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Abstract The endangered and endemic catfish
Glyptothorax stocki faces mounting threats in Paki-
stan, yet its population genetics remain entirely
uncharacterized. To address this gap and inform
genetically based conservation strategies, we con-
ducted the first genome-scale study of G. stocki,
analyzing 24 individuals from three river systems:
Swat (KPK), Poonch (KK), and upper Neelum (KN).
Moreover, mitochondrial genome analysis placed G.
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stocki within a well-supported clade and provided its
phylogenetic context among related Sisoridae taxa.
Genome-wide SNP analysis revealed strong popula-
tion structuring. Pairwise Fqr values showed strong
divergence between KPK and KN (Fgr=0.175)
and minimal differentiation between KK and KN
(Fgr=0.003). Nucleotide diversity was high in KK
(0.0697) and KN (0.0646) but low in KPK (0.0256).
KK and KN showed heterozygote deficits (Fg=0.22,
0.11), whereas KPK showed excess heterozygosity
(Fig= —0.13), with genomic inbreeding highest in
KK and lowest in KPK. Clustering analyses (PCA,
ADMIXTURE, STRUCTURE) and a maximum like-
lihood tree grouped the populations into two distinct
genetic clusters: one comprising KK and KN, and a
second, highly divergent cluster represented by KPK.
These results point to a long-term isolation of the
KPK population, likely driven by geographic barri-
ers. Therefore, we propose managing these clusters
as separate management units (MUSs). This study pro-
vides a genomic baseline for G. stocki’s genetically
informed conservation and restoration plans.

Keywords Conservation genomics - Population

structure - Endemic fish - Indus River basin -
Management units
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Introduction

Freshwater biodiversity is declining more rapidly
than terrestrial and marine biodiversity (Dudgeon
et al., 2006; Butchart et al., 2010; Collen et al., 2014).
Many freshwater species have become endangered
due to human activities, including population
growth near riverine systems, pollution, habitat
fragmentation (caused by dams and weirs), and
overfishing (Cincotta et al., 2000; Sala et al., 2000;
Lakra et al., 2010). Generally, riverine fish species are
more susceptible to physical, chemical, and biological
factors in aquatic environments. Rapid fluctuations in
water quality or habitat can have severe consequences,
leading to extinction of species (Poff & Allan, 1995;
Gehrke et al., 2002; Meador & Goldstein, 2003).
Keeping those in mind, restoration plans have been
established to protect endangered species (Moyle
et al., 2003; Funk et al., 2012; Harrisson et al., 2014).
Earlier, the genetic information was overlooked
while making the restoration plans. However, this
information has been consistently recommended
before developing conservation plans for endangered
species (Namkoong, 2000; Frankham, 2005).
Although the genetic tools have been advanced and
are now commonly integrated into conservation
management, their overall use remains limited in
developing countries, primarily due to a lack of
awareness and financial constraints (Pierson et al.,
2016; Pavlova et al., 2017; Taylor et al., 2017).

The members of the Sisorid catfishes are well
known to survive in swift-flowing riverine systems
and streams. Within the family Sisoridae, the genus
Glyptothorax Blyth, 1860, is a highly diversified
genus having over 90 species, out of which 70 are
legitimate nominal species (Ng & Hadiaty, 2009;
Sayyadzadeh et al., 2022). Members are characterized
by a specialized thoracic adhesive apparatus that ena-
bles attachment to substrates in high-current habitats
(Jiang et al., 2012). Recent mitochondrial genome-
based phylogenies have produced conflicting results
regarding the monophyly of Glyptothorax, likely due
to differences in taxon sampling. For example, Iyyap-
pan et al. (2026) recovered Glyptothorax as mono-
phyletic but did not include representatives of Gagata
Bleeker, 1858. Similarly, Sayyadzadeh et al. (2022)
did not include Gagata taxa, whereas Jiang et al.
(2012) included Gagata gagata (Hamilton, 1822),
but not Gagata dolichonema He, 1996. In contrast,
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broader phylogenetic analyses including Gagata spe-
cies have suggested that Glyptothorax may be poly-
phyletic (Schedel et al., 2022).

Glyptothorax stocki Mirza & Nijssen, 1978, is an
ecologically essential and distinctive species (Mirza &
Nijssen, 1978; Thomson & Page, 2006). It is a small
freshwater benthopelagic species (14 cm in length and
weighing up to 21 g) that lives in the bottom and mid-
water columns of these systems, and prefers to stay
in microhabitats accompanied by sandy or rocky sub-
strates present in springs or turbulent mountains (Mirza
& Nijssen, 1978). It contains up to 76.34% protein and
has economic value for local people. It is an endemic
species of Pakistan with records from Azad Kash-
mir, Khyber Pakhtunkhwa (KPK), and Punjab (Javed
et al., 2013; Ishaq et al., 2014; Hussain & Dutta, 2016;
Rahman et al., 2025; Ullah et al., 2025); however, no
recent records have been reported from Punjab. G.
stocki remains poorly studied, with limited phyloge-
netic data and no published mitochondrial genome to
date. Moreover, it is listed as endangered on the [UCN
Red List due to significant population decline and an
elevated risk of extinction (IUCN, 2020). Concerning
its endangered status, G. stocki demands urgent con-
servation action. To date, research on this species has
focused on the discovery of new records and morpho-
logical descriptions (Javed et al., 2013; Ishaq et al.,
2014; Rahman et al., 2025; Ullah et al., 2025).

