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Complete mitochondrial genomes provide powerful insights into evolutionary relationships, 
phylogeography, and emerging epigenetic regulation, yet remain poorly characterized for many 
fishes. Here, we report the first complete mitogenome of the square-head catfish Chaca chaca and 
integrate mitogenomic evolution with mitochondrial DNA (mtDNA) methylation profiling. High-
molecular-weight DNA was sequenced using Oxford Nanopore adaptive sampling, followed by de 
novo assembly, annotation, and comparative analyses. The assembled mitogenome is 16,591 bp 
long and contains the standard complement of 13 protein-coding genes, 22 tRNAs, two rRNAs, and 
a complete control region. Phylogenetic reconstruction based on concatenated alignments of the 
13 mitochondrial protein-coding genes (PCGs) recovered C. chaca within Chacidae and adjacent to 
Pimelodidae + Pseudopimelodidae. Genome-wide methylation analysis detected signals consistent 
with 5-methylcytosine (5mC) and N6-methyladenine (6mA) across the mitogenome, with differences in 
modification frequency observed between strands after normalization for base composition within this 
dataset. The separation was more pronounced for 5mC compared to 6mA and is consistent with strand-
associated asymmetry observed in this dataset. In addition to this, two cytosine positions within 
an intergenic spacer between tRNA-Asp and COXII showed detectable 5mC-associated signal. This 
mitogenome provides a foundational genomic resource for C. chaca, enabling refined phylogenetic 
resolution, conservation genetics, and future investigations into the potential relevance of mtDNA 
modification signals, pending further validation in fishes.
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Mitogenomes, owing to their distinct characteristics, including maternal inheritance, high mutation rates, 
and conserved gene content, have become indispensable tools for investigating phylogenetic relationships 
and evolutionary histories across diverse taxa1. The application of long PCR and fish-versatile primers has 
significantly advanced the sequencing of complete mitogenomes in fishes, contributing extensively to molecular 
phylogenetics over the past fifteen years2. This robust methodology facilitates comprehensive analyses of genetic 
diversity within fish populations and elucidates the genetic characteristics of hybrid fish species3. For instance, 
complete mitogenomes have been successfully sequenced for hybrid groupers and hybrid carp, providing critical 
insights into their genetic makeup and taxonomic placements4–6. Furthermore, mitochondrial DNA (mtDNA) 
polymorphisms have proven instrumental in analyzing hybridization and introgression among various fish 
species, elucidating complex genetic interactions7. Modern sequencing technologies, such as those employed 
in the Vertebrate Genomes Project, have further streamlined the assembly of mitogenomes, enabling rapid 
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and accurate reconstruction even from low-depth sequencing data8. This technical advancement has profound 
implications for understanding the evolutionary dynamics of fish, especially for species with limited genomic 
resources or those of conservation concern. Despite this, comprehensive mitochondrial genomic research in 
fishes remains limited, with much of the current focus centered on understanding how mitochondrial mutations 
contribute to detrimental phenotypes in humans rather than exploring the broader evolutionary implications 
in piscine lineages9. However, the burgeoning field of comparative genomics in teleost fishes now enables 
comprehensive analyses of mitogenome evolution, revealing selective pressures related to energetic demands 
and environmental adaptations10.

Consequently, the sequencing and analysis of complete mitogenomes, such as that of the squarehead 
catfish, Chaca chaca, offer a crucial foundation for deciphering the phylogenetic relationships within the order 
Siluriformes and assessing its evolutionary status11. This study presents the first complete mitogenome sequence of 
C. chaca, further illuminating its taxonomic placement and evolutionary trajectory within this diverse fish order. 
This genomic information provides a vital resource for conservation genetics, enabling precise identification and 
monitoring of distinct evolutionary lineages within the species12. The availability of this complete mitogenome 
enables detailed comparative analyses with other Siluriformes, aiding the resolution of ambiguities in their 
phylogenetic tree13. Furthermore, the unique genetic markers within this mitogenome can serve as a barcode 
for species identification, offering a rapid and reliable method for distinguishing C. chaca from closely related 
species14. Mitogenomes, though relatively small, contain essential genes crucial for cellular respiration and 
are thus valuable for biotechnological applications and phylogenetics15,16. The use of advanced sequencing 
technologies, such as de novo assembly on Illumina platforms, facilitates comprehensive annotation of gene 
content, genetic makeup, and gene order in these mitogenomes, thereby enhancing phylogenetic resolution17. 
This approach has been successfully applied to other taxa, where complete mitogenomes have elucidated complex 
evolutionary relationships and informed conservation strategies18. For example, comparative mitochondrial 
analyses have been instrumental in understanding hybridization events and population dynamics in various 
fish species7. Such investigations provide critical data for assessing the conservation status of endangered species 
and identifying significant evolutionary units within their populations. The increasing availability of complete 
mitogenomes across diverse species, facilitated by tools such as CamlTree, enables more robust phylogenetic 
reconstructions, thereby refining our understanding of evolutionary divergence and speciation events within 
and between orders13. This refined phylogenetic resolution, in turn, offers a robust framework for assessing 
biodiversity and informing targeted conservation strategies for species like C. chaca.

