 1 and 2
were placed in the same major clade, which clustered with
C. intermedius, whereas Group 3 was located in a separate major
clade closely related to C. meladerma and C. maurus (possibly
C. teijsmanni).

3.5 | DNA Barcoding

COI and Cytb sequences compiled for barcoding varied in length,
creating trade-offs. To account for intraspecific variability, most
specimens were represented by multiple sequences, as previously
reported [44]. The COI sequences had a length of 552 bp, with 134
variable sites, and a GC content of 43.39%. The Cytb sequence
was 596 bp in length, containing 398 variable sites, and a GC
content of 42.87%. For consideration with C. nieuhofii, intraspe-
cific K2P divergences were 0%–8.49% (mean 1.27%Æ 1%) and
interspecific K2P divergences between C. nieuhofii and other
Clarias species were 10.40%–16.24% (mean 13.53%Æ 1%) based

on the COI dataset. For Cytb, intraspecific K2P divergences were
also 0%–9.17% (mean 1.96%Æ 2%), and interspecific K2P diver-
gences were 2.23%–13.46% (mean 8.57%Æ 2), producing a posi-
tive barcoding gap in COI (1.91%) and a negative barcoding gap
in Cytb (−6.94%) (Supporting Information 1: Figure S14; Support-
ing Information 2: Table S8). The two datasets differed signifi-
cantly in barcoding gap size (Kruskal–Wallis test, χ2= 3.94,
p<0:05), and pairwise comparison indicated significant differ-
ences between COI and Cytb barcoding gaps. Nearest-neighbor
analysis of C. nieuhofii showed that 100% of COI and Cytb
sequences had an intraspecific nearest neighbor (Supporting
Information 1: Figure S14). Within- and between-groups of
C. nieuhofii, Cytb sequence divergences were observed, which
ranged from 0.70%–1.09% (within groups) and 3.75%–7.92%
(between Groups). The pairwise sequence divergences were
3.75% (Group 1 vs. Group 2), 6.93% (Group 1 vs. Group 3), and
7.92% (Group 2 vs. Group 3). Pairwise comparisons produced Z=
0.71 (p¼ 1) for Group 1 versus Group 2, Z= 1.41 (p¼ 0:472) for
Group 1 versus Group 3, and Z= 0.71 (p¼ 1) for Group 2 versus
Group 3, indicating that the observed Cytb divergences among
the three Groups were not statistically significant. The maximum
COI divergence, which was observed between Group 3 (Thailand)
and Group 1 (Kalimantan), resulted in a pairwise comparison
Z= 2.05 (p¼ 0:385), indicating that the divergence between these
Groups was not statistically significant. COI sequence data for
Group 2 were unavailable from the public data repository. Phylo-
genetic relationships reconstructed from the COI and Cytb data-
sets were strongly supported for each of the analyzed Clarias
species. Well-supported monophyletic clades were formed by the
C. nieuhofii specimens from each of the three Groups. C. interme-
dius and C. meladerma were positioned between these groups,
with C. intermedius being closely related to Group 3 (Supporting
Information 1: Figures S15, S16).

3.6 | Species Delimitation

Species delimitation was performed using the bPTP and mPTP
methods applied to the COI and Cytb datasets. The bPTP method
supported 17 and 44 species in the COI and Cytb sequence data-
sets, respectively. The mPTP method supported 1 and 15 species
for the COI and Cytb sequence datasets, respectively (Figures 1
and 2). Considering the C. nieuhofii species complex, bPTP delim-
ited the COI sequences of C. nieuhofii from Thailand (Group 3) as
distinct from those from Kalimantan (Group 1), whereas mPTP
grouped Groups 1 and 3 into the same species. For the Cytb
dataset, bPTP separated all three C. nieuhofii Groups as distinct
species, in contrast to mPTP, in which Groups 1 and 2 were
inferred to be the same species, whereas Group 3 was recognized
as distinct.