Genetic diversity plays a crucial role in the survival
and adaptation of a species in relation to its environment
(Frankham, 2003; DeWoody et al., 2021). High genetic
variability is directly proportional to a species’ ability
to survive in its environment; conversely, low genetic
variability can lead to population decline or extinction
(Frankham, 2003; DeWoody et al., 2021). Before cre-
ating a conservation plan, it is essential to examine the
genetic structure and diversity of a particular species.
The world of conservation genetics has been revolution-
ized by the advent of advanced sequencing technologies,
particularly next-generation sequencing (NGS). This
high-throughput data is being used to gain insights into
genetic structure, gene flow, identification of distinct
genetic units, inbreeding coefficient, and other valuable
information crucial for developing genetically based
conservation strategies (Allendorf et al., 2012).

Despite G. stocki being an endangered species, no
previous studies have been conducted on its genetic
structure and genetic diversity, and phylogenetic
placement, which could potentially hinder practical
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conservation efforts. Due to the construction of the
Mangla dam and the flow of water from two different
river systems into the Indus River system, we hypoth-
esize that there might be two distinct populations. The
present study is focused on a genome-wide assessment
of G. stocki in Pakistan using next-generation sequenc-
ing. By conducting genetic analysis on G. stocki,
including population structure, genetic diversity, and
inbreeding coefficients, this study provides a scientific
baseline for implementing genetically informed con-
servation strategies across their native range.

Materials and methods
Sample collection and DNA preparation

A total of 30 individuals of G. stocki were collected
via non-lethal sampling from three river systems
across its known distribution in Pakistan: one river
from Khyber Pakhtunkhwa (KPK), the Swat River,
and two rivers from Azad and Jammu Kashmir
(AJK), the upper Neelum River (KN), and the Poonch
River (KK), near the Line of Control (India bor-
der) (Fig. 1). These sites were selected based on the
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species known habitat preferences and previous eco-
logical surveys. Despite multiple attempts, no speci-
mens were obtained from the Chenab River system
in Punjab, consistent with the lack of recent records
from this region. The habitat picture is provided in
the supplementary Fig. 1. The details of the collected
specimens are given in Table 1.

During field sampling, a small number of individu-
als of Glyptothorax punjabensis were also encoun-
tered alongside G. stocki (Mirza & Kashmiri, 1971).
No clear variation in external coloration was observed
among G. stocki individuals across the sampled loca-
tions. Due to the politically sensitive nature of parts
of Kashmir, fieldwork was conducted in coordination
with local authorities under constrained conditions.
Following capture, individuals were morphologically
identified using established taxonomic keys. A small
fin clip was collected from each specimen using ster-
ile scissors and forceps, in accordance with ethical
protocols for tissue sampling (Hammer et al., 2013).
All fish were handled with care and released imme-
diately at the capture site. The sex of individuals was
not identified during sampling because of the nonin-
vasive sampling protocol employed in this study. Fin
clips were preserved in 95% ethanol to prevent DNA
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Fig. 1 Sampling locations of G. stocki in Pakistan. G. stocki
samples were collected from three river systems: the Swat
River (KPK, yellow), the Poonch River near Kotli (KK, red),

and the upper Neelum River (KN, green). The location of the
Mangla Dam is indicated with a barrier. The inset shows the
study area within Pakistan
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Table 1 Sampling information for the 30 G. stocki individuals. Coordinates are reported in the WGS84 geographic coordinate refer-

ence system

Group No. of Samples Mitogenomes Locality Latitude Longitude
samples retained after assembled
QC
KK 10 7 Poonch River, Kotli, Kashmir 33.5129° N 73.8830° E
KPK 10 7 Swat River, Khyber Pakhtunkhwa 34.165° N 71.591°E
KN 10 10 2 Neelum River, Muzaffarabad, Kashmir 34.448° N 73.5477° E

degradation and stored at —20 °C upon return to the
laboratory until DNA extraction.