Moreover, DNA barcoding, often using mitochondrial genes such as cytochrome c oxidase subunit I and 
cytochrome b, offers a pragmatic and universal approach to species identification and authentication, particularly 
for combating mislabeling in the fish industry19. The complete mitogenome provides a comprehensive set 
of genetic markers, surpassing the utility of individual gene segments for resolving intricate phylogenetic 
relationships and understanding deep evolutionary divergences20. This method, by leveraging the entire 
mitogenome, yields higher resolution and reliability for species-level identification compared to single-gene 
approaches3. This detailed genetic information is particularly valuable for species that are difficult to identify 
morphologically, providing an unambiguous genetic signature for C. chaca. This comprehensive dataset enables 
the identification of unique genetic variations crucial for distinguishing intraspecific lineages, thereby supporting 
targeted conservation efforts. Moreover, the complete mitogenome provides substantial insights into population 
genetics, enabling assessment of genetic diversity and population structure, which are essential for effective 
conservation management21. The application of mtDNA in such studies is widespread, offering insights into 
species identification, ploidy, clonal lineages, and phylogenetic relationships22.

This extensive genetic resource provides an invaluable foundation for understanding the adaptive evolution 
of C. chaca in response to environmental pressures and contributes significantly to the broader phylogenetic 
understanding of the Siluriformes order. Such comprehensive mitogenomic data is also instrumental in 
developing novel DNA markers for forensic identification, which can further aid in combating illegal trade 
and ensuring the protection of species23. This is particularly relevant for species like C. chaca, where accurate 
identification is crucial for monitoring wildlife crime and preventing illegal trade24. Furthermore, the rich 
genetic information contained within the complete mitogenome provides a powerful tool for authenticating 
fish products and combating species substitution in commercial markets, addressing a critical need in food 
safety and consumer protection25. The comprehensive mitogenomic data from C. chaca can thus serve as a 
foundational resource for developing advanced molecular tools, ensuring accurate species identification and 
contributing to both conservation efforts and food security initiatives. This study, therefore, aims to characterize 
the complete mitogenome of C. chaca by analyzing its gene content, organization, and phylogenetic placement 
within the Siluriformes order. This characterization will involve detailed comparisons with existing mitogenomes 
of related species to elucidate evolutionary relationships and identify unique genetic features. This in-depth 
analysis will provide crucial insights into the molecular adaptations and evolutionary history of C. chaca, thereby 
strengthening conservation strategies26,27. Ultimately, this research aims to provide a robust genetic baseline for 
C. chaca, enabling the development of targeted genetic monitoring programs and informing in-situ and ex-situ 
conservation initiatives28,29. The resulting mitogenomic data will also facilitate the development of novel genetic 
markers for population genetic studies, which are crucial for understanding genetic diversity and population 
structure in this species. Moreover, the established complete mitogenome will serve as a reference for future 
ecological and evolutionary studies of the squarehead catfish, providing a foundation for understanding its 
adaptive capacity and resilience to environmental changes. It is worth mentioning that this study is primarily 
intended as a mitogenomic resource, with methylation analyses presented as exploratory observations from a 
single individual.
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Materials and methods
Ethical statement
No live animals were captured or sacrificed specifically for this study. The specimen used for DNA analysis was 
obtained post-mortem from a local fish market, where it had been landed as part of routine commercial fisheries. 
Therefore, the study did not involve animal experimentation, handling of live specimens, or invasive procedures, 
and formal ethical approval was not required in accordance with national guidelines for the use of animals in 
research. The work relied solely on tissue collected from an already deceased specimen.

Sample collection, DNA extraction, and quality assessment
A single specimen of C. chaca was procured from the local fish market of Narayanpur, Assam, India (Lat: lon- 
26.955880428390916, 93.85502385285048), where it had been landed through routine fisheries harvest. The 
specimen was already deceased at the time of purchase and was not collected as part of targeted sampling. 
Species identification was performed based on external morphological characters following published 
taxonomic descriptions of Chacidae, including diagnostic features such as the depressed head, wide terminal 
mouth, dermal ornamentation, and fin ray configuration. A photographic record of the specimen was retained 
as a reference voucher, and tissue samples used for molecular work are archived at the College of Fisheries, 
RLBCAU, Datia,  India, under laboratory reference ID: CC-MITO-01-2025. White muscle tissue was excised 
and immediately preserved in absolute ethanol to prevent DNA degradation30. High-molecular-weight genomic 
DNA, essential for long-read sequencing technologies, was extracted from the preserved tissue using Monarch® 
HMW DNA Extraction Kit for Tissue (NEB, USA) following manufacturer’s protocol. DNA quantity was 
measured using a Qubit fluorometer (Thermofisher Scientific, USA). DNA purity was assessed using a NanoDrop 
spectrophotometer (Thermofisher Scientific, USA). The integrity and fragment size distribution of the extracted 
HMW DNA were evaluated through agarose gel electrophoresis.

Nanopore library preparation
Library preparation was performed using the Ligation Sequencing Kit SQK-LSK114 (Oxford Nanopore 
Technologies, UK) following manufacturer’s protocol. DNA repair and end-preparation steps were conducted 
to ensure that DNA fragments have blunt ends and 5’-phosphorylated termini. Following this, dA-tailing was 
performed to add an ‘A’ overhang to the 3’ ends of the DNA fragments. Subsequently, specific sequencing adapters 
are ligated to these prepared DNA fragments. Cleanup steps using AMPure XP beads were then performed to 
remove unligated adapters and short DNA fragments, ensuring the enrichment of the desired library molecules. 
The final library was quantified using a Qubit fluorometer.