4 | Discussion

The complete mitogenome of C. nieuhofii from Phatthalung,
Thailand (16,501–16,502 bp) was determined, and the mitogen-
ome from Borneo, Indonesia (16,514 bp) was analyzed, which
showed a slight difference in length between the populations.
Genome sizes similar to those of C. gariepinus (16,508 bp),
C. camerunensis (16,511 bp), C. batrachus (16,511 bp), C. dussu-
mieri (16,514 bp), C. fuscus (16,525 bp), and C. macrocephalus
(16,511 bp) were observed [13]. The mitogenome structure and
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organization of C. nieuhofii were consistent with the highly con-
served mitogenome organization of 37 genes and one CR in Clar-
ias species [13]. The use of start and stop codons in the
mitogenomes of C. nieuhofii was analyzed to gain insights into
their translational regulation and evolution. Codon usage in
mitochondrial genes was evaluated using RSCU, which revealed
diverse patterns; leucine and serine were the most frequently
used amino acids in Clarias. This pattern, which reflects a pref-
erence for leucine, a branched-chain amino acid (BCAA)
involved in mitochondrial signaling pathways [58]—may be
related to natural selection. Further highlighting the conserved
role of leucine usage across diverse taxa, several studies have
shown that leucine and serine are the most abundant amino
acids in the mitochondrial PCGs of fishes. In clupeoid fish, leu-
cine accounts for the highest proportion of amino acids, reflect-
ing a codon usage bias toward this residue [59]. Similarly, in the
Reba carp (Cirrhinus reba), comparative mitogenomic analyses
demonstrated that leucine and serine were the most frequent
amino acids across 13 PCGs [60, 61]. Analyses of three

Carangidae species have also confirmed that serine and leucine,
each encoded by six codons, are the most abundant residues in
mitochondrial PCGs [62]. Comparable findings have been
reported in novel gene rearrangement studies of teleost mitogen-
omes, in which leucine constituted the highest proportion of
amino acids [63]. In avian mitogenomes, accipitrids exhibit the
highest RSCU values for CUA (Leu), with a parallel codon bias at
the third codon position [64]. While a strong codon usage bias
toward leucine is observed in vertebrates, arthropod lineages
show preferential use of other amino acids, such as serine and
arginine, reflecting lineage-specific codon biases [65]. BCAAs,
such as leucine, isoleucine, and valine, are required by a wide
range of eukaryotes [66]. All Ka/Ks ratios of the 13 PCGs were
below 1, indicating strong purifying selection, which is consistent
with previous findings for all PCGs in Clarias species [67, 68].
This agreed with the neutrality plot, which indicated a GC3 slope
of 0.16, suggesting that 16%mutation pressure and 84% selection
pressure influenced the codon usage bias in the mitogenome of
Clarias species. ENC versus GC3 analysis, which was performed
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to assess codon bias, showed that most points for the 13 PCGs of
Clarias species fell below the expected curve, indicating the
involvement of selection, possibly driven by adaptive evolution,
significantly influences codon usage patterns in mitochondrial
genes, rather than mutations alone [69]. The ENc, which mea-
sures codon bias and ranges from 20 (strong bias) to 60 (neutral),
was used to assess codon usage. Values above 40 for the 13 PCGs
of Clarias species indicated relatively neutral codon usage with
low bias. A high ENc value, which reflects the use of synonymous
codons, suggests no strong preference for specific codons during
translation [30].

The potential presence of cryptic species in C. nieuhofii was
assessed using a barcoding approach. It has been indicated that
in over 1000 teleost species, the intraspecific sequence divergence
in the COI gene is 3% or less [70]. Previously, a positive barcoding
gap between interspecific and intraspecific sequence divergences
of Clarias was observed in the Cytb dataset, which was not

detected in the COI dataset. Intraspecific sequence divergence
is typically <4.4% based on Cytb sequences, whereas interspecific
sequence divergence is generally >66.9% among Clarias spe-
cies [44].

Considering only a small dataset of C. nieuhofii in this study, a
positive COI barcoding gap was observed because samples from
only C. nieuhofii Groups 1 and 3 (a total of five samples) were
included. In contrast, the Cytb dataset showed a negative barcod-
ing gap (−6.94%) because it included representatives from
C. nieuhofii Groups 1 (Sumatra–Kalimantan), 2 (Kalimantan),
and 3 (Sumatra–Thailand), resulting in greater variation in intra-
specific sequence divergence. These results are consistent with
the species delimitation analyses. In the Cytb dataset, bPTP sepa-
rated all three C. nieuhofii Groups as distinct species, whereas
mPTP inferred Groups 1 (Sumatra–Kalimantan) and 2 (Kaliman-
tan) as the same species, but recognized Group 3 (Sumatra–
Thailand) as distinct (Supporting Information 1: Figure S4),
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supporting the interpretation of distinct lineages. The observed
negative barcoding gap in the Cytb dataset suggests that standard
distance-based thresholds may not be fully applicable in this
context. Furthermore, as the pairwise Z-tests did not reach statis-
tical significance, these results are interpreted as reflecting deep
phylogenetic structure within the C. nieuhofii complex rather
than providing definitive evidence for species delimitation.