DNA extraction, library preparation, and sequencing

Genomic DNA was extracted from ethanol-preserved
fin clips using the TIANamp Genomic DNA
Kit (Tiangen Biotech, China). DNA quality and
concentration were assessed spectrophotometrically.
Qualified DNA was sheared to an average fragment
size of 500 bp using a SCIENTZ18-A Ultrasonic
DNA Interrupter (Scientz, Ningbo, China). The
DNA fragmentation protocol involves 22cycles
of ultrasonication for 20 s followed by a pause of
20 s, with a processing power of 300 W. Sequencing
libraries were constructed using a standard protocol
that included end repair and ligation of indexed
adapters for sample multiplexing. Solid-phase
reversible immobilization (SPRI) beads were used
for size selection and purification steps throughout
the library preparation process. Final library
quality was verified by agarose gel electrophoresis,
and quantification was performed using a Qubit
fluorometer (Thermo Fisher Scientific, USA).
Libraries were pooled in equimolar ratios and
subjected to 150-bp paired-end sequencing on an
Ilumina HiSeq platform at Novogene (Shanghai,
China).

Genomic data processing

Because there is no reference genome available for
G. stocki, Danio rerio (Hamilton, 1822) was used as
the reference for assembling a set of 4434 single-copy
coding loci of G. stocki following the Assexon pipe-
line of Yuan et al. (2019). Each sample was demul-
tiplexed from the pooled sequences based on unique
inline indexes specific to each individual. After
demultiplexing, samples were subjected to quality
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filtering and adapter trimming to ensure the removal
of adapters and the presence of quality reads. Further-
more, the low-quality bases (Phred score <20) were
trimmed to keep high-quality reads (Martin, 2011).
The resulting cleaned reads were used for the assem-
bly using the Perl script assemble.pl script developed
by (Yuan et al., 2019). During the assembly step,
paired-end reads were merged, and contigs were con-
structed for each sample. The PCR duplicates and
residuals were filtered out using the delete-unwanted.
pl script to ensure the presence of unique, high-con-
fidence sequence information and to minimize bias
in the dataset (Yuan et al., 2019). After individual
assembly, all of the processed samples were merged
into a single file using the Python script "merged.pl"
(Yuan et al., 2019). The combined sequences were
aligned using the "alignment.pl" script, resulting in
an alignment suitable for phylogenetic reconstruction.
Consensus sequences were made from the alignments
and used as a reference for variant calling across mul-
tiple individuals (Yuan et al., 2019).

Variant calling and filtering

The consensus file, carrying sequences for each tar-
get locus, was generated using a custom Perl script
that extracted the required sequences from assembled
contigs (Yuan et al., 2016). The pregenerated trimmed
files were aligned to the consensus loci using BWA
v0.7.5 (Li & Durbin, 2009). The resulting files (SAM)
were converted into Binary Alignment/Map (BAM)
format using SAMtools to enable the efficient down-
stream processing. The BAM files were then geno-
typed using GATK v4 (Genome Analysis Toolkit) and
the GATK Practices workflow (McKenna et al., 2010;
DePristo et al., 2011; Van Der Auwera et al., 2013).
The HaplotypeCaller, together with basic quality score
and duplicate flagging, was performed for variant call-
ing. SNP filtering was conducted using PLINK v1.9,
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where loci with a genotype missing rate greater than
20% (-geno 0.2) were excluded. In addition, SNPs
with a minor allele frequency (MAF) below 0.05
(-maf 0.05) were removed to reduce the influence of
rare variants. The final results of the SNP data were
contained in a (.vcf) file. These high-quality final
SNPs were then converted into suitable input formats
for use in population genetic analysis.

Phylogenetic reconstruction

The phylogenetic tree was constructed among the
studied individuals based on a concatenated dataset
of aligned DNA sequences created from a dataset file
prepared at step 2.3. It employed the maximum like-
lihood (ML) approach with IQ-TREE v2, along with
1000 ultrafast bootstrap replicates, to assess node sup-
port (Minh et al., 2020). The best-fitting model was
selected by using the -spp option within IQ-TREE,
which automatically identifies the best-fitting substitu-
tion model. The visualization of the resulting tree file
(.treefile) was performed using FigTree v1.4.4, which
allowed for manual editing of branch labels, rooting,
and annotation to achieve the final look of the tree
(Rambaut, 2009). Three mitochondrial genomes were
assembled from whole-genome resequencing data
using NOVOPlasty v4.3.5 (Dierckxsens et al., 2017),
a seed-and-extend assembler designed for organelle
genome reconstruction from short-read sequencing
data. Moreover, to investigate the phylogenetic place-
ment of G. stocki, complete mitochondrial genome
sequences were compiled, including the newly assem-
bled mitogenomes from this study and publicly avail-
able Sisoridae mitochondrial genomes retrieved from
GenBank. The details of the samples, including the
accession numbers, are given in Supplementary
Table 1. Sequences were aligned using MAFFT, and
poorly aligned regions were removed using trimAl.
A maximum likelihood phylogenetic tree was recon-
structed using IQ-TREE with automatic model selec-
tion (ModelFinder). Branch support was assessed
using 1000 ultrafast bootstrap replicate tests. D. rerio
was included as an out-group to root the tree.