Nanopore sequencing with adaptive sampling on P2 Solo
Sequencing was conducted on the Oxford Nanopore Technologies P2 Solo device, using R10.4.1 flow cell 
chemistry. The sequencing run was initiated using the MinKNOW v25.09.16 (​h​t​t​p​s​:​​/​/​n​a​n​o​​p​o​r​e​t​e​​c​h​.​c​o​m​​/​d​o​c​u​​m​
e​n​t​/​e​​x​p​e​r​i​m​​e​n​t​-​c​o​​m​p​a​n​i​o​n​-​m​i​n​k​n​o​w) and adaptive sampling (also known as “Read Until”) was implemented 
to selectively enrich for mtDNA reads. The reference mitogenome of Chaca bankanensis (Accession number: 
AP012008) from NCBI was uploaded to the sequencer and this technique operates in real-time, where 
MinKNOW performed rapid alignment of reads against this provided reference sequence. Although the 
reference mitogenome of Chaca bankanensis (AP012008) used for adaptive sampling does not include a fully 
resolved control region (D-loop), this did not prevent recovery of the corresponding region in C. chaca. Adaptive 
sampling was used only to enrich reads showing similarity to the reference sequence and does not strictly exclude 
non-matching regions. Consequently, reads originating from the control region of C. chaca were retained during 
sequencing. The sequencing run was allowed to proceed for 48 h to achieve sufficient depth of coverage for the 
mitogenome.

 Data processing and mitogenome assembly
Raw Nanopore signal data (in POD5 format) were basecalled using Dorado v1.3.0 ​(​​​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​n​a​n​o​p​o​r​e​
t​e​c​h​/​d​o​r​a​d​o​​​​​) with the high-accuracy model to generate FASTQ reads. Because adaptive sampling was employed 
during sequencing to enrich mtDNA, the resulting dataset was inherently enriched for mitochondrial reads 
through real-time selection performed by the MinKNOW v25.09.16 (​h​t​t​p​s​:​​/​/​n​a​n​o​​p​o​r​e​t​e​​c​h​.​c​o​m​​/​d​o​c​u​​m​e​n​t​/​e​​x​
p​e​r​i​m​​e​n​t​-​c​o​​m​p​a​n​i​o​n​-​m​i​n​k​n​o​w). No additional post-basecalling read filtering, subsampling, or selection step 
was applied. Accordingly, the term “filtered mitochondrial read set” used here refers solely to the enriched read 
pool generated through adaptive sampling, rather than to any subsequent bioinformatic filtering procedure. 
Adaptive sampling operates by selectively retaining reads that show similarity to a provided reference during 
sequencing, but it does not impose strict exclusion boundaries. As a result, reads corresponding to divergent 
mitochondrial regions, including hypervariable segments such as the control region (D-loop), as well as partially 
matching fragments, are retained within the dataset. Consequently, all basecalled reads produced under adaptive 
sampling conditions were included in downstream assembly without exclusion based on alignment identity, read 
length, or mapping criteria. The de novo assembly of the enriched read dataset was performed using Flye v2.9.6 
with parameters optimized for circular genome reconstruction (--nano-hq, --meta disabled). Flye identifies 
candidate circular contigs by detecting terminal repeat overlaps and resolving circular structures internally. 
Assembly polishing was conducted to improve consensus accuracy. First, two rounds of Racon v1.5.0 ​(​​​h​t​t​p​s​:​
/​/​g​i​t​h​u​b​.​c​o​m​/​l​b​c​b​-​s​c​i​/​r​a​c​o​n​​​​​) were applied using the original Nanopore reads mapped back to the assembly to 
correct systematic long-read errors. This was followed by polishing with Medaka v2.2.0 ​(​​​h​t​t​p​s​:​/​/​g​i​t​h​u​b​.​c​o​m​/​n​
a​n​o​p​o​r​e​t​e​c​h​/​m​e​d​a​k​a​​​​​) using the r10.4.1_e8.2_400bps_sup model to obtain a high-quality consensus sequence. 
To validate assembly completeness and structural correctness, all basecalled reads were remapped to the 
polished assembly using minimap2. Continuous read alignment across the circularization junction, uniform 
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depth-of-coverage across the genome, and the absence of coverage breakpoints supported successful recovery 
of a complete circular mitochondrial genome. Overlapping terminal regions identified during assembly were 
trimmed to generate a single continuous circular sequence. Assembly quality was further evaluated based on (i) 
uniformity of sequencing depth across the mitogenome, (ii) absence of conflicting or chimeric alignments upon 
read remapping, and (iii) concordance with the expected vertebrate mitochondrial gene order as determined 
during annotation with MitoAnnotator. The finalized circular mitogenome was used for all downstream analyses 
and deposited in the NCBI GenBank database.

DNA methylation analysis
The final assembled mitogenome was used as a reference to detect 5-methylcytosine (5mC) and N6-methyladenine 
(6mA) signals via basecalling with Dorado v1.3.0 using the R10.4.1 SUP modified-base model. The resulting 
modification calls were processed using modkit v0.6.0 to obtain per-read, per-site modification probabilities. To 
ensure reliability of modification signals, only genomic positions with a posterior modification probability ≥ 0.8 
and minimum read coverage ≥ 100× were retained. Because individual nucleotide positions within mtDNA 
cannot be considered independent biological replicates and given that the study is based on a single individual, 
all downstream analyses were designed as descriptive, site-level comparisons within this dataset, rather than 
inferential statistical testing. Methylation frequency was calculated at each callable site as the proportion of reads 
supporting a modification at that position. These site-level methylation frequencies were used as the primary 
observational units for all downstream comparisons, including strand-specific analyses. Distributions of 
methylation frequencies were compared between heavy- and light-strand–encoded positions using rank-based 
approaches. The Wilcoxon rank-sum statistic was used descriptively to assess distributional shifts, and Cliff ’s 
delta was reported as a nonparametric measure of effect size. These statistics are presented to quantify differences 
within this dataset and are not interpreted as population-level inference. Feature-level summaries (e.g., protein-
coding genes, rRNAs, control region) were generated by averaging site-level methylation frequencies within 
each genomic feature. These aggregated values were used only for descriptive visualization and interpretation 
and were not treated as independent observational units for statistical comparison. To reduce potential false-
positive signals associated with Nanopore-based modification detection, several internal filters were applied: (i) 
exclusion of low-complexity and homopolymeric regions prone to elevated false-positive rates, (ii) enforcement 
of a high coverage threshold (≥ 100×) to stabilize frequency estimates, and (iii) In addition, modification 
levels in genomic regions such as tRNA clusters were examined as an empirical sanity check to contextualize 
background signal levels within the dataset. However, this comparison does not constitute a formal calibration 
strategy and cannot substitute for experimental controls or orthogonal validation methods. Accordingly, all 
detected modification signals are interpreted as dataset-specific observations rather than validated biochemical 
modifications. All analyses and visualizations were conducted in R using ggplot2, dplyr, and effsize. Proportion 
estimates were calculated using only callable positions (coverage ≥ 100×), ensuring that denominators represent 
confidently observed bases rather than total genomic length.

