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The mahseers (7or spp.) are among the most ecologically, culturally, and economically significant
freshwater fishes in Southeast Asia. Despite their importance, the taxonomic distinction between 7.
cf. tambra and T. cf. tambroides in Thailand and Peninsular Malaysia remains problematic because
of overlapping morphological characteristics and the absence of genetic reference sequences
anchored to name-bearing type specimens. In this study, three mitochondrial markers, COX1, 16S
rRNA, and the D-loop, were used to investigate phylogenetic relationships and genetic diversity
among Tor populations from Thailand and Peninsular Malaysia. COX1 phylogenetic reconstruction
and species-delimitation analyses recovered four principal mitochondrial groups. G1, provisionally
designated as 7. cf. tambra, contained the majority of the examined samples from Thailand and
Peninsular Malaysia. G2 comprised samples from the Salween River and was treated as an
unresolved 7or lineage. G3 was subdivided into G3-1, an unresolved mitochondrial lineage
represented by two Malaysian samples and one GenBank sequence reported from Java, and G3-2,
provisionally designated as 7. cf. tambroides based on Sumatran GenBank sequences. G4
comprised GenBank sequences provisionally designated as 7 cf. douronensis. Population genetic
analyses based on D-loop sequences revealed strong geographic structuring among populations
from northern, central, and southern Thailand and Peninsular Malaysia, with comparatively weaker
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differentiation among populations within the same region. The occurrence of divergent
mitochondrial lineages in aquaculture stocks, particularly at Hulu Langat and Endau, suggests
possible broodstock translocation or mixing. Overall, our results reveal substantial mitochondrial
diversity within the Tor tambra—T. tambroides complex and provide a genetic framework for future

taxonomic, conservation, and aquaculture studies.
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BACKGROUND

The Cyprinidae family is among the most diverse groups of freshwater fishes, comprising
3076 species in 296 genera distributed worldwide (Fricke et al. 2025a). Within this family, the
mabhseers (7or spp.) are particularly notable for their ecological, cultural, and economic importance
across Southeast Asia (Nguyen et al. 2006; Pinder et al. 2019; Jaafar et al. 2021). A total of 17
species of mahseer are currently recognized (Fricke et al. 2025b). Typically, Tor species inhabit
oxygen-rich rivers and lakes with fast-flowing currents and migrate upstream to rocky spawning
habitats near waterfalls (Jaafar et al. 2021).

Tor tambra (Valenciennes 1842), locally known as pla pluang chomphu in Thailand
(Surachat et al. 2022) or kelah in Malaysia (Esa et al. 2008), was originally described from Java,
Indonesia. This species is characterized by a reddish to dark olive body, a blunt snout, and a
relatively short lower median lobe (Jaafar et al. 2021). In contrast, 7. tambroides (Bleeker 1854),
originally described from Padang, West Sumatra, Indonesia, and locally known as pla wien
numngen in Thailand, displays a more elongated lower lobe, a pointed snout, and a silver-to-bronze
coloration with reddish hues and dark fins (Jaafar et al. 2021). However, previous research has
shown that environmental variation can influence their morphology, and individuals of 7. tambra
have been observed with both short and long lower lobes (Walton et al. 2017). Consequently,
species delimitation based solely on morphological characteristics remains problematic. In spite of
this, both species are widely regarded as “true mahseer”, with distributions extending Laos,
Myanmar, Vietnam, Thailand, Malaysia, and Indonesia (Jaafar et al. 2021).

In Thailand, 7° tambra is considered a high-value aquaculture species, particularly in the

southern provinces, Yala and Narathiwat, where it commands premium prices in the market. In
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contrast, 7. tambroides is primarily cultivated in the central and northern regions (Duangjai and
Punroob, 2018). Similarly, Malaysia has actively promoted the cultivation of both species through
government initiatives (Nguyen et al. 2006). At present, these fishes are sourced both from
aquaculture and the harvest of wild juveniles, which are subsequently provided either for restocking
programs or for commercial markets (Ramezani-Fard and Kamarudin 2012). However, effective
stock management and conservation measures rely on accurate species identification, yet
misidentification remains a persistent challenge. Dependence on local names and subtle
morphological traits often results in confusion between 7. tambra and T. tambroides. Species
identification within the genus 7or has long been problematic due to overlapping morphological
characteristics and inconsistent taxonomic interpretations (Roberts 1999; Kottelat 2013; Walton et
al. 2017). This issue is particularly important because mahseer (7or spp.) are among the most
economically and culturally valued freshwater fishes in South and Southeast Asia (Ingram et al.
2007; Walton et al. 2017). In Malaysia, previous genetic work has also highlighted persistent
confusion in the identification of local 7or species and demonstrated their high value for
aquaculture, broodstock management, food, ornamental use, and recreational fisheries (Chew et al.
2021). Consequently, uncertainty in species identification raises questions about whether Tor
populations from different regions truly belong to the same species or represent distinct taxonomic
identities. Such uncertainties may influence not only trade value but also conservation planning and
breeding strategies.

Genetic analyses—particularly DNA barcoding, which enables precise species identification
and delimitation when morphological methods fall short—offer an effective approach for resolving
this issue (Karim et al. 2016). DNA barcoding typically targets short, conserved mitochondrial
regions (400-800 bp) that are easily amplified via Polymerase Chain Reaction (PCR) across diverse
taxa, with the cytochrome ¢ oxidase subunit I (COX1) gene being the most widely used marker in
fish taxonomy (Ward et al. 2009; Bhattacharya et al. 2016; Cawthorn et al. 2012). Additionally,
COX1 has proven especially effective in distinguishing various “cryptic” species or species
complexes, including Cyprinus carpio (Torgunakova et al. 2012), freshwater haltbeak (Lim et al.
2016), Pennah croakers (Lim et al. 2021), Barbus xanthopterus (Al-Khafaji et al. 2025), and Tor
spp. that inhabit southeastern Asia (Ward et al. 2005; Ardura et al. 2010; Bingpeng et al. 2018;
Haque et al. 2023). In addition, the mitochondrial 16S rRNA gene, which is characterized by
conserved regions interspersed with variable site, has been broadly employed in phylogenetic
reconstruction of teleost fishes, including 7or species (Nguyen et al. 2008; Quraishia et al. 2015;
Alyamani 2024). Furthermore, the mitochondrial control region (D-loop), a fast-evolving non-
coding segment, serves as a valuable marker for detecting population-level genetic variation