Nucleotide diversity ©
The nucleotide diversity was calculated from

the filtered VCF file (Nei & Li, 1979; Nei, 1987,
Danecek et al., 2011). The vcfR package in R was

used for the data preparation, reading the VCF file,
and indel removal (Knaus & Griinwald, 2017; Paradis
& Schliep, 2019); moreover, pegas was used for the
calculation of nucleotide diversity (Paradis, 2010);
the visualization of the obtained results was done
with ggplot2 (Wickham, 2016).

Population genetic analysis

To infer population structure, we employed three
complementary methods. First, a Bayesian clustering
analysis was performed using STRUCTURE v2.3.4.
We used the admixture model with correlated allele
frequencies, running 10 iterations for each value of
K (genetic clusters) from 1 to 5. Each run included a
burn-in period of 100,000 steps followed by 500,000
Markov chain Monte Carlo (MCMC) repetitions.
The optimal K value was determined using the AK
method (Evanno et al., 2005) implemented in STRU
CTURE SELECTOR. Second, a principal component
analysis (PCA) was conducted using PLINK v1.9.
The SNP data were converted to PLINK binary
format, and the resulting eigenvectors were visualized
in R using ggplot2. Third, we performed maximum
likelihood estimation of ancestry proportions using
ADMIXTURE software. The analysis was run for
K=1 to 4, and the results were visualized in Tbtools
(Chen et al., 2020).

Genetic diversity

Genetic differentiation among populations was
quantified by calculating pairwise Fgp values
using the Stacks pipeline (Catchen et al., 2013).
Additionally, deviations from Hardy—Weinberg
equilibrium (F) for each population were
estimated using the hierfstat package in R, based
on the methods of Weir & Cockerham (1984). The
individual genomic inbreeding was quantified using
SNP-based excess homozygosity (PLINK F) by
using the function —het, which estimates individual
genomic inbreeding coefficient (F) based on excess
homozygosity (Purcell et al., 2007; Kardos et al.,
2016).

Population branch statistic (PBS) was used to
identify loci showing population-specific signals of
differentiation among the three populations (Yelmen
et al., 2021). Variant data were obtained from a
filtered VCF file and converted to a genlight object
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in adegenet (R v4.1.1). For each population, allele
frequencies were estimated from diploid genotype
dosages, excluding missing data. Pairwise genetic
differentiation between populations was quantified
at each SNP using the Hudson estimator of Fgr,
which corrects for finite sample sizes. Pairwise Fgp
values were transformed as T=—Ilog (1—Fg), and
PBS for each population was calculated (Yi et al.,
2010). Functional annotation of candidate loci was
performed by mapping SNP positions to nearby genes
of already annotated genes of all available genomes
using biomaRt (Ensembl) (Kinsella et al., 2011). The
corresponding Ensembl dataset was queried, and
genes located within+50 kb of each SNP position
were retrieved (Ensembl gene ID, gene symbol,
description, genomic coordinates, and strand). The
distance from each SNP to each candidate gene
interval was calculated, and the nearest gene(s) per
SNP were retained.

Results
Data assembly and analysis

Whole-genome resequencing of 30 individuals
produced high-quality data for 24 samples after
quality filtering. The detailed information, like
sequencing depth and number of reads, is given in
Supplementary Table 2. After sequence assembly,
alignment, and quality filtering, a total of 900-1442
single-copy loci were successfully retrieved per
individual. Following stringent quality control, 1000
high-confidence loci were retained for phylogenetic
and population genomic analyses. The concatenated
alignment of these loci spanned a total of 362,850
base pairs. Variant calling using GATK4 identified
9450 high-quality SNPs across all individuals, which
were used for downstream analysis, including genetic
structure and diversity estimation.

Phylogenetic analysis

The maximum likelihood phylogenetic analysis based
on complete mitochondrial genome sequences recov-
ered G. stocki as a well-supported monophyletic
clade, with all three newly assembled mitochondrial
genomes from the KK and KN populations clustering
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together (Fig. 2). This clade was positioned within
the broader Glyptothorax lineage and formed a sis-
ter relationship with Glyptothorax trilineatus Blyth,
1860, and Glyptothorax annandalei Hora, 1923. The
genus Gagata (G. dolichonema) was recovered within
the Glyptothorax clade. At higher taxonomic levels,
the overall topology was consistent with expected
relationships within Sisoridae, with Bagarius bagar-
ius (Hamilton, 1822) and Glyptosternon maculatum
(Regan, 1905) forming successive sister lineages,
and more distantly related taxa (Clarias batrachus
(Linnaeus, 1758), and D. rerio) placed basally as
out-groups.

Moreover, the evolutionary relationships among
G. stocki individuals were inferred from a maximum
likelihood phylogeny constructed from 1000 high-
quality loci. The resulting tree, rooted with D. rerio
as an out-group, showed a clear bifurcation into two
major clades (Fig. 3). One clade exclusively com-
prised individuals from the KPK population (Swat
River), while the second clade contained all individ-
uals from the KK (Poonch River) and KN (Neelum
River) populations, demonstrating significant genetic
divergence of the KPK group.