Because the study was conducted on a single opportunistically obtained specimen, downstream analyses, 
particularly mtDNA methylation profiling, were interpreted as descriptive at the level of the sampled individual 
rather than as population- or species-level estimates. Factors such as tissue specificity, unknown age, post-mortem 
interval, and preservation conditions may influence methylation detection in long-read sequencing datasets. 
Therefore, the present work is intended to establish a first reference framework for C. chaca mitogenomics and to 
generate testable hypotheses for future population-scale validation rather than to infer functional or ecological 
significance.

Phylogenetic analysis
The complete mitogenome sequence of C. chaca, newly sequenced in this study, was integrated with complete 
mitogenome sequences of various Siluriformes species retrieved from the MitoFish database31. Danio rerio was 
selected as an outgroup to root the phylogeny, consistent with broader teleost phylogenetic studies. Phylogenetic 
analysis was conducted using the streamlined CamITree software13. To minimize potential bias associated with 
highly variable non-coding regions and compositional heterogeneity typical of mitochondrial genomes, multiple 
phylogenetic datasets were constructed. The primary dataset consisted of concatenated alignments of the 13 
mitochondrial protein-coding genes (PCGs), excluding the control region and other non-coding segments. 
Nucleotide sequences were aligned gene-wise using MAFFT and concatenated, followed by trimming with 
trimAl to remove poorly aligned regions. To evaluate robustness of the inferred topology, three alternative data 
treatments were analyzed in parallel: (i) amino-acid translations of all PCGs to reduce nucleotide compositional 
bias, (ii) nucleotide alignments excluding third codon positions (retaining 1st+2nd positions only) to limit 
substitutional saturation, and (iii) a full PCG nucleotide matrix with partition-specific models selected by 
ModelFinder32. Maximum-likelihood phylogenies were reconstructed in IQ-TREE using partition-aware 
models with 1000 ultrafast bootstrap replicates and SH-aLRT support32. Concordance among these datasets was 
used to assess stability of the phylogenetic placement of C. chaca. The final tree was then visualized in FigTree 
inside CamITree.

Results and discussion
Sequencing statistics
The complete mitogenome sequence of C. chaca was successfully determined using nanopore sequencing 
(Fig. 1). Nanopore sequencing generated 2,556,478 raw reads (basecalled from POD5 files), corresponding 
to approximately 2.5 Gb of total sequence yield. The coverage was based on the total number of mapped 
mitochondrial bases rather than the number of alignment segments. Based on a mean sequencing depth of ~ 
1500× and a genome length of 16,591 bp, the total mapped mitochondrial bases were approximately ~ 24.9 Mb. 
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This value represents effective mitochondrial coverage after enrichment and read selection, not whole-genome 
sequencing depth. However, slightly lower coverage was observed in certain regions of the control region, 
likely attributable to the presence of repeat sequences33. Remapping of raw reads to the final assembly showed 
continuous alignment across the circularization junction with no evidence of structural breaks or alternative 
haplotypes, supporting recovery of a single complete mitochondrial genome. Nanopore sequencing has proven 
to be an effective method for obtaining complete and accurate mitogenomes34,35.

The assembled mitogenome, constructed using Flye v2.9.6, measured 16,591 bp. This size is consistent 
with the typical range observed for closely related species within the order Siluriformes, where mitogenomes 
often fall within 16,500 to 17,000 bp36. Analysis of the overall mitogenome’s nucleic acid composition revealed 
percentages of 31.80% A, 23.01% T, 15.20% C, and 29.99% G, resulting in a G-C content of 45.20%. Such 
nucleotide compositions and GC content are characteristic of fish mitogenomes37,38. The annotated genes from 
the complete mitogenome has been mentioned in Table 1.

The D-loop, also known as the displacement loop or control region, is a non-coding segment containing 
transcription and replication start sites39. In C. chaca, this region spanned positions 15,598 to 16,590 bp, with 
an exact size of 993 bp. This region constitutes approximately 5.98% of the total mitogenome. The D-loop is 
recognized for its significant genetic variation, including numerous polymorphisms such as insertions and 
deletions, making it a valuable marker for tracing ancestry and population genetic studies39,40. In the previously 
reported mitogenome of Chaca bankanensis (GenBank accession: AP012008), the control region was incomplete 
or not fully resolved, likely due to technical limitations of earlier sequencing approaches. The present study 
provides the first fully assembled control region for the genus Chaca, enabled by long-read sequencing, which 
allows resolution of repetitive and structurally complex regions.

Fig. 1.  Circular map of the complete mitogenome of Chaca chaca (16,591 bp). The genome consists of 
13 protein-coding genes, 22 tRNA genes, two ribosomal RNA genes and a control region/D-loop. Gene 
orientations are indicated by arrow direction. The inner rings display GC content variation and GC skew, 
highlighting compositional patterns across the mitogenome. Annotation was generated and visualized using 
MitoAnnotator.
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A comparative analysis of the C. chaca mitogenome with those of related Siluriformes species was performed. 
Visualization tools are commonly employed in comparative genomics to facilitate the identification of conserved 
and variable regions across species41,42. The results of this comparative analysis, presented as a BLAST Atlas 
using the CGview Comparison Tool, are provided in Fig. 2.