(Brown et al. 1986; Sbisa et al. 1997; Biun et al. 2021; Fang et al. 2022).
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Building on the DNA sequences from COX/ and 16S rRNA genes, the present study aims to
investigate the genetic diversity and phylogenetic relationships of 7or species centered on 7. tambra
and 7. tambroides from both wild and farmed populations in Thailand and Peninsular Malaysia. By
incorporating the D-loop sequences, we further assess whether the high-value 7or from southern
Thailand is genetically distinct from populations in other regions. The resulting insights will
strengthen species identification, delimitation of species distribution, support aquaculture
management, and inform conservation strategies. Ultimately, this work contributes to the
sustainable utilization of these culturally and economically valuable fish while ensuring accurate

species authentication for future cultivation and trade.

MATERIALS AND METHODS

Sample collection

A total of 104 Tor spp. samples were analyzed in this study. The samples were collected
from both aquaculture farms and wild populations in Malaysia and Thailand to represent the main
distribution sources of this species in markets of the region. Farmed specimens (Fig. S1) were
obtained from five aquaculture locations in Malaysia: Sungai Tembat (Terengganu), Sungai Loh
(Terengganu), Endau (Pahang), Gua Musang (Kelantan), and Hulu Langat (Selangor). In Thailand,
farmed specimens were collected from two aquaculture farms located in Yala and Phetchaburi
provinces. In addition, wild-caught specimens were obtained from three natural locations in
Thailand: Narathiwat, Kanchanaburi, and the Salween River. Among the 104 total samples
analyzed, 15 specimens were derived from wild populations, while the remaining samples
originated from aquaculture sources. The sampling sites are illustrated in figure 1, and the details of
sample collection are listed in table 1. The morphology of all specimens was examined (Table S1)
based on the key features (Roberts 1999; Kottelat 2013; Walton et al. 2017; Jaafar et al. 2021) to
identify up to Genus level. The numbers of predorsal scales (Pred. S), scales above the lateral line
(TRa), scales below the lateral line (TRb), and gill rakers were recorded for each specimen
following the methods described by Maurice Kottelat (2013) and Tyson R. Roberts (1999), which
are commonly applied in taxonomic studies of 7or species. All fish were handled according to the
Ethics guidelines by the Animal Research for Scientific Work guidelines (PSU Animal Standard,
Prince of Songkla University, Hat Yai, Songkhla, Thailand) (Ref. AQ082/2025). The specimens
were photographed using a digital camera. They were then euthanized with an overdose of

anesthetics, 2-Phenoxyetanol (Sigma-Aldrich, Germany). The epaxial muscle tissues were excised
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and preserved in 95% ethanol for DNA extraction. Subsequently, the specimens were fixed in

formalin and stored in 70% ethanol for long-term preservation at the Faculty of Sciences, Prince of

Songkla University, Thailand.
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Fig. 1. Map of mainland Southeast Asia showing the sampling localities of 7or specimens examined
in this study. Yellow circles indicate localities where all COX1-sequenced specimens belonged to
the principal 7. cf. tambra mitochondrial assemblage. Pie charts at Hulu Langat, Selangor and
Endau, Pahang, show the mitochondrial-lineage composition among the five specimens with
available COX1 sequences at each locality: the yellow sector represents four specimens belonging
to G1, whereas the white sector represents one specimen belonging to the taxonomically unresolved
G3-1 lineage. Samples from Kanchanaburi, the Salween River, and Narathiwat were collected from
the wild, whereas samples from the remaining localities were obtained from aquaculture farms. The
dashed line indicates the approximate position of the Isthmus of Kra. The map was prepared using
QGIS Geographic Information System (QGIS.org 2024), an Open Source Geospatial Foundation
project.
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Table 1. Sample information, including sample IDs, sampling locations in Thailand and Peninsular
Malaysia, numbers of successfully amplified mitochondrial markers, and COX1 phylogenetic group
assignments based on figure 2. The number of samples is indicated by n. An asterisk denotes wild-
caught individuals. A dash indicates that no COX1 group could be assigned because a COX1
sequence was unavailable. Groups G3-2 and G4 comprised only GenBank reference sequences and
are therefore not represented among the newly collected samples in this table