The differing barcoding gap patterns between COI and Cytb in
this study highlight how dataset composition and marker choice
affect species delimitation. The positive COI gap was due to lim-
ited sampling (Groups 1 and 3), reducing intraspecific variation
and exaggerating divergence differences. In contrast, Cytb
included more Groups (1, 2, and 3), showing a negative gap
from higher intraspecific divergence. Therefore, broader sam-
pling and the integration of nuclear genomic data will be
required to more accurately resolve species boundaries within
the C. nieuhofii complex. This shows that barcoding gaps depend
heavily on sampling and population structure. Relying on a sin-
gle marker or limited data can be misleading; Cytb revealed hid-
den diversity within C. nieuhofii not detected by COI. Thus, using
multiple markers and broad sampling is key for accurate species
delimitation and evolutionary insights [71]. Such low sequence
divergence within species complexes or cryptic species has been
predicted in clariid catfish, such as African catfish or walking
catfish [44, 72]. High levels of intraspecific sequence divergence
observed in clariid catfish, including C. nieuhofii, suggest the
presence of cryptic species. Although pairwise comparisons
between C. nieuhofii Groups showed no significant differences
(p>0:05), the divergence between groups exceeded the threshold
(4.4%), indicating that the groups, particularly Group 3 versus
Groups 1 and 2, may represent distinct species. This finding
was supported by tree-based analysis that clustered each C. nieu-
hofii Group into a single monophyletic clade. Therefore, it is
likely that the three C. nieuhofii Groups represent deeply diver-
gent mitochondrial lineages: Group 3 versus Groups 1–2, and a
closely related species complex between Groups 1 and 2, which
are closely related. Future integration of nuclear genomic data
will be essential to further validate the taxonomic status of these
divergent lineages.

Remarkably, all C. nieuhofii groups occur in Sundaland, consis-
tent with the region’s strong phylogeographic structuring among
islands [11]. Although C. nieuhofii Group 1 comprised popula-
tions from Kalimantan and Sumatra, which were estimated to
have diverged at 3–7 MYA based on Cytb sequences, they were
assessed as conspecifics based on sequence divergence and spe-
cies delimitation [11]. Comparable island-driven divergences
have been reported, with forest rodents dated at 3–4 MYA [73],
orangutans at 2–5 MYA [74], and bony lip barb, Osteochilus vit-
tatus, at 2 MYA [75]. A divergence of less than 5 MYA may not
represent sufficient time for complete lineage separation under
allopatric conditions, which is required for species-level diver-
gence [76]. Sundaland’s present biodiversity was established in
the late Pliocene and was only minimally affected by Pleistocene
sea-level fluctuations, as supported by paleoenvironmental evi-
dence [77]. During low sea-level periods, a savanna corridor, as
proposed by Heaney [78], would have been critical for Clarias,
some species (C. intermedius, C. leiacanthus, and C. nieuhofii)
that depend on blackwater habitats maintained by closed rain-
forests. A 50–150 km wide savanna corridor across Sundaland

