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Abstract The mahseers are an important group of fishes
endemic to Asia with most species considered threatened.
Conservation plans to save declining wild populations are
hindered by unstable taxonomy, and detailed systematic re-
view could form a solid platform for future management and
conservation. D-loop and cytochrome c oxidase I (COI)
mtDNA sequences were examined in nine mahseer species
of Tor, Neolissochilus, and Naziritor. Pseudogenes amplified
in a portion of the species limited the utility of the D-loop
region. ABGD analysis, NJ, ML, and MP methods and ge-
netic distance (TrN+I+G) using COI data revealed concor-
dant species delimiting patterns. The three genera were mono-
phyletic, separated as distinct clades (TrN+I+G 0.064 to
0.106), and Naziritor was flagged as a separate genus, distinct
from Puntius (TrN+I+G 0.196). Out of seven nominal spe-
cies known for Tor cogeners from India, only five were
recovered with mtDNA data (TrN+I+G 0.000 to 0.037) and
two species could not be distinguished with the molecular data
set employed. Tor mosal, synonymized as Tor putitora, was
rediscovered as a distinct species (TrN+I+G 0.031) based on
its type locality. Tor mussulah was confirmed as a separate
species (TrN+I+G 0.019 to 0.026). Two valid species, Tor

macrolepis and T. mosal mahanadicus, were not distinct from
T. putitora (TrN+I+G 0.00). The high divergence with
mtDNA data failed to validate T. mosal mahanadicus as a
subspecies of T. mosal (TrN+I+G 0.031). Morphological
outliers discovered within the distribution range of Tor tor
(TrN+I+G 0.022 to 0.025) shared the same lineage with
T. putitora (TrN+I+G 0.002 to 0.005), indicating a new
extended distribution of the Himalayan mahseer T. putitora
in the rivers of the Indian central plateau. The findings indicate
the need for integrating molecular and morphological tools for
taxonomic revision of the Tor and Naziritor genera, so that
taxa are precisely defined for accurate in situ and ex situ
conservation decisions.
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Abbreviations
mtDNA Mitochondrial DNA
COI Cytochrome c oxidase unit I
ABGD Automatic Barcode Gap Discovery
NJ Neighbor joining
ML Maximum likelihood
MP Maximum parsimony
TrN+I+G Tamura and Nei within variation site and

gamma correction
HKY+G Hasegawa Kishino Yano + Gamma correction
Ti/Tv Transition to transversion ratio

Introduction

Fishes of the genera Tor, Neolissochilus, and Naziritor (fam-
ily: Cyprinidae; subfamily: Cyprininae), commonly known as
mahseers, are economically valued as sport fish, in capture
fisheries, and for aquaculture. Mahseers inhabit both rivers
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and lakes, ascending to rapid streams with rocky bottoms
(Desai 2003) and are distributed from the Middle East to
South and Southeast Asia (Roberts 1999; Silas et al. 2005).
This group of large-scaled carps is endemic to Asia. Mahseers
originated in southwest China and spread westward during the
Pliocene and thereafter spread south to theMalay Archipelago
and southwestward to the Indian peninsula and Sri Lanka
(Shrestha 1997). The iconic mahseers are listed among the
20 mega fishes of the world (Stone 2007). However,
overfishing, habitat degradation, and several anthropogenic
factors are responsible for the decline of their natural popula-
tion (Pinder and Raghavan 2012). Of 18 mahseer species
assessed under the IUCN criteria, 10 are listed as threatened,
namely under the “endangered” and “vulnerable” categories
(IUCN 2013). To improve the natural population distribution
of mahseers, comprehensive conservation strategies, includ-
ing habitat management, protection, and artificial propagation
are needed. Taxonomic stability of an organism is the essential
platform before developing conservation action plans
(Morrison et al. 2009) which unfortunately is likely to be a
large constraint for mahseer conservation.

Mahseer systematics has been a subject of considerable
interest to taxonomists, however, contradiction in nomencla-
ture, possibly due to plasticity of characters (Mohindra et al.
2007) is leading to taxonomic instability in this group of
species. Eschmeyer et al. (2013) catalogued a total of 59
currently valid species belonging to the mahseer group with
36 assigned to the genus Tor, 22 to the genus Neolissochilus,
and one under Naziritor. However, these numbers vary be-
cause of the taxonomic uncertainties regarding this group
(Siraj et al. 2007; Froese and Pauly 2013). Naziritor (Mirza
and Javed 1985) was proposed to accommodate mahseer
species found in the Zhob River (Naziritor zhobensis) in
West Pakistan and was represented by the single species until
Menon (1999) classified Tor chelynoides (Talwar and
Jhingran 1991) as Naziritor chelynoides. However, currently,
this species is recognized as Puntius chelynoides (Dahanukar
2010; Froese and Pauly 2013).

Across their distribution in Asia, species of Tor are among
the most diversified of the cyprinids, and taxonomists have
conflicting opinions regarding their nomenclature because of
the morphological variations that they exhibit (Silas et al.
2005). Tor putitora, the golden mahseer, is the most widely
distributed in the trans-Himalayan rivers across south Asia
including Myanmar, Bhutan, Bangladesh, India, China,
Nepal, and Pakistan (Bhatt et al. 2004). In portions of its
known range of distribution, new species were split from
T. putitora on the basis of certain discriminating morpholog-
ical characters, such as Tor macrolepis from the Indus river
system in Pakistan (Mirza and Awan 1976; Mirza 2004)
based on the hypertrophied lip structure and Tor
yingjiangensis from the upper Irrawadi basin in Yunan,
China. T. yingjiangensis was distinguished from T. putitora

due to combination of characters (Chen and Yang 2004) such
as 3–3.5 (vs. 2.5) scales from lateral line to pelvic fin origin,
shorter caudal peduncle length (13.0 % vs. 17.2 % of stan-
dard length), lesser body depth (26.4 % vs. 24.0 % of stan-
dard length) and longer caudal peduncle depth (12.0 % vs.
10.9 % of standard length).

In southern Asia, the Indian subcontinent harbors the
highest species richness for Tor; seven species are distributed
across the Himalayas and the central and Deccan plateaus
(Desai 2003; Jayaram 2005). These are T. putitora
(Hamilton), T. tor (Hamilton), Tor khudree (Sykes), Tor
progeneius (McClelland), Tor mosal (Sykes), Tor mussullah
(Sykes), and Tor kulkarnii (Menon). In a recent review on
Indian mahseers, Dinesh et al. (2010) accepted only five valid
species based on morphological descriptions and ignored
T. mosal and T. kulkarni, as well as some of the newly reported
species such as Tor moyarensis and Tor remadevi. T. mosal
has been considered a synonym of T. putitora (Froese and
Pauly 2013; Eschmeyer et al. 2013). Deccan mahseers,
T. khudree, and T. mussulah, are exclusive to the rivers of
the Deccan plateau and peninsular India (Jayaram; 2005).
Three subspecies, T. mosal mahanadicus (David 1953a, b),
T. khudree malabaricus (Jerdon) from Peninsular India and
T. khudree longispinus, are considered valid, were not con-
firmed by evidence based on recent molecular studies.
T. khudree malabaricus has been characterized as a separate
species, T. malabaricus (Silas et al. 2005). T. mosal
mahandicus (David 1953a, b), which is endemic to the
Mahanadi River that originates from the central plateau, is
also described as T. khudree mahanadicus (Menon 1992),
T. tor mahanadicus (Sugunan 1995) and a synonym of
T. khudree. However, a RAPD profile of T. mosal
mahanadicus found it to be more similar to T. putitora than
all other Tor species (Mohindra et al. 2007). Nguyen et al.
(2006) concluded that T. khudree longispinus could not be
distinguished from T. khudree on the basis of three mitochon-
drial genes.