No. | Sample ID Location . Total | Group
COXI1 | 16SrRNA | D-loop
1 Tor TEMOO1
2 Tor TEMO002
3 Tor TEMO003 | Sungai Tembat, Terengganu, Malaysia 5 5 5 5 Gl
4 Tor TEM004
5 Tor TEMOO05
6 Tor LOHO001
7 Tor LOHO002
8 Tor LOHO003 5 5 Gl
9 Tor LOH004
10 Tor_ LOHO005 . .
= Sungai Loh, Terengganu, Malaysia 10 10
11 Tor_ LOHO006
12 Tor_ LOHO007
13 Tor_ LOHO008 - - -
14 Tor_ LOHO009
15 Tor LOHO10
16 Tor KLTO001
17 Tor KLT002
18 Tor_KLT003 5 5 Gl
19 Tor KLT004
20 Tor KLTO005 .
= Gua Musang, Kelantan, Malaysia 10 10
21 Tor KLT006
22 Tor KLT007
23 Tor KLT008 - - -
24 Tor KLT009
25 Tor KLTO010
26 Tor HULO0O1
27 Tor HULO002 Gl
28 Tor HULO003 5 5
29 Tor HULO004
30 Tor HULOOS | Hulu Langat, Selangor, Malaysia 9 9 G3-1
31 Tor_ HULOO06
32 Tor_ HULOO7 B B Gl
33 Tor HULOOS
34 Tor_ HULO09
35 Tor PHGO001 Gl
36 Tor_ PHG002
37 | Tor PHGO003 5 5 G3-1
38 Tor PHG004 | Endau, Pahang, Malaysia 10 10 Gl
39 Tor_ PHGO05
40 Tor PHGO006
41 | Tor PHGOO07 - - -
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42 Tor PHGO00S
43 Tor PHGO009
44 Tor PHGO10
45 Tor Sall
46 | Tor_Sal2 Salween River*, Mae Hong Son,
. 4 4 G2
47 Tor_Sal3 Thailand
48 Tor Sal4
49 Tor PhetO1
50 Tor Phet02
51 Tor Phet03 G1-bis
52 Tor_Phet04
53 Tor_Phet05 . .
= Tha Yang, Phetchaburi, Thailand 10 10
54 Tor_Phet06
55 Tor_Phet07
56 Tor_Phet08 -
57 Tor_Phet09
58 Tor Phet10
59 Tor_Kan001 ) )
60 Tor_Kan002 ??;%Eﬁlj Buri, Kanchanaburi*, 3 3 G1-bis
61 Tor_Kan003
62 Tor N1
63 Tor N2
64 Tor N3 Gl
65 Tor_N4 Sai Buri River, Narathiwat*, Thailand 8 8
66 Tor N5
67 Tor N6
68 Tor N7 —
69 Tor N10
70 Tor YLOO1
71 Tor YLO002
72 Tor YL0O03 Muang, Yala, Thailand 5 Gl
73 Tor YL004
74 Tor YLOO5
75 Tor TBR2
76 Tor:TBR3 Gl
77 Tor_TBRS 4 —
78 Tor_ TBR7
79 Tor_TBR8 —
80 Tor TBRI10 1 35 Gl
81 Tor TBY2 -
82 Tor TBY4 .
<3 Tor:TBYS Than To, Yala, Thailand
84 Tor TBY6 5 -
85 Tor TBY10
86 Tor TBY20 Gl
87 Tor_YLBI1
88 Tor YLB2 18 B
89 Tor YLF1
90 Tor YLF2




Zoological Studies 65:53 (2026)

91 Tor YLF4
92 Tor YLF7

93 Tor YLSI
94 Tor YLS3
95 Tor YLS5

926 Tor YLS6
97 Tor YLS7
98 Tor YLS9
99 Tor YLS10
100 | Tor YLSI11
101 | Tor_YLSI12
102 | Tor_YLSI13
103 | Tor_YLS14
104 | Tor_YLSI6

Total 57 57 102 104

DNA Extraction

DNA was extracted using the Gentra Puregene Tissue Kit (Qiagen Sciences, Maryland,
USA) according to the manufacturer’s protocol. Approximately 15 mg of muscle tissue was excised
from the preserved sample and thoroughly washed with deionized water. It was then dried on Kim
Wipes (Kimberly-Clark Co, USA). The cleaned tissue was further minced and placed in a 1.5 mL
tube containing 600 pL of cell lysis solution (Qiagen Sciences) and 60 pg/ml Proteinase K. The
mixture was incubated at 55°C for 3 hours to facilitate tissue lysis. 12 pg/ml RNase A was added,
and the sample was incubated at 37°C for 30 minutes to degrade RNA. After incubation, the sample
was allowed to cool at room temperature for 5 minutes. 200 uL of protein precipitation solution
(Qiagen Sciences) was added, and the tube was cooled on ice for 15 minutes to precipitate proteins.
The sample was then centrifuged at 7500 x g at 4°C for 15 minutes, and the supernatant was
transferred to a new tube. 600 pL of isopropanol was added to precipitate DNA, and the sample was
incubated at —20°C for 2 hours. After incubation, the sample was centrifuged at 7500 x g at 4°C for
15 minutes. The supernatant was discarded, and the DNA pellet was washed with 600 pL of 70%
ethanol. The tube was centrifuged at 7500 x g at 4°C for 5 minutes, and the ethanol was removed.
The DNA pellet was air-dried for 20 minutes, resuspended in 25 puL of deionized water, and stored

at —20°C for future use.

Primer design and PCR in silico

The D-loop primers were designed using the complete mitochondrial genome sequence of 7.

tambra obtained from GenBank (GenBank: MW471078.1 and OK442459) as a reference (Table
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S2). To encompass the entire region of D-loop, the forward primer was designed to target the
control region of the mitochondrial sequence near tRNA-Pro, and the reverse primer was designed
to target tRNA-Phe. In silico PCR was performed by SnapGene version 8.2 (Dotmatics Ltd.,
Boston, MA, USA; Dotmatics 2025).

mtDNA Markers Amplification

The fragments of COX1 and 16S rRNA gene, and D-loop were amplified by PCR. Each 25
uL reaction contained 5% GoTaq® Flexi Buffer (1x final concentration), 0.2 mM dNTPs, 2.5 mM
MgClz, 3 U GoTaq® Flexi DNA Polymerase (Promega, Madison, WI, USA), 0.2 uM of each primer
(Macrogen, Inc., Korea), and 20-200 ng genomic DNA template. Primer details are provided in
Table S2. PCR conditions consisted of an initial denaturation at 94°C for 4 min, followed by 30
cycles of denaturation at 94°C for 30 s, annealing at the temperatures and times as specified in
Table S2, and 72°C for 30 s, with a final extension at 72°C for 5 min and a hold at 4°C. Amplicons
were verified on a 1.5% agarose gel and sequenced by Macrogen (Seoul, South Korea). The
forward and reverse sequences were examined manually in the chromatograms to check the
sequence quality, and low-quality nucleotides were trimmed and assembled using MEGAT11

(Tamura et al. 2021).

Dataset

The datasets used in this study consisted of both sequences generated and homologous 7or
sequences retrieved from the NCBI GenBank (Tables S3-S4). The COX! dataset comprises 77
sequences among which 57 are newly generated in this study (Table 1). These sequences represent
the following nominal Tor species: T. tambra, T. tambroides, T. dongnaiensis, T. douronensis, T.
mekongensis, plus two outgroup samples from Labeo gonius. The 16S rRNA dataset contains 90
sequences, including 57 sequences newly generated in this study and 33 sequences from GenBank.
The sequences are from the following nominal species of Tor: T. tambra, T. tambroides, T.
douronensis, plus two outgroup samples from Labeo gonius. The D-loop dataset comprised 102
sequences of “T. tambra”, “T. tambroides”, all of which were generated in this study. All sequences
newly generated in this study were deposited in the NCBI GenBank database, and their accession

numbers are provided in table S5.