was inferred by Bird et al. [79] based on multiple lines of evi-
dence, which implies that blackwater streams were unlikely to
have connected Sumatra, Java, and Kalimantan during glacial
periods. Because blackwater Clarias lineages generally exhibit
limited dispersal ability across unsuitable habitats [80], this phe-
nomenon may explain why populations of C. nieuhofii from the
two islands remained conspecific despite their geographic sepa-
ration. Similar to the historical isolation observed in other Sun-
daic blackwater taxa, such as the leaf catfish (Silurichthys
insulanus) and walking catfish (Clarias rennyae) [80–83], the
restricted dispersal capacity of these catfish is likely to have pre-
vented interisland colonization and maintained genetic cohesion
within the species. However, the spatial and temporal extent of
open vegetation across Sundaland remains debatable and
requires further study [84]. By contrast, compelling evidence
was obtained that the C. nieuhofii populations from Kalimantan
(Groups 1 and 2), which were estimated to have diverged at 2–5
MYA based on Cytb sequences, and from Sumatra, Thailand
(Group 3), which were estimated to have diverged at approxi-
mately 15–19 MYA, represent genetically distinct lineages, indi-
cating true evolutionary separation rather than merely
geographic variation. These results were supported by the species
delimitation analysis. Sequence divergence within C. nieuhofii
Group 3, which is distributed in Sumatra and Thailand, was 1%
based on Cytb, with an estimated divergence time of approxi-
mately 3 MYA. This short divergence time is comparable to
that observed in other species or animal groups, which are
located on different sites between Sumatra Island and mainland
Southeast Asia, but are still considered the same species.
Similarly, Osteochilus vittatus (bony lip barb), was divided into
Indochina (Vietnam and Thailand) and Sunda-shelf (Malaysia
and Indonesia) clades that were estimated to have split at approx-
imately 2 MYA. Despite the high dispersal capacity of this spe-
cies, its phylogeographic structure across Sundaland has been
shaped by historical events, long-term geographic isolation asso-
ciated with Pleistocene sea-level fluctuations, and restricted gene
flow resulting from limited habitat connectivity [75]. The cryptic
diversity within C. nieuhofii indicates a complex evolutionary
history and highlights the need for region-specific conservation
strategies.

5 | Conclusions

Four complete mitogenomes of Clarias nieuhofii obtained from
Phatthalung (mainland Thailand) and Borneo were assembled
and annotated, thereby expanding the mitogenomic resources
for Clarias. The mitogenome structure and gene content were
highly conserved among Clarias species, displaying an A+ T
bias and codon usage patterns dominated by leucine and serine.
Codon usage and Ka/Ks analyses indicated a predominantly
purifying selection of mitochondrial PCGs. Phylogenetic and
molecular dating analyses identified Asian and African Clarias
as distinct lineages and revealed three well-supported, geograph-
ically structured C. nieuhofii clades. Species delimitation and
barcoding results indicated that Group 3 (Sumatra–Thailand) is
different from Groups 1 to 2 (Kalimantan–Sumatra), which may
form a species complex. Broader sampling and nuclear data are
recommended to resolve the species boundaries and guide
conservation.
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Nomenclature