Phylogenetic analysis
Clarified familial placement of chacidae
The phylogenetic dataset comprised 200 complete mitochondrial genomes representing major lineages within 
Siluriformes, with Danio rerio as the outgroup. The final concatenated alignment of 13 mitochondrial protein-
coding genes had a total length of 21,381 bp after trimming. Poorly aligned and ambiguous regions were removed 
using trimAl to improve alignment quality.

Historically, the family-level placement of Chacidae within Siluriformes has been largely problematic, 
frequently remaining unresolved or being treated as an isolated lineage in higher-level summaries. This ambiguity 
is underscored by the fact that the phylogenetic affinities of Chacidae to other catfishes remain unclear despite 
numerous studies, with various hypotheses proposing relationships with diverse families such as Clariidae, 
Sisoroidei, Loricarioidei, Plotosidae, and Bagridae43. All alternative datasets (amino-acid matrix, exclusion of 
third codon positions, and PCG-only nucleotide dataset) recovered the same overall topology and consistently 

Gene Start End Strand Length (bp)

ND1 2821 3795 + 975

ND2 4009 5053 + 1045

COXI 5439 6989 + 1551

COXII 7151 7841 + 691

ATPase8 7917 8084 + 168

ATPase6 8075 8757 + 683

COXIII 8758 9541 + 784

ND3 9613 9961 + 349

ND4L 10032 10328 + 297

ND4 10322 11702 + 1381

ND5 11914 13740 + 1827

ND6 14249 13737 – 513

Cytb 14320 15457 + 1138

12S rRNA 70 1018 + 949

16S rRNA 1091 2745 + 1655

tRNA-Phe 1 69 + 69

tRNA-Val 1019 1090 + 72

tRNA-Leu (UAA) 2746 2820 + 75

tRNA-Ile 3798 3869 + 72

tRNA-Gln 3939 3869 – 71

tRNA-Met 3939 4008 + 70

tRNA-Trp 5054 5124 + 71

tRNA-Ala 5196 5128 – 69

tRNA-Asn 5270 5198 – 73

tRNA-Cys 5366 5301 – 66

tRNA-Tyr 5437 5368 – 70

tRNA-Ser (UGA) 7060 6990 – 71

tRNA-Asp 7065 7136 + 72

tRNA-Lys 7842 7915 + 74

tRNA-Gly 9542 9612 + 71

tRNA-Arg 9962 10031 + 70

tRNA-His 11703 11771 + 69

tRNA-Ser (GCU) 11772 11838 + 67

tRNA-Leu (UAG) 11841 11913 + 73

tRNA-Glu 14318 14250 – 69

tRNA-Thr 15458 15529 + 72

tRNA-Pro 15597 15528 – 70

Origin of light-strand replication (OL) 5300 5271 – 30

D-loop (Control region) 15598 16590 + 993

Table 1.  Annotation of complete mitogenome of Chaca chaca.
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placed C. chaca as sister to the pimelodoid clade. Branch support values varied slightly among analyses, but no 
conflicting deep relationships were observed, indicating that the inferred placement is not driven by control-
region variability or nucleotide compositional bias.

Early osteological work on C. bankanensis highlighted numerous autapomorphies of its cephalic and pectoral 
girdle structures44,45. These unique characteristics, however, often complicated efforts to unambiguously link 
Chacidae to any of the major catfish superfamilies, further contributing to the uncertainty surrounding its 
classification45. Similarly, early molecular studies employing a limited number of nuclear markers (e.g., rag1, 
rag2)46 or restricted mitochondrial regions often suffered from incomplete taxon sampling of Chacidae, leading 
to a persistent lack of resolution in its deeper phylogenetic relationships36,43.

This study provides a mitogenome-scale perspective on the placement of Chacidae by incorporating the 
first complete mitogenome of C. chaca alongside the previously available mitogenome of C. bankanensis. Our 
analysis (Fig. 3) provides strong and consistent support, within the present mitochondrial dataset, for a clade 
comprising Chacidae + (Plotosidae + Pimelodidae + Pseudopimelodidae), placing C. chaca within the broader 
pimelodoid radiation. This placement was recovered consistently across all alternative dataset treatments 
(amino-acid matrix, exclusion of third codon positions, and PCG-only nucleotide dataset), indicating that the 

Fig. 2.  Comparative BLAST atlas of the Chaca chaca mitogenome (accession: PX394296; length: 16,591 bp) 
generated using the CGView Comparison Tool (CCT). The outer ring displays annotated mitochondrial 
genes. Inner concentric rings represent BLAST similarity profiles of C. chaca against multiple Siluriformes 
mitogenomes, where darker blue shading indicates higher sequence similarity and white regions indicate lower 
or no alignment. Red blocks denote regions of divergence or reduced homology.
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Fig. 3.  Maximum-likelihood phylogenetic tree of Chaca chaca and representative Siluriformes based on 
concatenated alignments of the 13 mitochondrial protein-coding genes (PCGs). The tree was constructed 
using concatenated mitogenomic sequences aligned with MAFFT and analyzed in IQ-TREE under the best-fit 
partition models, with node support assessed through 1,000 ultrafast bootstrap replicates and SH-aLRT tests 
in CamlTree. C. chaca (highlighted in red color) forms a strongly supported monophyletic Chacidae clade with 
C. bankanensis, positioned within the pimelodoid assemblage and sister to Pimelodidae + Pseudopimelodidae. 
Danio rerio serves as the outgroup.
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inferred topology is not driven solely by compositional bias or control-region variability. However, because 
this study relies exclusively on mitochondrial genome data, the resulting topology should be interpreted as a 
mitochondrial gene-tree signal rather than a definitive resolution of higher-level phylogenetic relationships. 
Alternative familial hypotheses proposed in earlier morphological or limited-marker studies were not explicitly 
tested using constrained-topology or Approximately Unbiased (AU) tests in the present analysis and therefore 
cannot be statistically excluded43. Accordingly, rather than resolving longstanding ambiguities in the familial 
placement of Chacidae, the current results demonstrate that the mitochondrial dataset provides a consistent 
and reproducible phylogenetic signal under multiple analytical treatments, supporting its placement within the 
pimelodoid radiation in this dataset. Further confirmation using multilocus nuclear data and formal topology 
testing will be necessary to evaluate the robustness of this relationship at the species-tree level.