Phylogenetic tree reconstruction, species delimitation analyses, and haplotype network

generation
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Two mitochondrial markers, COX1 and 16S rRNA, were used to reconstruct phylogenetic
relationships among Tor species because these loci are widely applied in fish phylogenetics and
provide reliable resolution for species-level relationships. The mitochondrial control region (D-
loop), which evolves more rapidly, was used to construct haplotype networks to examine genetic
diversity and population-level structure among the sampled individuals. Sequences generated in this
study were combined with reference sequences of 7or species retrieved from GenBank to provide

broader taxonomic representation in the phylogenetic analyses.

The compiled DNA sequences of the COXI gene,16S rRNA, and D-loop were managed,
edited, and trimmed using MEGA 11 package (Tamura et al. 2021). The sequence alignments were
performed using automatic sequence alignment program MUSCLE (Edgar 2004) as implemented in
MEGA 11. The maximum likelihood (ML) method was employed to construct phylogenetic trees of
COXI and 16S rRNA genes, employing the GTR+GAMMA model of nucleotide substitution.

Node support was assessed using 1,000 rapid bootstrap replicates in raxmlGUI 2.0 using RAxML
(Edler et al. 2021). Bayesian phylogenetic inference was performed using MrBayes v3.2.7
(Ronquist et al. 2019) with an MCMC chain of 10,000,000 generations and a sampling frequency of
1,000 in order to get 10,000 sampling trees. We discarded the first 20% of the sampling trees as
burn-in. The IQ-TREE (Trifinopoulos et al. 2016) web server was used to determine the best-fit
model for the Bayesian phylogenetic trees. In the Bayesian Inference (BI) analysis, the GTR +1 +
gamma model was applied to the COX1 dataset, and the K2P + [ model was applied to the 16S
rRNA dataset. The species delimitation tools used in this study were Assemble Species by
Automatic Partitioning (ASAP) with pairwise genetic distances calculated (Puillandre et al. 2021),
including the Bayesian Poisson Tree Process ( bPTP) based on the Bayesian method of
phylogenetic tree to separate species in bPTP web server (https://species.h-its.org) (Zhang et al.
2013) and automatic barcode gap discovery (ABGD) with a method to locate the barcode-gap
distance (Puillandre et al. 2012) employing Kimura’s two-parameter (K2P) model (Kimura 1980) to
identify OTUs via the open-source iTaxoTools program (https://itaxotools.org/) (Vences et al.
2021).

To assess population structuring and visualize genealogical relationships among haplotypes,
a haplotype network based on D-loop sequences was constructed for 7or spp., comprising 7. tambra
and its closely related lineages from Thailand and Peninsular Malaysia (based on the reconstructed
COXI and 16S rRNA phylogenetic results), using the median-joining algorithm in PopART
(University of Otago, http://popart.otago.ac.nz). Haplotypes were first identified using DnaSP6
(Rozas et al. 2017).
10
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Estimates of genetic diversity and population differentiation were performed using the D-
loop dataset. Nucleotide diversity (m) and haplotype diversity (h) were calculated for each sampled
locality using all 102 D-loop sequences in Arlequin v.3.5 (Excoffier and Lischer 2010). Pairwise
®ST comparisons were then performed among populations within the broader G1/G2 mitochondrial
assemblage after excluding Tor PHGO003 and Tor HULOOS, which belonged to the taxonomically
unresolved G3-1 lineage. Pairwise ®ST values were calculated based on p-distance, with statistical

significance assessed using 100,000 permutations.

RESULTS

Morphology examination, Phylogenetic inference, species delimitation analyses and genetic

divergence

Morphology examination is only able to identify specimen up to genus level while meristic
variation among the examined 7or specimens was limited and largely overlapping across sampling
localities (Fig. S1, Table S1). Predorsal scales ranged from 8 to 10, TRa was usually 4 with
occasional counts of 5, TRb was constant at 3 in all specimens. Gill-raker counts mostly ranged
from 14 to 24 among the examined specimens. Although two specimens showed low counts of 14
and 15, these values were close to several other low-end counts of 16—17 and were therefore
interpreted as part of the observed meristic variation. In contrast, one specimen, Tor N2 from
Narathiwat, showed a higher count of 28, which was separated from the remaining specimens.
Because this high value was observed in only one individual, it was treated cautiously and was not
used as a diagnostic character for species-level identification. Overall, these characters showed
substantial overlap among populations and did not provide clear diagnostic separation among the
sampled groups.

The length of the aligned sequences is 555 bp for the COX1 dataset and 530 bp for the 16S
rRNA dataset. Excluding the outgroup sequences, the COX1 and the 16S rRNA datasets contained
35 and 31 parsimony-informative sites, respectively. The number of variable sites was 39 (7%) for
the COXI gene and 44 (8.3%) for the 16S rRNA gene. Figure 2 illustrates the COX1 gene tree of
Tor spp. reconstructed using the ML method, together with the results of the species delimitation
analyses using three different approaches. Both the phylogenetic analysis and ABGD analysis
resolved the sampled individuals into four distinct clades or operational taxonomic units (OTUs),
whereas ASAP and bPTP grouped them into three and five OTUs, respectively. Bayesian inference

(BI) supports the ML topology, with nodal support values based on posterior probabilities (PP)
11
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consistent with the ML bootstrap support values (BS). The values of MLBS greater than 70% and

BI PP greater than 0.94 are considered to represent strong confidence in the inferred phylogenetic

tree.
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Fig. 2. Maximum-likelihood phylogenetic tree of 7or species based on COX1 sequences, with
Labeo gonius used as the outgroup. Results of species-delimitation analyses (ASAP, ABGD, and
bPTP) are presented as vertical bars on the right. Numbers at nodes represent ML bootstrap values
(BS) and Bayesian inference posterior probabilities (PP). Taxon information is provided in tables 1
and S3. Taxa labelled with accession numbers represent sequences retrieved from GenBank.