Mahseers are generally present in the so called “Tor zone”
(600–1,200 m) of the glacier-fed Himalayan Rivers (Singh
and Kumar 2000) and have much greater reach to the lower
reaches in the peninsular Indian rivers (Ajithkumar et al.
1999). The golden mahseer, T. putitora is the largest in size
and is widely distributed in all Himalayan rivers and reported
to migrate up to an altitude of 2,000 msl (Raina et al. 1999).
Currently, only T. tor is known to exist both in the rivers of
Himalayas and also those flowing through the central plateau,
such as inNarmada, Tapti, and Tons (Desai 2003; Dinesh et al.
2010). Lal et al. (2013) described the extended distribution of
T. tor in the Godavari and Krishna peninsular rivers.

The established morphological criteria, such as proportion
of head length to body depth (Talwar and Jhingran 1991;
Jayaram 2005; Laskar et al. 2013) or lip and median lobe
structure (Zhou and Cui 1996), to classify the mahseer species
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are a source of disagreement among taxonomists (Nguyen
et al. 2006). Molecular markers are pivotal to understanding
the phylogenetic relationships and complementing taxonomy
knowledge of the species needing conservation (Morrison
et al. 2009; Chakrabarty 2010). Among molecular markers,
the partial cytochrome c oxidase I (COI) sequence has poten-
tial for species discrimination and has been proposed as a DNA
barcoding marker for animals (Hubert et al. 2008; Lakra et al.
2011; Young et al. 2013). The mtDNAD-loop region has been
reported to be useful marker for Cyprinid phylogeny (Gilles
et al. 2001), and its variable ETAS domain is particularly
useful for lower level group relationships (Liu and Chen 2003).

The present study aims to critically assess the current
taxonomic framework for mahseer species and morphological
outliers across different river basins in India by using a DNA
barcoding approach. Study objectives are to assess the con-
cordance of species discrimination using morphological keys
and molecular analyses, to subsequently make taxonomic
recommendations based on the findings, and interpret species
distribution with respect to drainage patterns and earth history
in the region.

Materials and methods

Samples for genetic analyses consisted of 86 individuals for
nine mahseer species and subspecies, belonging to three gen-
era, Tor (six species T. putitora, T. macrolepis, T. tor,
T. khudree, T. mussullah, T. mosal; one subspecies T. mosal
mahanadicus),Neolissochilus (Neolissochilus hexagonolepis)
andNaziritor (N. chelynoides), as well as somemorphological
outliers (which could not be assigned distinctly to any of the
species) of genus Tor. The representative specimens for these
species were collected through explorations of different rivers
across India (Table 1, Fig. 1) based on the previous knowledge
of their distribution (Shrestha 1997; Desai 2003; Jayaram
2005). The best-fit individuals conforming to the morpho-
meristic descriptions (Appendix 1 and 2; Electronic
Supplementary Material) from the literature were identified
as representative of the respective species. The specimens that
were found to be morphological or distribution outliers were
not considered as representative of the species and considered
as non-descript types (morphotype I and II; Tor of the Sank
and Tons rivers) and their molecular data was compared with
that generated from representative species to identify their
lineage (Figs. 2, 3, 4, 5, 6, 7, 8, 9 and 10).

DNA isolation The genomic DNAwas extracted from blood
or muscle and fixed in 95 % ethanol, following the procedure
of Ruzzante et al. (1996), with minor modifications. Briefly,
50 μl of ethanol-fixed blood cells were washed twice with
High TE buffer (100 mM Tris–HCl, 40 mM EDTA, pH 8.0)
and incubated overnight in 0.5 ml of lysis buffer (10 mM

Tris–HCl, 1 mM EDTA, 400 mM NaCl, pH 8.0), containing
1 % sodium dodecyl sulfate and 0.5 mg/ml proteinase K, at
37 °C, followed by phenol chloroform and purification with
ethanol.

PCR amplification and mtDNA sequencing The 5′ regions of
COI were amplified using the primer pairs suggested for DNA
Barcoding of fish (Ward et al. 2005). For the D-loop, different
combination of primer pairs L15998-pro and H CSBDH
(Alvarado et al. 1995), L15926 and H16498 (Kocher et al.
1989), L16378 and H16578 (Faber and Stepien 1998) and
H503 (Titus and Larson 1995) were used, which are located
on tRNA proline (tRNApro) and a conserved sequence D-
block, respectively (Alvarado et al. 1995). PCR was per-
formed in a 25-μl reaction volume, and each sample reaction
contained 1X PCR buffer (10 mM Tris–HCl, pH 9.0; 50 mM
KCl; 0.01 % gelatin), 1.5 mMMgCl2, 0.2 mM of each dNTP,
5 pmol of primer, 1.5 units Taq DNA polymerase (Genei,
Bangalore) and 50 ng of genomic DNA. PCR amplifications
were performed in a thermal cycler (MJ Research, PTC-200)
with the following cycling parameters: one cycle of pre-
denaturation at 94ºC for 5 min, 30–40 cycles of 94ºC for
1 min, 50ºC for 1 min and 72ºC for 2–2.5 min with a final
elongation at 72ºC for 4 min. After amplification, the PCR
products were sequenced bidirectionally using an automated
capillary sequencer (MegaBACE 1000, GE Healthcare, Hong
Kong) following the manufacturer’s instructions. All the se-
quences generated, along with their specimen voucher num-
bers, were deposited in GenBank (Accession numbers listed
in Table 1) and nomenclature suggested by (Chakrabarty et al.
2013) was followed.