The inferred sister-group relationship between Chacidae and Pimelodidae is particularly intriguing given 
their striking ecological and morphological divergences. Many pimelodid species are characterized as large, 
active predators inhabiting extensive river channels in South America46,47. In stark contrast, Chaca species, 
commonly referred to as “angler catfishes” or “frogmouth catfishes”43, are typically small, sedentary, benthic 
ambush predators, exhibiting epidermal morphological specializations indicative of this ecological niche48. 
Because this study relies on mitochondrial genome data alone, the resulting topology should be interpreted as a 
single line of molecular evidence rather than as a definitive test of competing higher-level siluriform hypotheses. 
Future phylogenomic analyses integrating independent nuclear loci will be necessary to evaluate whether this 
relationship reflects organismal history or the known limitations of mitochondrial-only inference.

Phylogenetic caveats and dataset limitations
Interpretation of mitochondrial phylogenies at deeper taxonomic levels requires caution because several well-
recognized factors can influence inferred relationships. First, mitochondrial genomes exhibit lineage-specific 
compositional biases that may contribute to long-branch attraction, particularly when comparing distantly 
distributed taxa. Second, public database sequences rely on prior identifications that cannot be independently 
verified here, and potential misidentification cannot be entirely excluded. Third, as mtDNA represents a single, 
non-recombining locus, the recovered gene tree may not fully reflect the species tree due to processes such as 
incomplete lineage sorting or historical introgression. To mitigate these effects, alternative dataset treatments 
(amino-acid translation and exclusion of third codon positions) were examined and yielded congruent topologies, 
suggesting that the observed placement is not solely driven by nucleotide compositional signal. Nevertheless, 
the relationships presented here should be regarded as mitochondrial in origin and require confirmation from 
multilocus nuclear datasets.

Monophyly and internal diversification of Chaca
Within Chacidae, the two sampled species, C. chaca and C. bankanensis, consistently form a maximally supported 
sister-pair. This finding indicates that the genus Chaca is monophyletic, at least among the taxa sampled, and that 
the profound morphological similarities observed across described species reflect a shared ancestry49. Combined 
with taxonomic compilations that recognize C. chaca, C. bankanensis, C. burmensis, and C. serica as valid 
members of a single genus43, our phylogenetic tree supports the current familial concept of Chacidae as a small 
but evolutionarily distinct Asian lineage. The relatively long stem branch leading to Chacidae, in comparison to 
branches within Pimelodidae or Pseudopimelodidae, suggests an extended period of independent evolution for 
the frogmouth catfishes. Within this framework, the divergence between C. chaca and C. bankanensis appears to 
be well supported in the mitochondrial phylogeny; however, the timing of this divergence cannot be inferred in 
the absence of molecular clock analyses or calibrated phylogenetic models. The relatively long branch separating 
these lineages in the tree indicates substantial genetic differentiation within the mitochondrial dataset but does 
not provide a direct estimate of divergence time. Similarly, although the present-day geographic distribution 
of Chaca species spans South and Southeast Asia50, no explicit historical biogeographic reconstruction was 
performed in this study. Therefore, interpretations invoking specific dispersal or vicariant scenarios, including 
links to regional geological history such as Sundaland, remain speculative and are not directly supported by 
the current data. Accordingly, the results are best interpreted as demonstrating phylogenetic distinctiveness 
and geographic structuring within the genus Chaca in the mitochondrial dataset, without inferring the timing 
or mechanisms underlying lineage divergence. Future studies incorporating time-calibrated phylogenies and 
formal biogeographic modeling will be required to test these hypotheses.

Biogeographic and ecological implications
The genus Chaca is restricted to tropical South and Southeast Asia, inhabiting sluggish, often turbid lowland 
waters from the Ganga-Brahmaputra system westward to peninsular India and eastward to Borneo and 
Sumatra43,49. In the phylogeny constructed for this study, C. chaca (from the Indian region) and C. bankanensis 
form the most strongly supported sister lineages. This phylogenetic relationship, combined with their disjunct 
distributions, indicates the coexistence of a sister relationship and geographic separation between the two species 
in the mitochondrial dataset, without implying a specific historical biogeographic scenario. The relatively long 
branches separating these species reflect genetic divergence within the mitochondrial dataset but do not provide 
direct evidence of the timing or mechanisms underlying lineage separation. Although geological processes have 
been shown to influence freshwater faunal diversification50,51, such processes are not explicitly inferred in the 
present study.