Further inspection revealed that Group (G) 1 comprised sequences of Tor samples collected

from southern Thailand, central Thailand, and Peninsular Malaysia, together with three 7. tambra
12
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sequences from Java, Indonesia; one sequence identified as “7. dongnaiensis” from Vietnam, one
identified as “T. mekongensis” from Vietnam; and one identified as “T. tambroides” from Malaysia.
Notably, the GenBank record KT001033, originally identified as 7. tambroides, clustered within G1
together with 7. dongnaiensis KT261298 and T. mekongensis KT261292. These three records were
clearly separated from G3-2, provisionally designated as the 7. cf. tambroides mitochondrial lineage
based on the included Sumatran GenBank sequences. Within the G1, samples from central Thailand
(Tor_Phet001-005 from Phetchaburi and Tor Kan001-003 from Kanchanaburi) form a median-
supported subclade (G1-bis). In contrast, all the samples from northern Thailand, collected from the
Salween River basin, along with one GenBank sequence, identified as 7. tambroides (accession no.
HM536923; locality unknown), form a strongly supported clade, G2. G2 was recovered as sister to
G1, although this relationship lacked statistical support and was not recovered by ASAP. A third
clade, G3, contains two samples from Malaysia (Tor PHGO0O03 [locality: Endau, Pahang] and

Tor HULOOS [locality: Hulu Langat, Selangor]), one GenBank sequence identified as “T.
douronensis” from Bogor, Indonesia, and four 7. tambroides from Sumatra, Indonesia. The bPTP
analysis further partitioned G3 into two OTUs: G3-1, comprising the two Malaysian samples and
the Javan T. douronensis sequence, and G3-2, comprising the four Sumatran 7. tambroides
sequences. Finally, two GenBank sequences of 7. douronensis from Malaysia form a separate clade
(G4) in the COX1 tree.

The reconstructed ML 16S rRNA gene tree is shown in figure 3, with most nodes lacking
support. Nevertheless, the clustering patterns are similar to those observed in the COX1, with most
of the T. cf. tambra and “T. cf. tambroides” samples from Thailand and Malaysia collected in this
study and available in GenBank clustered together into a main G1 group, albeit without statistical
support. Sequences of 7or from the Salween River in northern Thailand and “T.
tambroides” sequences retrieved from GenBank (HM536781, EF588066, and AP011372) form a
group, corresponding to COX1 G2. Two Malaysian samples (Tor PHGO003 and Tor HULO00S)
remain distinct from the main group and cluster with several “T. douronensis” sequences from
GenBank (localities: China and Sarawak) as well as one “7. tambroides” from Vietnam. Although
some topological differences exist between the COX/ and 16S rRNA trees—likely due to variation
in gene resolution and taxon sampling—both markers reveal broadly similar mitochondrial lineage
structuring. However, the low nodal support and limited resolution of the 16S rRNA marker
prevented confident discrimination among the nominal species. The incongruence between some
database identifications and their phylogenetic placements may reflect inaccurate or uncertain
GenBank annotations, insufficient phylogenetic resolution of the 16S rRNA gene, or unresolved

taxonomy within the 7or complex.
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Fig. 3. Maximum-likelihood phylogenetic tree of Tor species based on 16S rRNA sequences, with
Labeo gonius as the outgroup. Numbers at nodes represent ML bootstrap values (BS) and Bayesian
inference posterior probabilities (PP). Taxon information is provided in tables 1 and S4. Taxa
labelled with accession numbers represent sequences retrieved from GenBank.

30/099

37107

To further evaluate mitochondrial lineage divergence and explore potential cryptic diversity,
average pairwise p-distances based on COX1 sequences were calculated among the delimited
groups. As shown in table 2, G1 was differentiated from G3-1, G3-2, and G4 by average p-distances

of 3.6%, 3.0%, and 3.8%, respectively. These values are comparable to the approximately 3%
14
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COXI divergence sometimes used as a preliminary benchmark for identifying deeply differentiated
fish lineages (Ward et al. 2009), although such thresholds are taxon-dependent and should not be
interpreted as definitive evidence of species boundaries. G1-bis showed minimal divergence from
G1 (0.3%), supporting its placement within G1. The comparatively low divergences between G1
and G2 (1.7%) and between G3-1 and G3-2 (1.4%) indicate close mitochondrial relationships but
do not, by themselves, establish conspecificity. Additional evidence, particularly from nuclear
genomic data, reproductive biology, and voucher-based morphology, will be required to confirm
their taxonomic relationships. Based on the barcode-gap pattern, we tentatively recognize three

major mitochondrial lineage clusters: G1/G2, G3, and G4.

Table 2. Genetic divergences as estimated by average p-distance based on COX1 sequences among
identified 7or groups from phylogenetic analysis and species-delimitation results. G1 represents the
major Tor clade; G1-bis includes samples from Central Thailand (Phetchaburi and Kanchanaburi);
G2 corresponds to the Salween group from Northern Thailand; G3-1 includes two samples

(Tor PHGO003 and Tor HULOO0S) from Malaysia; G3-2 includes 7. cf. tambroides (GenBank
sequences); and G4 represents 7. cf. douronensis (GenBank sequences)

Gl G1-bis G2 G3-1 G3-2 G4
Gl -
G1-bis 0.003 -
G2 0.017 0.019 -
G3-1 0.036 0.033 0.038 -
G3-2 0.030 0.028 0.033 0.014 -
G4 0.038 0.040 0.040 0.040 0.035 -

The haplotype network, nucleotide and haplotype diversities, and population differentiation

Figure 4 presents a haplotype network constructed based on D-loop sequences of samples
assigned to G1, G2, and G3-1. The main haplotype groups recovered here correspond closely to
those revealed by the COXI phylogeny. The main group (G1) consists of haplotypes from the
Central-Southern Thailand and Peninsular Malaysia, with one internal haplogroup from central
Thailand individuals, separated from the rest by seven mutation steps. Haplotypes from the Salween
River, northern Thailand, formed a second haplogroup (equivalent to G2 in COX1 tree), which is
separated from the G1 by 17 mutation steps. Meanwhile, the PHG003 and HUL0OS samples from
Malaysia (Hap 1 and Hap 2), which clustered with the Indonesian 7. tambroides (GenBank
sequences) in the COX1 tree (G3), formed a distinct haplogroup separated from main haplogroup by
33 mutation steps.