Population structure, admixture, PCA, and FST
analysis

The pairwise Fqp values were calculated to reveal
genetic  differentiation among three G. stocki
populations. The values of pairwise Fgp were highly
variable, representing significant differentiation
between populations (Table 2), with the greatest
divergence observed between KPK and KN
(Fgr=0.175; P<0.001), moderate divergence
between KK and KPK (Fgr=0.134; P<0.01), and the
least divergence between KK and KN (F¢r=0.003;
P<0.05). Very low differentiation was observed
between KK and KN, suggesting a high level of
genetic similarity between these two populations.
These results support the clustering patterns observed
in PCA, phylogenetic, and STRUCTURE analysis,
indicating substantial genetic divergence of the KPK
population from the other two.

Bayesian clustering analysis in STRUCTURE
identified two distinct genetic clusters (K=2) as the
optimal population structure (Fig. 4. A and B). All 24
individuals were assigned to their respective clusters
with negligible admixture, indicating strong genetic
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Fig. 2 Maximum likelihood phylogenetic tree based on com-
plete mitochondrial genome sequences of G. stocki and related
Sisoridae taxa. The G. stocki individuals are highlighted in red,
with corresponding GenBank accession numbers and sam-
pling localities (KN: Neelum River, Kashmir; KK: Poonch
River, Kashmir) indicated beside the sample names. The tree

differentiation. One cluster consisted exclusively of
individuals from the KPK population, while the sec-
ond cluster contained all individuals from the KK and
KN populations. This result is fully congruent with
the phylogenetic and PCA analysis.

This bifurcation was further supported by
ADMIXTURE analysis (Fig. 5A). The most biologi-
cally meaningful clustering occurred at K=2, which
cleanly separated the KPK population from a unified
KK/KN genetic group. At K=3, the model failed to
distinguish KK from KN, instead showing admixture
between them. This suggests very recent divergence
or ongoing gene flow between these two sites. The
consistent results from PCA, STRUCTURE, phyloge-
netics, and ADMIXTURE strongly support the exist-
ence of two primary genetic populations: an isolated
KPK population and a second population comprising
the closely related KK and KN individuals. Princi-
pal component analysis (PCA) revealed clear genetic
structuring among the sampled populations (Fig. 5B).
The first two principal components (PC1 and PC2)
explained 13.08% and 7.21% of the total genetic

was inferred using IQ-TREE under the best-fitting substitution
model selected by ModelFinder. Branch support values are
shown at nodes, bootstrap (UFboot) percentages based on 1000
replicates. D. rerio was used as an out-group. Scale bar indi-
cates the number of substitutions per site

variance, respectively. The plot showed a distinct
separation of the KPK individuals from a tight cluster
formed by the KK and KN individuals, corroborating
the patterns observed in the STRUCTURE and phylo-
genetic analysis.

Nucleotide diversity

Estimates of nucleotide diversity (m) revealed
significant differences in genetic variation among
the populations. Diversity was significantly lower
in the KPK population (x=0.0256) than in the KK
(r=0.0697) and KN (1=0.0646) populations, which
showed similar, high levels of diversity. The high
overall nucleotide diversity (r=0.1196) reflects
the substantial genetic divergence between the two
identified clusters.

Inbreeding coefficient

Population-level deviations from the Hardy—Weinberg
equilibrium varied among river systems. The
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Fig. 3 Maximum likelihood phylogenetic tree of G. stocki
individuals based on 1000 loci. The tree reveals two primary
genetic clusters: one comprising individuals from the Swat
River (KPK) and a second containing individuals from the
Poonch (KK) and Neelum (KN) rivers. D. rerio was used as an
out-group

Table 2 Genetic differentiation (Fgy) and significance (P-val-
ues) between three population pairs

Group KK KPK KN

KK P<0.001 P=0.040
KPK 0.134™ P<0.001
KN 0.003" 0.175"

"P<.05, ®*P<.01

KK and KN populations exhibited heterozygote
deficits (F;g=0.22 and 0.11, respectively), whereas
the KPK population showed a weaker signal
consistent with heterozygote excess (Fig=-0.13).
Individual genomic inbreeding coefficients estimated
from excess homozygosity (PLINK F) revealed
pronounced variation among populations and
among individuals. Median genomic inbreeding was
highest in KK (median F=0.33), intermediate in KN
(0.15), and lowest in KPK (0.03), with substantial
within-population heterogeneity. Overall, patterns
of genomic inbreeding were broadly concordant
with population-level F;q estimates, indicating
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elevated genomic homozygosity in the KK and KN
populations relative to KPK.