Ecologically, both C. chaca and C. bankanensis are highly specialized benthic predators48. They exhibit a 
unique “frogmouth” morphology43 and spend much of their time camouflaged, buried in soft substrates, from 
which they rapidly engulf unsuspecting prey using their capacious mouths48,49. Their phylogenetic placement 
within an otherwise more morphologically “typical” pimelodoid radiation underscores the remarkable extent to 
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which feeding mode and body shape can diverge, while the overall phylogenetic signal in the mitogenome still 
clearly tracks shared ancestry. This striking morphological and ecological specialization, despite strong molecular 
affinity to less specialized groups, highlights Chacidae as a compelling model for future studies investigating the 
genomic underpinnings of extreme trophic specialization within catfishes.

Concordance with previous molecular and morphological work
Our phylogenetic topology is broadly congruent with recent multilocus and mitogenomic reconstructions 
of Siluriformes, which recover loricarioids as sister to all remaining catfishes or as an early diverging lineage, 
and Diplomystidae as another basal siluroid lineage52,53. These broader phylogenies also consistently identify 
a coherent pimelodoid assemblage, which includes families such as Pimelodidae, Pseudopimelodidae, and 
Heptapteridae52,53. The novel contribution of our work is the dense mitochondrial placement of C. chaca, which 
provides an additional mitochondrial line of evidence for the placement of Chacidae within the pimelodoid 
assemblage.

Morphological analyses of C. bankanensis have identified several distinct features in its cephalic region 
and pectoral girdle, including the configuration of the palatine-maxillary mechanism, cranial musculature, 
and pectoral girdle44. Historically, these morphological characters led to suspected affinities with pimelodoid 
families, although definitive links were not unambiguously established through osteological work alone43,44. 
The fact that our mitogenome phylogeny independently recovers Chacidae within the pimelodoid radiation 
increases confidence that both molecular data and these previously considered morphological characters are 
reflecting the same underlying evolutionary history, rather than being methodological artifacts.

However, given that the present study is based solely on mitochondrial genome data, the observed 
concordance between mitochondrial topology and previously described morphological characters should be 
interpreted as provisional and dataset-specific, rather than as confirmation of shared organismal evolutionary 
history. Accordingly, while the mitochondrial dataset provides a coherent signal placing Chacidae within the 
pimelodoid radiation in this analysis, independent validation using multilocus nuclear datasets will be required 
to assess whether this relationship reflects species-level phylogeny.

DNA methylation patterns across the C. chaca mitogenome
The C. chaca mitogenome showed strand-specific nucleotide compositional asymmetry, a characteristic 
vertebrate trait driven by asymmetric replication and mutational processes54,55. Under the strand-displacement 
model, the parental majority strand remains single-stranded for extended periods during replication, increasing 
its susceptibility to spontaneous hydrolytic deamination of cytosine and adenine54,56. Consequently, GC- and 
AT-skew metrics were used to assess this bias, as they more accurately reflect directional mutational pressure 
than raw base counts54,57.

Analysis of the C. chaca mitogenome revealed specific nucleotide counts on the light (L) strand (A: 5,276; T: 
3,817; G: 2,522; C: 4,976) and heavy (H) strand (A: 3,817; T: 5276; G: 4,976; C: 2522) (Supplementary file: meth.
xlsx). This distribution results in a positive AT-skew (≈ 0.16) and a negative GC-skew (≈ − 0.32) on the L-strand, 
consistent with the guanine-poor and adenine-rich architecture typical of vertebrates54,57. Accounting for these 
baseline asymmetries was essential during the normalization of modification frequencies to prevent inherent 
compositional bias from confounding the epigenetic data. To ensure high-quality signals, only positions with 
≥ 100x coverage were analyzed (Fig. 4a). This threshold was selected because Nanopore-based mitochondrial 
modification frequencies require a depth of at least 100× to achieve statistical stability and minimize stochastic 
noise58. Additionally, a visualization threshold of ≥ 25% modification was applied to distinguish robust 
signals from the low background methylation (typically < 7%) observed in various vertebrate mitochondrial 
contexts59,60. This threshold serves as a data-specific filter for high-confidence signals rather than a universal 
biological marker54,60.

As these findings are derived from a single specimen, they represent an initial descriptive profile of mtDNA 
modification in C. chaca rather than a definitive species-level estimate. Nonetheless, these results align with recent 
single-molecule sequencing studies and provide a foundational baseline for understanding the mitogenomic 
epigenome in siluriform fishes60,61.

Overall detection of mtDNA modification signals
Across all callable positions, signals consistent with 5-methylcytosine (5mC) and N6-methyladenine (6mA) were 
detected at subsets of cytosine and adenine residues, respectively. When calculated relative to total callable bases 
(coverage ≥ 100×), 8.86% of cytosines and 7.29% of adenines showed detectable modification signal prior to 
application of the ≥ 25% visualization threshold. These values represent overall detection frequencies within this 
dataset and do not distinguish between high- and low-confidence biological modifications. Reports of 5mC and 
6mA signals in mtDNA have been described in multiple taxa, although their accurate detection and biological 
interpretation remain subjects of ongoing methodological evaluation. Accordingly, the results presented here are 
limited to a quantitative description of observed signal patterns without inferring functional or regulatory roles.

Strand-wise distribution of modification signals
The distribution of DNA modification signals across the C. chaca mitogenome was markedly uneven between 
the two strands (Fig. 4b). For 5-methylcytosine (5mC), 345 sites were identified on the light (L) strand, compared 
to 319 sites on the heavy (H) strand. This distribution became more polarized for N6-methyladenine (6mA), 
where 437 sites were located on the L-strand, while only 226 sites were detected on the H-strand. Even after 
normalization by the total number of callable bases per strand, these strand-associated differences remained 
distinct. Such asymmetry is consistent with the inherent mutational and structural biases of the vertebrate 
mitogenome, including the extended single-stranded state of the L-strand during strand-displacement 
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replication54,55. However, these findings should be interpreted with caution; while similar strand-specific patterns 
have been documented in other vertebrate studies61,62, direct comparisons are often confounded by differences 
in sequencing platforms and bioinformatic pipelines. Furthermore, Nanopore-based detection is sensitive to 
local sequence context, coverage fluctuations, and potential model-specific biases that may disproportionately 
affect one strand58,63. Consequently, the observed asymmetry is presented here as a dataset-specific profile rather 
than a definitive, bias-corrected estimate of the C. chaca mitogenome.