For genetic diversities, most populations exhibited low nucleotide and haplotype diversities
(mr=0.00-0.01; h =0.00-0.46), except those from Hulu Langat, Selangor and Endau Pahang in
Malaysia, which showed markedly high nucleotide and haplotype diversities (r = 0.0294—0.0313; h

15
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=0.8444-0.9167). This pattern suggests a potential admixture of individuals originating from
different sources (lineages) within the latter two aquaculture ponds. In contrast, the populations
Salween (northern Thailand) (r = 0.0194; h = 0.8333) and Gua Musang Kelantan (r = 0.0068; h =
0.6889) populations displayed low nucleotide but high haplotype diversities, suggesting a natural
genetic structure with historical bottleneck/expansion or broad maternal lineage representation
(Table 3).

G1 L o»
T. cf tambra
G3-1

unresolved Tor lineage

Hap_10
Hap_21 =

Hap_20

G2

Salween lineage

Hap_4
Hap_18

Hap_5

Hap_8

Hap_3

0 samples
. I Phetchaburi Kanchanaburi Yala [ Narathiwat Hulu Langat [ Endau Pahang

Gua Musang Kelantan [l Sungai Loh Terengganu [l Sungai Tembat Terengganu [l Salween River
1 sample

Fig. 4. Median-joining haplotype network of 21 haplotypes generated from 102 newly obtained Tor
D-loop sequences. The number of mutational steps is indicated by crossbars and numbers on the
connecting lines. Circle sizes are proportional to haplotype frequency, and small black dots
represent inferred missing haplotypes. Sample and taxon information is provided in table 1. Group
(G3-2 and G4 are not represented because they comprised only GenBank COX1/ reference sequences
for which corresponding D-loop sequences were unavailable.
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Table 3. Summary of haplotype and nucleotide diversity based on D-loop sequences of 7or spp.
across sampling localities in Thailand and Peninsular Malaysia. The number of samples is indicated
by n. An asterisk denotes a wild population

Locality n Haplotypes Haplotype Designation Nucleotide diversity () Haplotype diversity (h)
(Individual Number)

Salween River, Thailand* 4 3 Hap 3(2), Hap_4(1), 0.0194 +0.0135 0.8333 +0.2224
Hap 5(1)

Kanchanaburi, Thailand* 3 1 Hap 13(3) 0.0000 + 0.0000 0.0000 + 0.0000

Phetchaburi, Thailand 10 2 Hap_13(7), Hap_18(3) 0.0010 £ 0.0010 0.4667 £0.1318

Yala, Thailand 33 4 Hap_11(2), Hap_17(29), 0.0006 + 0.0008 0.2292 +0.0950
Hap 20(1), Hap_21(1)

Narathiwat, Thailand* 8 1 Hap_17(8) 0.0000 <+ 0.0000 0.0000 + 0.0000

Sungai Tembat, Malaysia 5 1 Hap 6(5) 0.0000 + 0.0000 0.0000 = 0.0000

Gua Musang, Malaysia 10 3 Hap 6(5), Hap 11(3), 0.0068 +0.0043 0.6889 +0.1038
Hap 14(2)

Sungai Loh, Malaysia 10 3 Hap 6(8), Hap 15(1), 0.0017 £ 0.0015 0.3778 +£0.1813
Hap_16(1)

Hulu Langat, Selangor, Malaysia 9 7 Hap 2(1), Hap_7(1), 0.0313 £ 0.0176 0.9167 +£0.0920
Hap_8(1), Hap 9(1),
Hap_ 10(1), Hap_11(3),
Hap 12(1)

Endau, Malaysia 10 5 Hap 1(1), Hap_8(2), 0.0294 +0.0164 0.8444 +0.0796
Hap 9(3), Hap 11(3),
Hap 19(1)

Table 4 presents the pairwise ®st comparisons among populations based on mitochondrial
D-loop sequences, excluding two samples (Tor PHGO003 and Tor HULO0O0S) because they belonged
to the taxonomically unresolved G3-1 mitochondrial lineage rather than the principal G1
assemblage (see discussion). The pairwise ®@st comparisons revealed low differentiation between
populations within the same geographic regions but strong differentiation among regions (Table 4).
The two central Thailand populations (Kanchanaburi and Phetchaburi) showed very low
differentiation (®st = 0.0187), while the southern Thailand populations (Yala and Narathiwat)
showed no differentiation (®st = 0), indicating that each region represents a cohesive maternal
population. However, comparisons between central Thailand and southern Thailand yielded
extremely high ®st values (0.9673—1.0000), indicating strong genetic differentiation and limited
maternal gene flow between these regions. In addition, populations from Salween also produced
high ®st values (@st = 0.8409 — 0.9565) when compared with other populations, indicating
pronounced genetic isolation and strong population structuring. Overall, Thai populations were
clearly separated into three genetic lineages: (i) the Salween river, (ii) central Thailand, and (iii)

southern Thailand.
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Table 4. The pairwise ®st comparison among populations within the broader G1/G2 mitochondrial
assemblage based on D-loop sequences. An asterisk denotes wild populations