Loci under selection (PBS)

Genome-wide population branch statistic (PBS) iden-
tified a limited number of loci exhibiting elevated
population-specific divergence across the three popu-
lations (Fig. 6). Elevated PBS values were restricted
to discrete genomic regions, with the majority of loci
showing low background differentiation. In each pop-
ulation, only a small subset of loci exceeded the 99th
percentile threshold. Among the PBS outliers, some
loci mapped near annotated genes, while others were
located in regions lacking known gene annotations.
In the KN population, one locus (Locus X) display-
ing elevated PBS was located near coll4alb, a gene
involved in extracellular matrix organization and skel-
etal development. In the KK population, an elevated
PBS signal at Locus VI was detected near a 5S rRNA
gene cluster. In addition, two PBS outliers (Locus IV
and Locus VII), identified in different populations,
mapped to the same genomic region, corresponding
to the uncharacterized gene ENSORLG00000028906.
Overall, the strongest PBS outliers were predomi-
nantly located in noncoding or poorly annotated
regions of the genome.

Discussion
Phylogenetic placement of G. stocki

The mitochondrial phylogenetic analysis provides
additional insight into the evolutionary placement
of G. stocki within Sisoridae. All three G. stocki
individuals formed a well-supported monophyletic
clade, consistent with their taxonomic identity
and supporting the reliability of the assembled
mitochondrial genomes. The close relationship
between G. stocki and species such as G. trilineatus
and G. annandalei is consistent with previously
reported relations within the genus. Notably, G.
dolichonema was recovered within the broader
Glyptothorax  clade, consistent with  recent
mitochondrial genome-based studies suggesting
potential polyphyly of the genus (Schedel et al.,
2022). Although the present study focuses primarily
on genome-wide nuclear variation, the mitochondrial
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Fig. 4 Population structure A.
of G. stocki inferred from
STRUCTURE analysis.
(A) Bar plot at the optimal
K =2 shows individuals
assigned to two genetic
clusters with no admixture:
one specific to the KPK
population and another
comprising the KK and
KN populations. (B) The
Evanno plot (AK) confirms
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phylogeny complements these findings by placing G.
stocki within a broader evolutionary framework.

Genomic evidence for two evolutionarily significant
units in G. stocki

This study presents the first genome-wide
assessment of population structure and genetic
diversity in the endangered endemic catfish G.
stocki across its known range in Pakistan. Our
analysis, based on high-quality SNPs, provides
consistent and robust evidence for the existence
of two genetically distinct populations: one
comprising individuals from the Swat River
in Khyber Pakhtunkhwa (KPK), and a second
encompassing the closely related populations from
the Poonch (KK) and Neelum (KN) Rivers in

Azad Jammu & Kashmir. This clear bifurcation,
supported by STRUCTURE, ADMIXTURE, PCA,
and phylogenetic analysis, is further validated by
significant pairwise Fgp values. The pronounced
differentiation between KPK and the Kashmir
populations (Fgr=0.134—0.175) contrasts sharply
with the negligible divergence between KK and KN
(Fg1=0.003), underscoring a fundamental partition
within the species with critical implications for its
conservation.

Comparable patterns of  phylogeographic
subdivision have been reported in other South
Asian freshwater fishes. For instance, population
genetic studies on the large riverine catfish Wallago
attu (Bloch & Schneider, 1801) in Pakistan
revealed strong differentiation among Indus River
subpopulations and low nucleotide diversity, largely

@ Springer



Hydrobiologia

Fig. 5 Population genetic A.
structure of G. stocki. (A)
ADMIXTURE bar plots for

K=1 to K=3. The optimal
clustering at K=2 supports

two distinct genetic groups: a2
KPK and a combined KK/ x e <
KN population. (B) Prin-
cipal component analysis
(PCA) plot showing clear
separation of the KPK
population from a cluster
containing the KK and KN
populations
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driven by hydrological isolation and anthropogenic
modification of habitats (Sherzada et al., 2024).
Similarly, Tor putitora (Hamilton, 1822) exhibits
distinct genetic lineages across Himalayan
drainages, corresponding to historical barriers and
modern dam constructions (Yadav et al., 2020). The
observed population structure may be influenced
by both natural riverine features and anthropogenic
barriers. In particular, the Mangla Dam represents
a major artificial barrier that may restrict gene flow
between these river systems.

Drivers of population divergence

The observed genetic structure is a likely consequence
of both historical biogeography and contemporary

@ Springer

PC1 (13.08%)

anthropogenic fragmentation. The primary separation
reflects the distinct hydrographic basins these
populations inhabit. The KK and KN populations
are tributaries of the Jhelum River, which feeds into
the Indus River system via the massive Mangla Dam
reservoir. In contrast, the KPK population belongs
to the Swat River system, a tributary of the Kabul
River, representing a separate sub-basin within
the greater Indus catchment (Mirza, 1994). This
natural hydrological separation has likely existed
for a significant evolutionary period, potentially
exacerbated by historical geological events such as
river captures and Pleistocene climatic shifts that
have shaped vicariance in other Himalayan aquatic
taxa (He & Chen, 2006; Duan et al., 2009).
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Fig. 6 Genome-wide population branch statistic (PBS) scans
across three populations. Manhattan-style plots show PBS
values calculated for each SNP across the genome for the KK,
KN, and KPK populations. SNPs are plotted according to
cumulative genomic position, with contigs stitched end-to-end