Sequence analysis

Alignments were then performed using ClustalW and manu-
ally, based on the descriptions by Baker and Marshall (1997).
The base compositional frequencies and nucleotide substitu-
tion between pairwise distances were determined using
PAUP* (Swofford 2002). The software PAUP* was also used
to generate random trees (n=1,000) to examine the phyloge-
netic signal (Hillis and Huelsenbeck 1992). Phylogenetic
analyses were performed using different methods, which are
maximum parsimony (MP), neighbor joining (NJ) and maxi-
mum likelihood (ML) as implemented in PAUP*. The MP
method was performed using heuristic searches with 20
random-addition-sequence replicates and tree-bisection-
reconnection (TBR) branch swapping. Likelihood ratio tests
(Goldman 1993a, b; Huelsenbeck and Crandall 1997), as
implemented in MODELTEST 3.06 (Posada and Crandall
1998), were employed to model based methods (NJ and
ML) without branch length parameters under the standard
Akaike Information Criterion (AIC). In D-loop Hasegawa
Kishino Yano with Gamma (HKY+G) and in COI mtDNA,
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Tamura-Nei with Proportion of Invariation sites and Gamma
(TrN+I+G) was selected as the model of analysis. Likelihood
analyses and were performed by TBR branch swapping, using
the MULTREES option, by random stepwise additions using
the heuristic search algorithm. Quartet puzzling (with 1,000
pseudo replications) was used to obtained the phylogenetic
trees by using the PAUP* package, and their confidence for
the analyses was estimated by 500 bootstrapping iterations
(Felsenstein 1985), whereas NJ was inferred using 1,000
bootstrapping iterations. All the trees were rooted with the
outgroup species Clarias batrachus, (family Claridae; Order
Siluriformes). The sequences of carps, Cyprinus carpio,
Carassius carassius, Carassius auratus, Puntius denisonii and
Puntius chalakkudiensis were downloaded from NCBI and
analyzed with the mahseers. The online version of automatic
barcode gap discovery, ABGD (Puillandre et al. 2012) was used
to determine barcode gap occurrence and partition the sequences
into putative groups or species. COI alignments were analyzed
at the default settings (Pmin=0.001, Pmax=0.1, Steps=10, X
(relative gap width)=1.5, Nb bins=20) and with K2P distances.

Results

Characteristics of mtDNA sequences studied in mahseer
species

COI Out of the 654 bp analyzed, 434 bp (67.28 %) were
conserved, 220 bp (33.64 %) variable and 178 bp (27.22 %)
parsimony informative in all the species analyzed. According
to codon position, the third base was the most informative
with 84 parsimony informative characters. The average nucle-
otide composition was 30.4% (T), 27.0% (C), 26.1% (A) and
16.5 % (G). The estimated transition/transversion ratio ranged
from 3.48 to 9.02 (Table 2).

D-loop The size of the amplified fragment of D-loop region
was approximately 450 bp. Both heavy and light strands
sequences yielded 411 bp, after alignment and reliability
checking. The average nucleotide base composition was
32.9 % thymine (T), 16.2 % cytosine (C), 37.8 % adenosine
(A), and 13.1 % guanine (G), with a total T and A contents
(70.7 %) higher than that of C and G (29.3 %). Out of a total
411 sites, 174 sites were variable, 222 conserved and 111 were
parsimony informative. The ratio of transition to transversions
was found to be 1.0. In some individuals of T. putitora, T. tor,
T. mosal mahanadicus, T. mussullah and in all the individuals
of T. macrolepis, Tons River Tor, Sank River Tor, Krishna
River Tor, N. hexagonolepis and N. chelynoides, the amplified
product did not confirmed to the mtDNA COI sequence,
hence, it was considered to be pseudogenes. Repeated isolation
of DNA from alternative tissue samples of such individuals
and amplification with all the possible combinations of theT
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primers sets failed to resolve the amplification of putative
pseudogenes. Therefore, D-loop data was available for only
five Tor species (Table 3).

Model of evolution

Models of the evolution dataset resulted in the best likelihood
score. For COI, gene base frequencies of A=0.2938, C=
0.2834, G=0.1438, T=0.2791 were recorded, and for the D-
loop, base frequencies of A=0.3759, C=0.1569, G=0.1422,

T=0.3251, were recorded. The substitution model incorporat-
ed the following rate matrix [A-C]=1.0000, [A-G]=14.6471,
[A-T]=1.0000, [C-G]=1.0000, [C-T]=8.9889, [G-T]=
1.0000 and proportion of invariable sites was I=0.6121,
whereas the shape parameter of the discrete gamma distribu-
tion was G=3.1570 for the COI gene, and for the D-loop
region, the substitution model incorporated Ti/tv ratio=
1.3010 and the shape parameter of the discrete gamma distri-
bution was found to be G=1.1723. The models of evolution of
the individual gene regions were TrN+I+G for the COI gene

Fig. 1 Map showing major
drainages and mahseer collection
localities across India. 1 River
Tawi, Jammu. 2 River Beas,
Pong. 3 River Beas, Pathankot. 4
River Satluj, Nangal. 5 River
Yamuna, Yamuna nagar. 6 River
Ganga, Rishekesh. 7 River
Bhagirathi. 8 River Kosi,
Ramnagar. 9 River Sharda,
Tanakpur. 10 River Gerua,
Katarnia Ghat. 11 River Tista,
Mal/Udalabadi. 12 River
Jaldhaka, Bindhu. 13 River
Ziyabharali, Bhlukpong. 14 River
Dikrong, Doimukh. 15 River
Sank, Gwalior. 16 River Tons,
Chackghat. 17 River Tawa, Itarsi.
18 River Mahanadi, Sambhalpur.
19 River Krishna. 20 River
Chaliyaar, Nilambur. 21 River
Chalakudy, Puzha
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A i

B i

C i

A ii

B ii

C ii

A

Fig. 2 A Lateral view of yellow
finned Mahseer, T. putitora
(Hamilton) (GQ469809) and
morphotypes. Ai Side ventral
T. putitora (GQ469822). Aii
Lateral view of head showing
normal lip structure of T. putitora
(GQ469822). Bi Side ventral
view of morphotype I of
T. putitora (GQ469815). Bii
Lateral view of lips and head part
showing small medium lobe in
lower lip of T. putitora
(GQ469815). Ci Side ventral
view of morphotype II of
T. putitora (GQ469824). Cii
Lateral view of head showing
thick lips and lower lips with
thick medium lobe morphotype II
of T. putitora (GQ469824)

B

A

Fig. 3 a Lateral view of thick-lipped Mahseer, T. macrolepis
(GQ469830), b Side ventral and lateral view of head part of a normal
specimen of T. macrolepis (GQ469830)

A

B

Fig. 4 a Lateral view of the red finned Mahseer, T. tor shows
hypertrophied lip structures (EU714120). b Ventral and Lateral view of
head and anterior part of body of T. tor (EU714120)
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and HKY+G for the D-loop region. These models were used
to determine the number of substitution types and the inclu-
sion of gamma rate distribution and/or proportion of invari-
able sites in the analyses.

Divergence between mahseer species

COI Genetic distances (Tamura and Nei with proportion of
invariable site and gamma correction) between mahseer spe-
cies are given in Table 4, and the sequence divergence is
provided in Table 5. The genera Naziritor (N. chelynoides)
and Neolissochilus (N. hexagonolepis) exhibited high nucle-
otide diversity 0.095 with each other. N. hexagonolepis dis-
plays high genetic distance from the genus Tor (0.064) and
other outgrouped species. N. chelynoides displays high genet-
ic distance and sequence divergence from P. chalakkudiensis
(0.196, 0.171) and Puntius denisonii (0.207, 0.170) and dis-
plays comparatively low genetic distance and sequence

divergence from the genus Tor (0.092, 0.080) and genus
Neolissochilus (0.106, 0.095).