Population Salween* Kanchanaburi* Phetchaburi Yala Narathiwat

Salween* -

Kanchanaburi* 0.8409 -

Phetchaburi 0.9197 0.0187 -

Yala 0.9565 0.9722 0.9673 -

Narathiwat 0.8934 1 0.9746 0 -

Sungai Tembat 0.8603 1 0.9688 0.9626 1

Terengganu

Gua Musang Kelantan 0.8294 0.7542 0.8224 0.8042 0.6805

Sungai Loh 0.8925 0.9374 0.9403 0.9408 0.9361

Terengganu

Hulu Langat Selangor 0.7693 0.6294 0.7502 0.5453 0.3304

Endau Pahang 0.7692 0.6219 0.7382 0.6557 0.4526

Population Sungai Tembat Gua Musang Sungai Loh Hulu Langat Endau Pahang
Terengganu Kelantan Terengganu Selangor

Salween*

Kanchanaburi*

Phetchaburi

Yala

Narathiwat

Sungai Tembat -

Terengganu

Gua Musang Kelantan 0.1035 -

Sungai Loh 0 0.1326 -

Terengganu

Hulu Langat Selangor 0.4764 0.2067 0.5245 -

Endau Pahang 0.4496 0.2356 0.4996 0 -

Within Peninsular Malaysia, regional substructure was also observed. Sungai Tembat and
Sungai Loh both from Terengganu showed no differentiation (®st = 0), forming a distinct east-coast
cluster, while Hulu Langat and Endau Pahang also showed no differentiation (®st = 0), representing
a separate west—south cluster. Gua Musang Kelantan exhibited moderate differentiation from the
Terengganu populations (®st = 0.1035-0.1326) and greater differentiation from Hulu Langat and
Endau (®st = 0.2067-0.2356), suggesting an intermediate but distinct position among Malaysian
populations.

Collectively, these results demonstrate a well-defined geographic structure across Tor
populations in Thailand and Peninsular Malaysia, pointing to restricted gene flow, regional
isolation, and potentially long-term evolutionary divergence among river systems. In contrast, the
high genetic diversity observed in Malaysia’s 7or populations might have different origins, most

likely reflecting admixture resulting from the translocation of mahseer among aquaculture facilities.

DISCUSSION

This study provides valuable insights into the genetic identity and population structure
of Tor fishes in Thailand and Peninsular Malaysia, contributing to the ongoing clarification of
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taxonomic ambiguities between 7. tambra and T. tambroides. Species identification within the
genus 7or has long been problematic due to overlapping morphological characters and inconsistent
diagnostic traits reported in previous taxonomic studies. Traditional morphological traits such as
snout shape, fin coloration, and the lower median lobe (Jaafar et al. 2021) were unreliable in our
juvenile specimens, highlighting the importance of molecular approaches for accurate species
identification in both aquaculture and conservation management. The meristic characters such as
gill raker counts, vertebral counts, and scale patterns have been used to distinguish Tor species;
however, several studies have reported substantial overlap in these characters between 7. tambra
and T. tambroides. For example, Roberts (1999) noted that key diagnostic characters, including gill
raker and vertebral counts, often overlap between these species, making reliable identification based
solely on morphology difficult. In addition, morphological variation associated with ontogenetic
stages and environmental conditions may further complicate species identification in mahseer.
These challenges have contributed to the long-standing taxonomic uncertainty within the genus 7or
and highlight the importance of integrating molecular approaches with traditional morphological
observations when investigating species boundaries. Morphological assessment in the present study
was further limited by the predominance of juvenile specimens, in which diagnostic external
characters are often not yet fully developed or are difficult to assess consistently. Although adults
may exhibit clearer interspecific differences, previous studies have reported overlap in several key
meristic traits between 7. tambra and T. tambroides. Therefore, morphology alone was insufficient
to resolve species boundaries in our dataset, underscoring the value of molecular data for
provisional lineage assignment and the need for future studies integrating adult voucher specimens
with nuclear genomic evidence.

Genetic analyses conducted in this study revealed that the majority of samples from
Thailand and Peninsular Malaysia clustered within a major lineage together with reference
sequences identified as 7. tambra from Java and Malaysia in GenBank. This dominant clade,
designated G1, included multiple sequences identified as 7. tambra, including the Javan record
KT354850, and is therefore provisionally interpreted as a 7. cf. tambra mitochondrial lineage.
However, this interpretation remains provisional because the available GenBank sequences cannot
be regarded as confirmed topotypic reference specimens. Notably, the GenBank record KT001033,
originally identified as 7. tambroides, was also placed within G1 together with sequences assigned
to 7. dongnaiensis (KT261298) and 7. mekongensis (KT261292). Their placement within the
principal 7. cf. tambra lineage was incongruent with their nominal species assignments, and these
records were clearly separated from the Sumatran 7. cf. tambroides lineage recovered in G3-2. This
pattern is congruent with Phanklam et al. (2026), who also highlighted taxonomic ambiguity among

mitochondrial sequences assigned to T cf. tambra, T. ct. tambroides, and related nominal species.
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Accordingly, these GenBank records were treated as taxonomically uncertain and were not
considered definitive species references in species-level interpretations. Nevertheless, they were
retained in the phylogenetic tree under their original database annotations to illustrate
inconsistencies within publicly available sequence records.

G3 was subdivided into G3-1 and G3-2. G3-2 contained GenBank sequences identified as T
tambroides from Sumatra, including JQ665791 and JQ665794, and is therefore provisionally
designated as the 7. cf. tambroides mitochondrial lineage. In contrast, G3-1 comprised Tor PHG003
and Tor HULOOS from Peninsular Malaysia together with a GenBank sequence identified as 7
douronensis from Bogor, Java. G3-1 showed mitochondrial affinity to G3-2 but remained
taxonomically unresolved. The average COXI p-distance between G3-1 and G3-2 was 1.4%,
indicating that they are closely related but genetically differentiated mitochondrial sublineages.
Nevertheless, the available COX1 data do not permit the definitive assignment of Tor PHGO003 and
Tor HULOOS to T. cf. tambroides. Voucher-based morphological comparisons and nuclear genomic
data will be required to resolve the taxonomic identity of G3-1. The Salween population from
northern Thailand formed a differentiated mitochondrial group that may represent a cryptic lineage
although its COX1 divergence from G1 remains relatively limited (1.7%). Similarly, the central
Thailand populations (Phetchaburi and Kanchanaburi) emerged as a subgroup within the broader
G1 assemblage.