However, this natural division has been severely
amplified by modern infrastructure. The Mangla
Dam constitutes a formidable barrier to gene flow,
disrupting longitudinal connectivity and isolating
upstream populations. Such anthropogenic barriers
promote genetic divergence through genetic drift in
fragmented subpopulations, a well-documented phe-
nomenon in riverine ecosystems worldwide (Nilsson
et al., 2005; Zarfl et al., 2015). Our findings thus align

and alternating colors indicating adjacent contigs. Horizontal
dashed lines denote the 99th percentile of the empirical PBS
distribution within each population. Labeled points indicate the
highest PBS scoring loci in each population based on prede-
fined locus identifiers

with studies on other South Asian fishes, such as the
golden mahseer (7. putitora), where mitochondrial
DNA reveals phylogeographic breaks correlated with
both natural drainage basins and dams (Yadav et al.,
2020). The genomic signature in G. stocki therefore
bears the dual imprint of deep-time evolutionary his-
tory and recent human impact, highlighting that effec-
tive conservation must address both legacies.
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Population branch statistic (PBS) and
environment-associated genomic differentiation

Genome-wide analysis of population branch statistic
(PBS) values revealed that population-specific
divergence in G. stocki is highly localized, with
only a small number of discrete genomic regions
showing elevated PBS values against a background
of generally low differentiation. This pattern may
be characteristic of taxa in which adaptation occurs
through selective pressures acting on specific loci
rather than across the entire genome (Shpak et al.,
2025). The observed distribution of PBS peaks is
distinct among populations but spatially restricted,
which may point to independent adaptive responses to
local environmental conditions or selective regimes.
Similar patterns have been reported in other systems,
such as in migratory birds and marine species, where
local adaptation arises through limited genomic
islands of divergence (Tigano & Friesen, 2016;
Hiamila & Savolainen, 2019).

Among the identified PBS outliers, in the KN
population, an elevated PBS signal near coll4alb, a
gene associated with extracellular matrix organization
and skeletal development, suggests possible selection
on traits related to morphology or structural adapta-
tion. Functional parallels have been observed in adap-
tive divergence studies of vertebrates, where genes
involved in collagen synthesis and skeletal develop-
ment frequently contribute to environmental adapta-
tion (Cuevas et al., 2021). Similarly, the elevated PBS
signal detected near a 5S rRNA gene cluster in the
KK population may indicate selection on ribosomal
function or gene regulation, consistent with reports
that rRNA cluster variation can evolve rapidly under
environmental stress or metabolic demand (Lopez-
Maury et al., 2008). Intriguingly, two PBS outliers
mapped to the same genomic region corresponding
to the uncharacterized gene ENSORLG00000028906,
suggesting that this locus may represent a previ-
ously unrecognized target of selection. The repeated
signal across populations implies a conserved selec-
tive mechanism, potentially involving regulatory
elements or structural genomic features. The pre-
dominance of PBS outliers in noncoding or poorly
annotated regions suggests that adaptive divergence
often involves changes in regulatory sequences that
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fine-tune gene expression, rather than mutations in
protein-coding regions (Booker et al., 2021).
Population  branch  statistics and related
branch rescaled methods have been validated as
effective for identifying loci associated with local
adaptation across populations using SNP data, often
outperforming classical Fgr-based scans in detecting
population-specific  sweeps from genome-wide
SNP sets (Nandanpawar et al., 2024). This further
supports the interpretation of discrete PBS peaks
in G. stocki as candidate signals of population-
specific differentiation rather than genome-wide
divergence/adaptation. Future functional assays and
transcriptomic analysis will be critical to validate the
adaptive relevance of these loci and elucidate their
roles in population-specific environmental responses.

Contrasting genetic health signals demand tailored
management

Beyond revealing population structure, our analysis
uncovered critical differences in genetic health
indicators, necessitating distinct conservation
strategies for each unit. The KPK population
displays a concerning genetic profile characterized
by markedly low nucleotide diversity (x=0.0256)
compared to the Kashmir populations (KK ©1=0.0697;
KN 7=0.0646). Low nucleotide diversity directly
reduces adaptive potential, increasing vulnerability
to environmental change and stochastic events
(Frankham, 2005). This pattern is characteristic of
small, isolated populations that have experienced
a reduction in effective population size, possibly
due to a historical bottleneck or sustained habitat
constraints. Paradoxically, this same KPK population
exhibits a heterozygote excess (Fig=-0.13). While
this could theoretically indicate balancing selection,
a more plausible explanation for an isolated
population with low overall diversity is a recent
bottleneck. In such a scenario, a rapid reduction in
population size reduces allelic diversity (lowering
n) faster than heterozygosity, leading to a transient
excess of heterozygotes until a new equilibrium
is reached. This pattern has been empirically
observed in freshwater fish populations exhibiting
low genetic variation as a consequence of recent
demographic decline (e.g., Labeo rohita (Hamilton,
1822) showing heterozygosity excess and low allelic
richness consistent with a bottleneck) (Nandanpawar