The genetic distance between the species of the genus Tor
was found to range from 0.000 to 0.037. T. mosal had the
maximum genetic distance from all the other Tor species
(0.022 to 0.037). A short genetic distance was observed be-
tween the three species T. putitora, T. mosal mahanadicus,
and T. macrolepis (0.000). Low sequence divergence (0.00 to
0.004) values were also observed between them. These three
species also did not exhibit any detectable difference. The two
morphological outliers (morphotype I and morphotype II)
collected from the associated rivers of the Indus and Ganga
system also did not exhibit any significant nucleotide diver-
gence and genetic distance from these three species
(T. putitora, T. mosal mahanadicus, and T. macrolepis).

The twomorphological variants of Tor from the Sank River
and Tons River had high genetic distance (0.022 to 0.025)
with T. tor. However, these were found to be closer to

A

Ai

B

Bi

Fig. 5 A Lateral view of the Mahanadi Mahseer, T. mosal mahanadicus
(GQ469783). AiVentral and lateral view of head and anterior part of body
of T. mosal mahanadicus (GQ469783). B Lateral view of the Mahseer,
T. mosal (EU714108). Bi Lateral view of head and anterior part of body of
T. mosal (EU714108)

B

Bi

Ai

A

Fig. 6 A Lateral view of the Deccan Mahseer, T. khudree (GQ469788).
AiVentral and lateral view of head and anterior part of body of T. khudree
(GQ469788). B Lateral view of the Hump Mahseer, T. mussullah
(GQ469798), Bi Lateral view of head and anterior part of body of
T. mussullah (GQ469798)
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T. putitora, T. mosal mahanadicus, and T. macrolepis than
T. tor with a short genetic distance (0.002 to 0.006) but with
significant differentiation. The sequence divergence was also
low ranging (0.002 to 0.007) within the group that includes
T. putitora, T. mosal mahanadicus, and T. macrolepis of these
two observed variants. The COI sequences also revealed small
(0.006) but significant genetic differentiation between these
two Tor variants from the Sank and Tons rivers.

The genetic distance of T. tor from other Tor species was
found to be significant, ranging from 0.019 (T. putitora) to
0.031 (T. mosal). T. tor displayed low values of sequence
divergence (0.004) and genetic distance (0.002) with Tor of
the Krishna River. The two Deccan mahseers, T. khudree and
T. mussullah, exhibited high genetic distance (0.022) and
nucleotide diversity (0.0025) between them, and with other
species, their genetic distance ranged from 0.019 to 0.039.

D-loop Genetic distances between different mahseer species
based on D-loop analysis are given in Table 4. T. putitora and
T. mosal mahanadicus exhibited low genetic distance (0.005).
T. tor, T. khudree, and T. mussullah exhibited high genetic
distance (0.093, 0.110, and 0.207, respectively) with
T. putitora. Deccan mahseer species, T. khudree and
T. mussullah, were separated by a high genetic distance
(0.111) between them and also in comparison with T. tor
(0.113 and 0.199, respectively).

Genetic relationship

COI The panalysis of COI sequences was performed using
nine species of mahseer and two morphotypes with other carp

A

Ai

B

Bi

Fig. 7 A Lateral view of the chocolate mahseer, N. hexagonolepis
(EU714096). Ai Ventral and lateral view of head and anterior part of
body of N. hexagonolepis (EU714096). B Lateral view of the black
Mahseer, N. chelynoides (EU714101). Bi Lateral view of head and
anterior part of body of N. chelynoides (EU714101)

A

Ai

B

Bi

Fig. 8 A Lateral view of the Tor from River Tons (HQ609728). Ai
Ventral and lateral view of head and anterior part of body of Tor from
River Tons (HQ609728). B Lateral view of the Tor from River Sank.
(HQ609726), Bi Lateral view of head and anterior part of body of Tor
from River Sank (HQ609726)
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species and C. batrachus as the outgroup species. Neighbor
Joining, Maximum Parsimony and Maximum likelihood trees
revealed similar topology (Fig. 11). Three major clades within
the mahseer group were identified. Clade 1 contained the
genus Tor (T. putitora, morphotype I and II, T. mosal
mahanadicus, T. macrolepis, Tor from the Sank River and
Tons River, Tor tor, Tor from the Krishna River, Tor khudree,
Tor mussullah, and T. mosal). Clade two and three contained
Genus Neolissochilus (N. hexagonolepis) and Genus
Naziritor (N. chelynoides), respectively. It is noteworthy here
that the Naziritor genus is clearly discriminated from the

genus Puntius. Within clade 1, five groups were observed.
Group 1 contained three subgroups. Subgroup 1 was formed
of T. putitora, T. putitora morphotypes I and II, T. mosal
mahanadicus, T. macrolepis. Subgroups 2 and 3 within group
1 were formed by Tor of the Sank River and Tor of the Tons
River with low bootstrap values. Group 2 of clade 1 contained
two subgroups that accommodate the species T. tor and Tor of
Krishna river. The other groups are T. khudree in group 3,
T. mussullah in group 4 and T. mosal in group 5 (T. putitora
and others) and group 2 (T. tor). The genus Naziritor was
separated with both genus Tor and Neolissochilus. All the
supporting nodes were supported by strong bootstrap values.

A neighbor joining tree (Fig. 11b) was computed to find
out if the genusHypselobarbus is distinct from genus Tor. The
629 bp sequences COI gene available in NCBI genbank for
three species Hypselobarbus micropogon (KC4454641),
Hypselobarbus kurali (KC4454631), Hypselobarbus
periyarensis (KF1135591, KC4454651) were downloaded
and analyzed with samples of other mahseer species used in
this study. The genus Hypselobarbus clearly separated as
distinct clade from genus Tor with genetic distance
T. mussullah ranged from 0.106 to 0.172.

The results of the ABGD analysis indicated that a barcode
gap is detected between intraspecific and interspecific dis-
tances (Fig. 12). The delimiting of species is found to be
congruent with the clade formation obtained from NJ, MP,
and ML analyses (Fig. 11). The sequences partitioned into 10

A

B

Fig. 9 a Lateral view of the Tor from River Krishna (EU714115). b
Ventral and lateral view of head and anterior part of body of Tor from
River Krishna (EU714115)

Fig. 10 Maximum likelihood (ML) tree developed based on Dloop
sequences of mahseers. Numbers represent node supports inferred from
ML bootstrap analyses (only values above 50 are shown), ML tree using
Hasegawa Kishino Yano with Gamma (HKY+G); α=1.1750, I=0.2787,
−lnL=1958.8831. Bootstraps estimated are derived from 500 replications

Table 2 Nucleotide parameters in D-loop and COI regions of Mahseer
species studied; all frequencies are averages (rounded) over all taxa

Domain Identical
pairs ii

Transitional
pairs si

Transversional
pairs sv

si/sv R

D-loop

Avg 281 20 20 1.0

COI

Avg 574 25 7 3.81

1st 198 4 0 9.02

2nd 202 0 0 3.80

3rd 174 21 6 3.48

Table 3 Genetic distance, between six Mahseer species from D-loop
region analysis (distance method: Hasegawa Kishino Yano with gamma)

Species 1 2 3 4 5 6

1 Tor putitora

2 Tor mosal mahanadicus 0.005

3 Tor tor 0.093 0.097

4 Tor khudree 0.110 0.113 0.105

5 Tor mussullah 0.207 0.199 0.191 0.111

6 Cyprinus carpio 0.229 0.221 0.235 0.200 0.280
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groups with prior maximal distance P=0.0016, 0.0027, and
0.0046, respectively (Fig. 12c).