Regions with elevated modification signal density
Genomic regions contributing ≥ 5% of total detected modification sites were identified as areas with relatively 
higher signal density. For 5mC, these included ND5, ND4, ND2, ND1, COXI, COXIII, Cytb, 12S rRNA, 16S 
rRNA, and the control region. For 6mA, the corresponding regions were 12S rRNA, ND5, COXI, ND4, ND2, 
ATPase6, and Cytb. The clustering of modifications in these specific genes highlights them as focal points for 
epigenetic study in the C. chaca mitogenome. While these regions represent locations where modification signals 

Fig. 4.  a Strand-specific genome-wide distribution of mtDNA methylation. Lollipop plots show the genomic 
positions of individual methylation sites along the mitogenome, plotted separately for the H and L-strands. b 
Strand-wise normalized mtDNA methylation levels of 5mC and 6mA. Bar plots represent the mean normalized 
methylation values for the H and L-strands, with error bars indicating the standard error (SE). Normalization 
accounts for differences in the total number of methylated sites between strands, enabling direct comparison of 
strand-specific methylation bias for each modification type.
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were most frequently called in this dataset, no broader inferences regarding functional enrichment or biological 
significance are made at this stage, consistent with the descriptive nature of initial mitogenomic modification 
profiles60,61.

Strand-associated differences in modification frequency
The evaluation of strand-associated differences in modification frequency was conducted by comparing site-
level distributions across all callable positions. Because these observations are derived from a single individual, 
genomic sites cannot be treated as independent biological replicates; therefore, the results are presented as 
descriptive summaries rather than inferential statistical outcomes61. To quantify the magnitude of distributional 
differences, Cliff ’s delta (δ) was used as a non-parametric effect size measure appropriate for non-normal 
methylation data58,60. The observed values (5mC: δ = 0.94; 6mA: δ = 0.48) indicate strong separation for 5mC and 
moderate separation for 6mA between strand-specific distributions within this dataset. These values describe 
the magnitude of difference and are not interpreted as indicators of statistical significance or population-level 
inference. While strand-associated asymmetry is a known feature of vertebrate mitochondrial genomes, the 
observed differences may also reflect factors such as sequence context, coverage variation, and model-specific 
biases in Nanopore-based modification calling. Therefore, the reported patterns are best interpreted as dataset-
specific descriptive observations without assigning a causal or mechanistic explanation.

Modification signal in an intergenic spacer
A short intergenic spacer was identified between the tRNA-Asp and COXII genes, characterized by the sequence ​
A​G​C​T​C​T​A​T​A​G​C​T​T​A. Within this non-coding region, two cytosine residues showed detectable 5mC signals, 
located at positions 7139 and 7147 (1-based reference coordinates). These positions correspond to cytosines on 
opposite strands of the mitogenome. Interestingly, no 6mA signals were detected in this specific spacer. While 
most mitochondrial modifications are typically concentrated within protein-coding genes like ND5 or ribosomal 
RNA genes such as 12S rRNA64–66, the detection of signals in intergenic regions highlights the high resolution 
of single-molecule sequencing approaches58. This observation is reported as a descriptive component of the 
C. chaca modification profile. Consistent with current standards in mitochondrial epigenomics, no functional 
or regulatory significance is attributed to these specific sites without further experimental validation of their 
biological role60,61.

Because methylation detection was performed on a single individual, the analysis was designed as a descriptive 
characterization of modification signals within this mitogenome rather than a statistical comparison across 
biological replicates. No inference regarding population-level methylation patterns or functional regulation was 
intended. The methylated positions detected in this study can serve as a starting point for mitoepigenetic studies 
in C. chaca in the future (Table 1).

Conclusion
In this study, we present the first complete mitogenome of the square-head catfish, C. chaca, and provide an 
integrated description of its genomic features, including mtDNA modification signals. The assembled mitogenome 
exhibits the typical vertebrate mitochondrial gene complement and organization, serving as a valuable genomic 
resource for this poorly represented taxon and supporting future evolutionary and conservation-genetic studies. 
Phylogenetic analysis based on mitochondrial genome data places C. chaca within the pimelodoid lineage in 
the present dataset, contributing mitochondrial evidence relevant to its taxonomic position. Genome-wide 
analysis detected signals consistent with 5mC and 6mA modifications across the mitogenome. Differences in 
modification frequency between strands were observed after normalization for base composition within this 
dataset, with a stronger separation for 5mC compared to 6mA. These observations are derived from a single 
individual and are presented as a descriptive profile of mtDNA modification signals without inferring functional, 
regulatory, or mechanistic significance. Overall, this study provides a mitogenomic resource for C. chaca and 
reports preliminary observations of mtDNA modification patterns, which require further validation using 
independent methods and broader sampling to assess their biological relevance.

Data availability
The sequence data supporting the findings of this study are publicly available in the Zenodo repository at ​h​t​t​p​
s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​5​2​8​1​/​z​e​n​o​d​o​.​1​8​0​2​9​7​5​2 under the Creative Commons Attribution 4.0 International (CC BY 4.0) 
license. The complete mitochondrial genome sequence of C. chaca has also been deposited in GenBank under 
the accession number PX394296.
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