COI: Cytochrome c oxidase subunit I

Cytb: Cytochrome b

PCGs: Protein-coding genes

RSCU: Relative synonymous codon usage

Enc: Effective number of codons

ETAS: extended terminal-associated sequences.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Information 1. Figure S1. Photograph
of the Clarias nieuhofii specimen from Phatthalung Province, Thailand.
(a) Lateral view, (b) dorsal view, and (c) head and barbels. Scale bar
represents 5 cm. Figure S2. The circular mitochondrial genome map of
Clarias nieuhofii (Accession Number PX395444). Genes encoded on the H-
strand are shown outside the circle, whereas those on the L-strand are
shown inside. Different gene types are represented as colored boxes, and
the gray inner circles indicate the GC content of the mitogenome. Figure
S3. The circular mitochondrial genome map of Clarias nieuhofii (Acces-
sion Number PX395445). Genes encoded on the H-strand are shown out-
side the circle, whereas those on the L-strand are shown inside. Different
gene types are represented as colored boxes, and the gray inner circles
indicate the GC content of the mitogenome. Figure S4. The circular mito-
chondrial genome map of Clarias nieuhofii (Accession Number
PX395446). Genes encoded on the H-strand are shown outside the circle,
whereas those on the L-strand are shown inside. Different gene types are
represented as colored boxes, and the gray inner circles indicate the GC
content of themitogenome. Figure S5. The circular mitochondrial genome
map of Clarias nieuhofii (Accession Number PX395447). Genes encoded
on the H-strand are shown outside the circle, whereas those on the L-
strand are shown inside. Different gene types are represented as colored
boxes, and the gray inner circles indicate the GC content of the mitogen-
ome. Figure S6. Putative secondary structure of the 22 tRNA genes identi-
fied in the mitogenome of Clarias nieuhofii. Figure S7. AT-skew versus AT
% and GC-skew versus GC% in Clarias species on protein-coding genes.
The x-axis indicates the skew values and the y-axis provides the AT or GC
percentages. Figure S9. Comparison of AT-skew and GC-skew across 13
protein-coding genes (PCGs) of Clarias species. The x-axis represents indi-
vidual PCGs and the y-axis shows the skew values (positive or negative)
for each gene. Figure S9. Structural organization of the mitochondrial CR
(D-loop) in Clarias nieuhofii from Thailand. The alignment highlights
conserved sequence motifs and functional domains, including the
extended termination-associated sequence (ETAS), the central conserved
domain (CD), and CSBs (CSB-1, CSB-2, and CSB-3). The sequence logo at
the top represents nucleotide conservation, with letter height proportional
to information content (bits). Figure S10. Relative synonymous codon
usage (RSCU) of the 13 mitochondrial protein-coding genes in Clarias
nieuhofii. (a) RSCU values across codon families, with codon families
shown on the x-axis and RSCU values on the y-axis. (b) Heatmap of
RSCU patterns across the mitochondrial protein-coding genes. Figure
S11. Relative synonymous codon usage (RSCU) of the 13 mitochondrial
protein-coding genes in Clarias species. (a) RSCU values across codon
families, with codon families shown on the x-axis and RSCU values on
the y-axis. (b) Heatmap of RSCU patterns across mitochondrial protein-
coding genes. Figure S12. Codon usage analysis of the 13 mitochondrial
protein-coding genes in Clarias species. (a) Neutrality plot, (b) effective
number of codons (ENc) plot, and (c) boxplot of ENc values for each
protein-coding gene across Clarias species. Figure S13. Nonsynonymous
to synonymous substitution ratios (Ka/Ks) across mitochondrial protein-
coding genes in Clarias species. Bars indicate Ka/Ks values for each gene.
Asterisks ( ∗∗∗) denote significant differences (p<0:05), while ns indicates
nonsignificance. Figure S14. Barcoding gap analysis for COI and Cytb
sequences of Clarias species. Panels (A, B) show the distribution of intra-
specific divergence (A) and nearest neighbor distances (B) for each gene.
Panels (C–F) illustrate scatterplots comparing intraspecific and interspe-
cific distances to nearest neighbor distances: minimum intraspecific vs.
nearest neighbor (C), maximum intraspecific vs. nearest neighbor (D),
minimum interspecific vs. nearest neighbor (E), and maximum interspe-
cific vs. nearest neighbor (F). Panel (G) presents the distribution of the
barcoding gap (nearest neighbor minus maximum intraspecific distance)
for each gene. Red dashed lines indicate threshold values for species
delimitation (2% for divergence and 0% for barcoding gap). Figure S15.
Molecular phylogeny of Clarias species inferred from cytochrome c oxi-
dase subunit I (COI) sequences using Bayesian inference, showing mono-
phyletic status of each lineage. Figure S16. Molecular phylogeny of
Clarias species inferred from cytochrome b (Cytb) sequences using
Bayesian inference, showing monophyletic status of each lineage.

Supporting Information 2. Table S1. Gene organization of the mito-
chondrial genome of slender walking catfish (Clarias nieuhofii). Table
S2. Nucleotide composition and skewness of protein-coding genes
(PCGs) in Clarias species. Table S3. Nucleotide composition and skewness
of 13 protein-coding genes (PCGs) in Clarias species. Table S4. Codon
usage bias indices (GC12, GC3, and effective number of codons) of the
protein-coding genes (PCGs) in Clarias species. Table S5. P2 index values
of mitochondrial protein-coding genes (PCGs) in Clarias nieuhofii. Table
S6. Classification and accession numbers of species used in the sequence
analysis of genetic diversity and nonsynonymous/synonymous (Ka/Ks)
values for 13 protein-coding genes across the Clarias mitogenome. Table
S7. Genetic diversity and nonsynonymous/synonymous (Ka/Ks) values
for 13 protein-coding genes (PCGs) across the Clarias mitogenome. Table
S8. Summary of intraspecific and interspecific genetic distances and bar-
coding gaps for each marker in Clarias species.
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