D-loop All methods (NJ, ML, and MP) used for analysis of
D-loop data yielded similar topology (Fig. 10). The tree
evident from the analysis revealed there were two main clus-
ters in the tree, one containing the Tor genus and a second
cluster having Cyprinus carpio as an outgroup. In the genus
Tor, there were two main clusters, one containing T. putitora,
and T. mahanadicus clustered with T. tor. The second main
cluster formed between T. khudree and T. mussullah. The
nodes in the trees, formed from NJ, ML and MP methods,
were supported by significant bootstrap values. The genetic
distances between the groups are given in Table 3. The pair of
T. putitora with T. mosal mahanadicus exhibited a small
distance value (0.005). T. khudree and T. mussullah displayed
high pairwise distance (0.111). The pairwise genetic distance
ranged from 0.005 to 0.111.

Discussion

The study represented a comprehensive effort to characterize
genetic divergence between mahseers found in India through
use of DNA sequence polymorphism in the COI and D-loop
regions.

Relative performance of D-loop and COI sequences in species
delineation

COI sequences were found to bemore useful in discriminating
mahseer species than the D-loop region. Though, D-loop
sequences have been reported as effective markers for cypri-
nid phylogeny (Gilles et al. 2001; Liu and Chen 2003); they
could not provide useful data for all the mahseer species
studied. The sequences amplified with D-loop primers in
some of the mahseer species and individuals within a species
did not confirm to sequence of fish mitochondrial D-loop
region. This is likely to happen due to sequencing errors or
possibly pseudogenes amplified instead of the target region. In
all such cases, the repeated attempts were made but it did not
amplify the sequences that confirmed to the fishmitochondrial
D-loop sequences. Agostinho and Ramos (2005) discovered a

Fig. 11 a Maximum likelihood (ML) tree developed based on COI
sequences of mahseers. Numbers represent node supports inferred from
ML bootstrap analyses (only values above 40 are shown), ML tree using
Tamura-Nei with proportion of Invariation site and Gamma (TrN+I+G)
model; α=3.1570, I=0.6121, −lnL=2954.66, bootstraps estimated are
derived from 500 replications. The group number given with the species
is based on the membership of sequences obtained from partitioning with
ABGD. b Maximum likelihood (ML) tree developed based on COI
sequences (629 bp), between species of genus Tor and Hypselobarbus
using pairwise genetic Tamura-Nei model + G model

�
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large number of mitochondrial pseudogenes, previously un-
recognized in fish genomes. Pseudogenes co-amplify with, or
in some cases, instead of, the desired mtDNA target (Collura
and Stewart 1995), possibly because of heteroplasmy, “leak-
age” from the paternal lineage and nuclear duplications
(Zhang and Hewitt 1996). The presence of pseudogenes or
observation of multiple copies of an mtDNA gene can be due
to of four possible reasons: (1) contamination by other organ-
isms (e.g., parasitic or ingested organisms) or by exogenous
DNA in the laboratory, (2) heteroplasmy, (3) paternal leakage,
and (4) duplication of the mtDNA gene (Williams and
Knowlton 2001). To confirm that the present results were
not affected by contamination, the whole procedure from
DNA isolation to sequencing was repeated with utmost care,
for those individuals where pseudogenes were amplified.
Therefore, the D-loop region data could be used only for four
Tor species, T. putitora, T. mosal mahanadicus, T. khudree,
and T. mussullah and the sequences that did not confirm to the
D-loop sequence were discarded to avoid confounding of
data. The mtDNA COI region did not pose any such problem
and was correctly sequenced with the universal primers (Ward
et al. 2005) in all the specimens of studied mahseer species.

Taxonomic status of mahseers

The neighbor joining, maximum parsimony, and maximum
likelihood analysis, based on the D-loop and COI sequence
data revealed more or less similar tree topologies. The COI
mtDNA sequence analysis revealed the monophyly of the
genera Neolissochilus and Naziritor as separate sister-groups
of the genusTor.The results supported the placement of species
chelynoides under a separate genus as it can be considered a
member neither of the genus Tor nor of genus Puntius

(Dahanukar 2010). The mitochondrial data support the place-
ment of this species in the genus Naziritor (Talwar and
Jhingran 1991) alongwith another species,N. zhobensis, which
is found in the Zhob River in Pakistan (Mirza and Javed 1985).

The results highlighted some interesting insights into dis-
tribution and genetic relatedness among species of the genus
Tor. The genus Tor was composed of four distinct sister
clades: 1, T. khudree and T. mussullah; 2, T. mosal; 3,
T. putitora (including morphotype I and II, T. mosal
mahanadicus, T. macrolepis and Tor of the Tons River and
Tor of the Sank River) and 4, T. tor (including Tor of the
Krishna Rover). These clades were supported by high boot-
strap values at the separating node. Out of the seven species of
Tor described in India, six species were analyzed based on
COI phylogeny. Samples of Tor progenies, which have a
restricted distribution in Northeast India, were not available
to us, and the species has been recently reported to be a
synonym of T. putitora (Laskar et al. 2013).

The two Deccan mahseers, T. khudree and T. mussullah,
were found to be genetically closer to each other than to other
Tor species. Nevertheless, the significant separation between
the two species with high genetic distance did not favor the
argument of Menon (1992) that the two species could be
synonyms. The consideration of T. khudree and T. mussullah
as different species, inferred based on the data in this study
agrees with conclusions from RAPD analysis (Mohindra et al.
2007) meristic, non-meristic and osteological data (Jayaram
2005), and karyomorphology (Kushwaha et al. 2001; Indra
Mani et al. 2010). COI analysis in our earlier study (Lal et al.
2013) also confirmed the extended distribution of T. tor in the
peninsular rivers, namely the Godavari and Krishna River
system, previously known to harbor only the Deccan mahseer
T. khudree. The findings further indicated separate valid spe-
cies status of T. mussullah and its membership within subclade
shared with T. khudree within Tor clade indicate that this
species is a Tor cogener instead of Hypselobarbus
(Dahanukar and Raghavan 2011) . Ana lys i s o f
Hypselobarbus COI sequences (629 bp) with the Tor genera
sequences clearly supported the inference that inclusion of
T. mussullah with genus Hypselobarbus is not justified.