These findings suggest that the names 7. tambra and T. tambroides may have been applied
inconsistently to populations from northern Thailand to Peninsular Malaysia. Most specimens
examined in the present study clustered within the G1 T. cf. tambra mitochondrial lineage, despite
often being identified as 7. tambroides by farmers and collectors. This pattern is broadly consistent
with Chew et al. (2021), who regarded most 7Tor stocks sampled across Malaysia as 7. tambra,
whereas a genetically differentiated Hulu Langat stock reportedly imported from Sumatra was
considered most likely 7. tambroides. Collectively, these findings indicate that the name 7.
tambroides may have been applied too broadly to Malaysian mahseer stocks. However,
mitochondrial evidence alone cannot confirm the extent of historical misidentification or establish
the precise geographical distributions of these species. The fine-scale mitochondrial structuring
observed within the broader 7. cf. tambra assemblage may reflect historical isolation and restricted
maternal gene flow among drainage systems. In particular, the Isthmus of Kra, which is widely
recognized as an important biogeographic transition for freshwater and terrestrial taxa in Southeast
Asia (Dejtaradol et al. 2016) (Fig. 1), may have contributed to lineage differentiation by restricting
historical connectivity among river basins across the peninsula. Nevertheless, this interpretation
remains tentative because several populations were obtained from aquaculture facilities, where

broodstock translocation and mixing may obscure natural phylogeographic patterns. The observed
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genetic structuring emphasizes the importance of region-specific broodstock management and
careful documentation of stock origins. Avoiding indiscriminate mixing or translocation of
genetically differentiated stocks may help maintain regional genetic diversity and support
sustainable aquaculture and conservation programs.

The divergent samples Tor HULOOS5 from Hulu Langat, Selangor, and Tor PHGO003 from
Endau, Pahang, formed the G3-1 mitochondrial lineage, which was closely related to, but
differentiated from, the Sumatran 7. cf. tambroides G3-2 lineage. This phylogenetic affinity
suggests that these specimens may possess mitochondrial affinity to the 7. cf. tambroides lineage;
however, the available evidence does not permit their definitive assignment to 7. tambroides.
Several explanations may account for this pattern, including distinct species membership,
mitochondrial introgression following historical hybridization, incomplete lineage sorting, or
anthropogenic translocation of broodstock. Because all markers used in the present study are
maternally inherited, they cannot distinguish among these alternative scenarios or determine
whether the mitochondrial placement reflects the overall genomic ancestry of these individuals.
Resolving the taxonomic identity of G3-1 will therefore require evidence from independent nuclear
markers, such as genome-wide SNPs or whole-genome sequencing, together with voucher-based
morphological examination. From an applied perspective, the occurrence of genetically
differentiated mitochondrial lineages in aquaculture stocks emphasizes the importance of traceable
broodstock records and molecular screening, because inconsistent species identification or
unintentional mixing of divergent stocks may affect breeding management, genetic integrity, and

market confidence.

CONCLUSIONS

In conclusion, this study shows that combining multiple mitochondrial markers is effective
for clarifying genetic structure and informing species-boundary hypotheses within 7or populations
from Thailand and Peninsular Malaysia. The COX/ data supported lineage-level divergence,
whereas D-loop sequences provided finer resolution of population structure, revealing
differentiation between central and southern Thai populations and additional subdivision among
Peninsular Malaysian localities. Together, these results highlight the presence of geographically
structured mitochondrial diversity within the 7. cf. fambra assemblage and provide new insight into
the taxonomic complexity of mahseer in the region.

Beyond taxonomic clarification, these findings provide a useful genetic baseline for

conservation management, broodstock selection, and future aquaculture development of this
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culturally and economically important fish group. Rather than resolving all taxonomic uncertainty,
the present results narrow the range of plausible interpretations and identify priority questions for
subsequent work. Integrating nuclear markers, broader geographic sampling, and detailed
morphological analyses will be important for testing lineage boundaries more rigorously.

Our results also suggest that the currently assumed distribution of 7. cf. tambroides in parts
of Thailand and Peninsular Malaysia should be interpreted cautiously. Given the close relationship
among some populations and the long-standing taxonomic confusion within 7or, records attributed
to T. tambroides may require re-evaluation using integrative evidence from mitochondrial and
nuclear datasets together with morphology. Such an approach will be essential for improving
taxonomic accuracy, strengthening regional conservation strategies, and supporting reliable species

identification in fisheries and aquaculture.
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Supplementary materials

Fig. S1. Representative photographs of 7or specimens examined in this study. The specimens
include juveniles from Kanchanaburi, Thailand (A, Tor Kan003); Yala, Thailand (B, Tor YL004;
C, Tor_YLS16); Phetchaburi, Thailand (D, Tor Phet09); the Salween River, Mae Hong Son,
Thailand (F, Tor_Sall); Hulu Langat, Selangor, Malaysia (G, Tor HUL005); Gua Musang,
Kelantan, Malaysia (H, Tor KLT005); Sungai Tembat, Terengganu, Malaysia (I, Tor TEMO003);
Endau, Pahang, Malaysia (J, Tor PHG003); and Sungai Loh, Terengganu, Malaysia (K,

Tor LOHO003), together with an adult specimen from the Sai Buri River, Narathiwat, Thailand (E,
Tor N7). The corresponding meristic measurements are provided in Table S1, except for

Tor Phet09, which was included as a representative photograph but excluded from the meristic

analysis because its small body size prevented reliable examination of the gill rakers. (download)

Table S1. The samples were counted as predorsal scales (Pred. S), scales above the lateral line

(TRa), scales below the lateral line (TRb), and gill rakers. (download)

Table S2. Primers of genes with annealing temperature and time, product size, and references.

Table S3. Sequences of the COXI gene of Tor species obtained from the GenBank database.
(download)

Table S4. Sequences of the 16S rRNA gene of 7or species obtained from the GenBank database.
(download)

Table S5. GenBank Number of sequences based on the COXI, 16S rRNA gene, and D-loop control

region of 7or species obtained from this study. (download)
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