Hydrobiologia

et al.,, 2024). Importantly, estimates of individual
genomic inbreeding based on excess homozygosity
(PLINK F) indicate that genomic inbreeding in KPK
is generally low to moderate (median F=0.03), but
with substantial variation among individuals. This
combination signals a population that is genetically
depauperate and potentially at high risk, despite a
temporary surplus of heterozygotes that may mask
the severity of its situation.

In contrast, the Kashmir populations (KK and
KN) present a different challenge. They retain
comparatively high nucleotide diversity, suggesting
a historically larger effective population size and a
healthier genetic base. However, both show positive
Fig values (KK F;g=0.22; KN F;=0.11), indicating a
heterozygote deficit. Estimates of individual genomic
inbreeding corroborate this pattern, with elevated
median genomic inbreeding in KK (median F=0.33)
and intermediate levels in KN (median F=0.15).
This suggests that within the Jhelum system, even
though KK and KN are genetically similar, there may
be finer-scale barriers or reduced dispersal leading
to mating among relatives. Positive Fig values and
heterozygote deficiencies are commonly interpreted
as signals of inbreeding or mating among related
individuals within small, fragmented populations,
which has been documented in other freshwater fish
where restricted gene flow and small local effective
sizes contribute to elevated inbreeding (Castric
et al.,, 2002). In summary, the high overall species-
level nucleotide diversity (r=0.1196) indicates
that G. stocki retains significant ancestral variation,
but this is now partitioned into units facing distinct
threats: the KPK population suffers from a lack of
genetic variation, while the Kashmir populations risk
inbreeding depression despite their broader genetic
base.

Similar demographic signatures have been
observed in Pakistani populations of W. attu, where
microsatellite analysis identified recent bottlenecks
and reduced allelic richness, consistent with popula-
tion contraction and isolation (Zafar, 2016). These
findings suggest that small, isolated riverine popula-
tions across Pakistan frequently experience loss of
variation and transient heterozygote excess, analo-
gous to the genetic condition of the KPK G. stocki
population.

Conservation implications

The consistent genetic evidence mandates the
formal recognition of at least two management units
(MUgs) for G. stocki: a KPK MU (Swat River) and a
Kashmir MU (KK and KN populations combined).
Treating these as separate units is essential to
prevent outbreeding depression from mixing
genetically distinct groups and to allow for targeted
interventions. For the KPK MU, the priority is to halt
further genetic erosion and restore genetic variation.
Strategies must include stringent habitat protection to
support population growth. Given its low diversity,
more active interventions like genetic rescue through
carefully managed translocation of individuals
from the genetically healthy Kashmir MU could be
considered in the future, though this would require
rigorous risk assessment, including evaluation of
the evolutionary history and duration of population
separation, particularly whether divergence predates
recent anthropogenic barriers such as the construction
of the Mangla Dam.

For the Kashmir MU, the goal is to mitigate
inbreeding by restoring connectivity and gene flow
within the Jhelum River system. Conservation efforts
should advocate for environmental flow regimes
and the construction of fish passes at barriers like
the Mangla Dam to facilitate natural movement.
Additionally, habitat rehabilitation in the Poonch and
Neelum tributaries is crucial to support larger, more
interconnected populations. Similarly, conservation
frameworks have been proposed for other regional
fish species. The golden mahseer (Tor putitora) in
Himalayan rivers has been managed using drainage-
based conservation units to preserve genetic
integrity while maintaining adaptive potential across
basins (Yadav et al., 2020). Likewise, reviews of
Pakistan’s freshwater biodiversity emphasize that
effective management must align with river-specific
evolutionary histories and address fragmentation
due to dams and water abstraction (Ali et al., 2025).
Adopting such an integrated strategy for G. stocki will
ensure that each management unit retains its distinct
genetic legacy and adaptive capacity.
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Conclusion

Overall, the present study is the first and most detailed
investigation of the population structure and genetic
variation of the endemic catfish G. stocki in Pakistan.
Incorporating high-resolution SNP data, phylogeny,
and population genetic methods, two genetically
distinct lineages were revealed in the tributaries of
the Kashmir region and the KPK basin. Diversity
in nucleotides and inbreeding coefficients showed
significant variation: Kashmir populations exhibited
high values of inbreeding coefficients, while KPK
populations revealed a heavy excess of heterozygotes
along with low nucleotide diversity. The implications
of these findings are the need to formulate at least two
management units and strategies that promote gene
flow, reduce the risks of inbreeding, and maintain the
local adaptive potential.
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