There is strong genetic evidence for retaining T. mosal as
distinct species from T. putitora and therefore, the findings
disagree with the use of T. mosal as a synonym of T. putitora
(Menon 1999; Eschmeyer et al. 2013). Hamilton (1822) from
the Kosi, Ramnagar, and Uttarakhand rivers described as
Cyprinus mosal and later as T. mosal. However, several au-
thors (Dinesh et al. 2010) have questioned the validity of this
species from Himalayan Rivers and favored it as synonym of
T. putitora (Menon 1999, 1992). Desai (2003) had enlisted
T. mosal as a valid species, but largely as a Myanmar species
or restricted to some rivers in northeastern regions of India
(Kundu 2000). In the present study, we discovered specimens
of T. mosal from its type locality (the Kosi River) and from the

Fig. 11 (continued)
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Yamuna River, both mid-Himalayan rivers in northern India.
The specimens confirmed the morpho-meristic descriptions
(Jayaram 2005) and could be clearly distinguished from
T. putitora.

The mtDNA sequences failed to discriminate the two
species considered valid earlier, T. macrolepis and subspecies
T. mosal mahanadicus, from T. putitora. To ensure the con-
fidence and consistency of T. putitora COI sequences, 24
samples from six distant rivers that belonged to three different
river basins, the Indus, Ganga, and Brahmaputra, were

examined for sequence comparisons with T. macrolepis and
T. mosal mahanadicus. T. macrolepis, a mahseer species with
a hypertrophied lip, was originally described from the Indus
River system (Heckle 1838) as Labeobarbus macrolepis with
a thick lip structure. Since then, the taxonomic status of this
species has involved several contradictory suggestions: the
genus Barbus, a synonym of T. putitora (Silas 1960), a
subspecies of T. putitora (Day 1871; 1878; Mirza and Awan
1976; Mirza and Bhatti 1996) and as a separate species,
T. macrolepis (Mirza 2004). Previously, T. macrolepis was

Fig. 12 Barcode gap analysis of Mahseer species as generated by Auto-
matic Barcode Gap Discovery (Puillandre et al. 2012). Distributions of
K2P distances and between each pair of specimens for the COI gene,

histogram of distance (a); ranked distance (b) and number of PSHs
obtained for each prior intraspecific divergence (c)
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described only from rivers of the Indus basin (Mirza 2004;
Nguyen et al. 2009); however, the present explorations re-
vealed its sympatric co-existence with T. putitora in some of
the rivers of the Ganga River system (Yamuna and Kosi,
Sharda and Garua) as well. The inferences based on the
mtDNA COI region in the present study and three other
mtDNA genes (Nguyen et al. 2009) conclusively fail to
discriminate T. macrolepis as a separate species from
T. putitora and thereby support the observations of Silas
(1960) that T. macrolepis could only be a synonym of
T. putitora. T. macrolepis can be morphologically distin-
guished from T. putitora only because of a fleshy structure
of the lower lip with prominent median lobe, however, with
similar morpho-meristic characters (Appendix 1, 2 Electronic
Supplementary Material). These combined insights suggest it
more appropriate to consider T. macrolepis as a thick-lipped
morphotype of T. putitora rather than a separate species. The
specimens recorded with different intermediary variations of
the median lobe (morphotype I and II) but with COI se-
quences similar to T. putitora possibly indicate the occurrence
of interbreeding between these morphotypes. The
hypertrophied lips could be produced by environmental fac-
tors, and its development depends on the type of stream in
which the mahseer lives and the degree of adherence required
to live in swift current (Hora 1940). Such variation of lip
structure had earlier been reported in T. tor, irrespective of
size and sex (Desai 1982). We found co-existence of T. mosal
with T. putitora, T. macrolepis and morphotype (morphotype
I and II) as these were captured at the same fishing grounds
both in Kosi and Yamuna rivers. However, it needs to be
mention here that COI, being a mitochondrial gene, will trace
maternal lineages. Hence, to conclude on species limits of
T. putitora and T. macrolepis decisively or if the two forms
inhabit with random mixing, analysis of conserved nuclear
markers will be a crucial input.

T. mosal mahanadicus or Mahanadi mahseer was original-
ly described by David (1953a, b); however, it was later re-
ported as a subspecies of T. khudree (Menon 1992), and based
on the meristic characters (head length larger than body depth)
it was categorized as a subspecies of T. mosal (Shrestha 1997)
and T. tor (Sugunan 1995; Froese and Pauly 2013). The
present study (both D-loop and COI regions) clearly demon-
strated that T. mosal mahanadicus is genetically closer to
T. putitora than any of the other Tor species. The clustering
of T. mosal mahanadicus individuals within the T. putitora
cluster with an insignificant genetic divergence indicated a
shared ancestral lineage. Therefore, there is no evidence to
suggest that T. mosal mahanadicus is a subspecies of T. mosal.
However, the results also raise the question of whether
T. mosal mahanadicus could be considered a subspecies or a
differentiated genetic stock of T. putitora. We attempted to
address the question in the context of the evidence available in
the literature, both published and unpublished, for these two

mahseer species. The morpho-meristic characters of these two
species significantly overlap (Desai 2003). A study that
assessed the population structure of T. putitora and simulta-
neously analyzed T. mosal mahandicus, using microsatellite
and allozyme genotyping (Ranjana 2005), presented an inter-
esting scenario. Out of 33 alleles from 10 polymorphic
allozyme loci, T. mosal mahanadicus shared all the alleles
with T. putitora except two private alleles. Out of eight mi-
crosatellite loci amplified in T. putitora samples from ten
geographical locations (n=411), seven loci amplified in
T. mosal mahanadicus (n=64). Furthermore, out of a total of
82 alleles generated from these seven loci in all the samples,
76 alleles were found in T. mosal mahandicus, and 54 alleles
were common with T. putitora. Moreover, the pairwise Fst
values were variable from 4 to 14 % (allozyme) and 15 to
25 % (microsatellites) between T. mosal mahandicus and
T. putitora from 10 geographical localities. Such variable Fst
values and shared alleles are unlikely to happen if these two
mahseers are different species. The comparative RAPD pro-
files also did not yield any loci, which discriminated T. mosal
mahanadicus from T. putitora (Mohindra et al. 2007).
Therefore, both molecular and genetic results agree to the
systematic status of T. mosal mahanadicus as a synonym of
T. putitora. However, T. mosal mahanadicus (22 m+12sm+
22st+44 t) and T. putitora (12 m+22sm+14st+52 t) do have
different karyomorphology but the same fundamental arm
number (NF) 134 (Indra Mani et al. 2010) however, such
differences have been reported between fish conspecifics
inhabiting different localities (Singh et al. 2013). In all likeli-
hood, the T. mosal mahanadicus is a subpopulation or genetic
stock of T. putitora

Similarly, Tor specimens collected from the Sank and Tons
Rivers (flowing northward to Ganges from central plateau)
formed two independent subgroups within the T. putitora
group. However, this inference from COI sequences exhibited
an interesting discordance with the morpho-meristic charac-
ters. For these specimens from the Sank and Tons rivers,
though, meristic characters such as lateral line scale count
and LTr count were similar to that for T. putitora however,
the body depth more than the head length and fleshy anal fin
exhibited morphological proximity to T. tor. Such variations
could be environmentally induced, resulting from adaptive
selection pressure or the possibly from evolution of these
morphotypes after interspecific breeding between T. tor and
T. putitora. Data from combined use of nuclear and mitochon-
drial will be useful to derive insight into the evolution of such
morphotypes.

Biogeographical history of genus Tor in India

The new taxonomic clarity on Tor species based on molecular
data reveals species distributions that contrast to previous
information. The COI and D-loop data (for some species)
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established the extended distribution of the T. putitora clade
both as an original species and its possible diverging lineages
in the rivers originating and flowing through the central and
Deccan plateaus. Therefore, it is unambiguous that, the two
Himalayan mahseers, T. tor and T. putitora (including
T. mosal mahandicus and T. macrolepis), have wide geo-
graphic distribution but as fragmented populations, not only
across the whole of the southern trans-Himalayan rivers ex-
tending to Hindukush ranges in the west and northeast of the
Indian peninsula (Petr 2002) but also various rivers flowing in
central plateau and eastern ghats in India. The discontinuous
distribution pattern of the two species is evident as these are
restricted to the longitudinal rivers on southern face of
Himalaya mountain, flowing into three major systems Indus,
Ganga and Brahmaputra (Sinclair and Jaffey 2001) on the
northern side and completely absent in the river portions
flowing through alluvium Indo-Gangetic plains. The two spe-
cies are again distributed in the rivers of peninsular India on
southern side of the Ganga river system. Nevertheless, it is
likely that the spread of these torrential hill stream Himalayan
carps to central plateau happened through circumventing the
Gangetic plains and agree to Satpura hypothesis postulated by
Hora (1951).

According to the Satpura hypothesis, migration of tor-
rential fish species from Assam Himalayas to Peninsular
India happened during the Pleistocene (less than 2.0 mya),
across the Garo-Rajmahal gap along the Satpura-Vindhya
ranges and further spread due to excessive runoff in
streams like Narmada-Tapti,. Dispersal of fishes was en-
abled by (a) river capture, (b) longitudinal river valleys,
and (c) tilting of mountain blocks. The river courses of
central plateau as seen today are a result of rise in plateau
and tilt of peninsula that happened during the middle
Pleistocene, around 0.78 to 0.126 mya (Berg et al. 1969;
Briggs 2003), an event possibly responsible for vicarian
fragmentation of populations and their further dispersal to
rivers of peninsular India. Mahanadi and Godavari rivers
flowing westward as tributaries of Narmada river, changed
their course to flow as independent river systems south-
ward through Eastern Ghats (Menon 1951). Evidently, this
explains the presence of T. putitora in river Mahanadi
lineage in inferred in this study. Finding of T. tor (Lal
et al. 2013) in tributaries of Godavari river system also
support this inference. Silas (1952) opined that Tor species
were among the early migrants (pre-tilt forms) during
lower Pleistocene and subsequently spread up to Sri
Lanka, which was linked to mainland intermittently (until
10,000 years ago) and diversified through speciation, pos-
sibly the two Deccan mahseers found today, T. khudree
and T. mussulah, confirmed as two distinct but close
related species. T. khudree is widely spread in peninsular
India, from down the river Godavari and whole of western
ghats. The endemic variety from Sri Lanka, T. khudree

longispinus is reported to be actually T. khudree only
(Nguyen et al. 2009). Based on the description of
T. mosal mahandicus (David 1953a, b) as an endemic
variant of T. mosal, Silas (1952) hypothesized that the
T. mosal was among the last migrants during the upper
Pleistocene (later than 0.126 mya) and could not migrate
beyond the Mahanadi River. However, genetic evidence
did not support, as T. mosal mahandicus was not found to
be actually related to T. mosal.

Implications for conservation

Research on mahseer conservation is considered a priority
area (Siraj et al. 2007; Nautiyal 2012). However, the present
findings indicate that the conservation programs are at risk of
flawed planning because of species misidentification and,
consequently, could lead to genetic introgression of natural
gene pools (Avise 2000). It is possible that many of the
biological (Dwivedi and Nautiyal 2012) and ex situ conserva-
tion (Goswami et al. 2012) findings could be addressing the
wrong species. Achieving precise knowledge of species iden-
tification, taxonomy and biology has a strong bearing on the
success of conservation planning (Zaccara et al. 2004).
Splitting taxa can lead to efforts on extra protection; conversely,
a distinct valid species, when classified as synonym, may
become extinct because of a lack of recognition in conservation
efforts (Morrison et al. 2009). These taxonomic implications
are equally applicable to mahseer conservation in the whole of
south Asia because, except for Deccan mahseers, other species
are spread across the trans-Himalayan region and may also
contain cryptic diversity or confused taxonomy.

Currently, in south Asia including India, most of the efforts
on biological research, breeding and conservation planning
are focused on T. putitora (Shrestha 1997; Ogale 2002; Sarma
et al. 2010; Nautiyal 2012), followed by T. tor (Desai 2003),
T. khudree and T. mussullah (Ogale 2002). However, our
findings emphasize the need for extending conservation ef-
forts to lesser known mahseers such as T. mosal, which might
be under serious threat, as even their presence in some of the
localities is not recognized (synonymized with T. putitora),
and their biology and population structure are poorly under-
stood. Even mahseer breeding programs for conservation
(Sarma et al. 2010) mostly supported through wild broodstock
collection can be confounded inadvertently because of the co-
inhabitation of T. mosal with T. putitora, unless brood fish are
screened with caution.

Fine-scale explorations are envisaged for rivers flowing in
the central and Deccan plateaus in India to map the species
distribution of mahseers (in addition to T. tor), morphotypes
with characters of adaptive significance, taxonomic status, and
their life history traits. This is of utmost importance, as all the
descriptions on biology and life history traits of mahseers
from rivers of this region relate to the distribution of only
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one species, T. tor (Desai 2003; Dinesh et al. 2010; Dwivedi
and Nautiyal 2012). Badapanda (1996) reported a 48.8 %
decline in Mahanadi mahseer during 1977 to 1992. The
morphotypes of T. putitora found in Tons and Sank Rivers
and also Mahanadi mahseer also have good conservation
importance for the adaptations likely to have acquired with
exposure to a tropical climate in contrast to temperate
Himalayan streams. These rivers could be harboring
fragmented and reproductively isolated populations of these
Himalayan species, which have undergone significant genetic
differentiation to adapt to environment challenges. Animals
with such adaptive variations are of great significance in view
of the climate changes taking place especially global warming
and hence, useful research material for genomic studies.
Therefore, in situ and ex situ conservation of such organisms
through the establishment of species-specific live germplasm
resource centers is important. It will be judicious to use mo-
lecular markers to alleviate conflicts because of phenotypic
overlaps, while raising broodstock for species-specific propa-
gation for conservation programs to avoid the risk of long-term
genetic contamination in the wild gene pool. The reference
species-specific sequences (COI) from the present study and
corresponding images of accessions will be of specific use for
deriving species identification.

Conclusions

Out of the six species studied, the present results recov-
ered only five distinct valid species, T. putitora, T. tor,
T. mosal, T. khudree, and T. mussullah. Molecular evi-
dence, from this study and previous studies (Silas et al.
2005; Nguyen et al. 2006; Mohindra et al. 2007) could
not discriminate any of the three subspecies, T. mosal
mahanadicus, T. khudree malabaricus and T. khudree
longispinus, reported from the region of India and Sri
Lanka. The Naziritor genus more appropriately accom-
modates N. chelynoides than the genus Puntius.
Similarly, T. mussulah must be retained in the genus
Tor rather than placing in the genus Hypselobarbus. The
present data also flagged the occurrence of morpholog-
ical outlier specimens of genus Tor in nature, however,
future use of conserved nuclear genome sequences will
be utmost necessary to get biparental information so as
to have insight into evolution of these animals and their
precise systematic affinity. Our results strongly advocate
that there is an urgent need to revisit systematic of
species of the genus Tor distributed across whole of
the South and Southeast Asia. This will need a network
program involving multiple countries and disciplines, to
address holistic objective of deciphering taxonomy, bi-
ology, biogeography and also intraspecific genetic diver-
gence. In such an endeavor, molecular markers, both

nuclear and matrilineal, must complement morphologi-
cal, biological and geological data to contribute to
knowledge base for management and conservation of
these iconic fish species.

Acknowledgments The authors are grateful to Dr. S. Ayyappan, Di-
rector General ICAR, for his guidance. The authors acknowledge the
consistent support of director NBFGR, Lucknow during this work. The
work was part of NBFGR project, “Network Project on Germplasm
Exploration, Cataloguing and Conservation of Fish and Shellfish Re-
sources from India.’ The authors express gratitude to Dr. A.
Gopalakrishnan for providing the samples of Tor khudree and Tor
mussullah. The authors also wish to acknowledge the two anonymous
reviewers for the efforts and comments that helped to improve the
manuscript.

References

Agostinho, A., Ramos, M. J. (2005). Discovery of a large number of
previously unrecognized mitochondrial pseudogenes in fish ge-
nomes. Genomics 86(6), 708–717.

Ajithkumar, C. R., Remadevi, K., & Thomas, R. K. (1999). Fish fauna,
abundance and distribution in Chalakudy River system, Kerala.
Journal of Bombay Natural History Society, 96, 244–251.

Alvarado, B. J. R., Mejuto, J., & Baker, A. J. (1995).
Mitochondrial DNA D-loop region sequences indicate exten-
sive mixing of swordfish (Xiphias gladius) populations in the
Atlantic Ocean. Canadian Journal of Fisheries and Aquatic
Sciences, 52, 1720–1732.

Avise, J. C. (2000). Phylogeography: The history and formation of
species. (p. 447). Cambridge: Harvard University Press.

Badapanda, H. S. (1996). The fishery and biology of mahanadi mahseer
Tor mosal mahanadicus (David). Indian Journal of Fisheries, 43(4),
325–331.

Baker, A. J., & Marshall, H. D. (1997). Molecular evolution of the
mitochondrial genome. In D. P. Mindell (Ed.), Avian molecular
evolution and systematics (pp. 51–82). San Diego: Academic.

Berg, G.V., Das, Y.C., Gokhale, K.V.G.K., Setlur, A.V. (1969). The
Koyna, India, Earthquake. Proc. Fourth World Conf. on
Earthquake Eng., Santiago, Chile.

Bhatt, J. P., Nautiyal, P., & Singh, H. R. (2004). Status [(1993–1994) of
the endangered fish Himalayan mahseer Tor putitora Hamilton,
Cyprinidae] in the mountain reaches of the River Ganga. Asian
Fisheries Science, 17, 341–355.

Briggs, J. C. (2003). The biogeographic and tectonic history of India.
Journal of Biogeography, 30, 381–388.

Chakrabarty, P. (2010). The transitioning state of systematic ichthyology.
Copeia, 3, 513–514.

Chakrabarty, P., Warren, M., Page, L. M., & Baldwin, C. C. (2013).
GenSeq: an updated nomenclature and ranking for genetic se-
quences from type and non-type sources. ZooKeys, 346, 29–41.
doi:10.3897/zookeys.346.5753.

Chen, Z. M., & Yang, J. X. (2004). A new species of the genus Tor from
Yunnan, China (Teleostei: Cyprinidae). Environmental Biology of
Fishes, 70, 185–191.

Collura, R. V., & Stewart, C. B. (1995). Insertions and duplications of
mtDNA in the nuclear genomes of Old World monkeys and homi-
noids. Nature, 378, 485–488.

Dahanukar, N. (2010). Puntius chelynoides. In: IUCN 2013. IUCN Red
List of Threatened Species. Version 2013.1. http://www.iucnredlist.
org. Downloaded on 03 August 2013.

324 P. Khare et al.

http://dx.doi.org/10.3897/zookeys.346.5753
http://www.iucnredlist.org/
http://www.iucnredlist.org/


Dahanukar, N., & Raghavan, R. (2011). Hypselobarbus mussullah. In:
IUCN 2013. IUCN Red List of Threatened Species. Version 2013.1.
<http://www.iucnredlist.org>. Downloaded on 17 September 2013.

David, A. (1953a). On some new records of fish from the Damodar and
theMahanadi River systems. Journal of Zoological Society of India,
5, 243–254.

David, A. (1953b). Notes on the bionomics and some early stages of the
Mahanadi Mahseer. Journal of Asian Social Sciences, 9, 197–209.

Day, F. (1871). Monograph of Indian Cyprinidae, Parts 1–3. Journal and
Proceedings of Asiatic Society of Bengal. 40, 95–142, 277–367,
337–367.

Day, F. (1878). The fishes of India; being a natural history of the fishes
known to inhabit the seas and fresh waters of India, Burma, and
Ceylon. Harvard University, MCZ, Ernst Mayr Library, Publication
of London. Part 4, i-xx+553–779, pp 139–195.

Desai, V.R. (1982). Studies on fishery and biological aspects of Tor
Mahseer, Tor tor (Ham.) from River Narmada, Ph.D. thesis, Agra
University, Agra.

Desai, V. R. (2003). Synopsis of biological data on the Tor mahseer Tor
tor, (Hamilton, 1822). FAO Fisheries Synopsis, Rome, 36, 158.

Dinesh, K., Nandeesha, M. C., Nautiyal, P., & Aiyyappa, P. (2010).
Mahseers in India: a review with focus on conservation and man-
agement. Indian Journal of Animal Sciences, 80, 26–38.

Dwivedi, A. C., & Nautiyal, P. (2012). Stock assessment of fish
species Labeo rohita, Tor tor and Labeo calbasu in the rivers
of Vindhyan region, India. Journal of Environmental Biology,
33, 261–264.

Eschmeyer, W.N., Ferraris, C.J., Hoang, M.D., Long, D.J. (2013). The
catalog of fishes, on-line, species of fishes. Available from http://
zipcodezoo.com/animals/t/tor%5Fputitora/ on 4 July 2013.

Faber, J. E., & Stepien, C. A. (1998). Tandemly repeated sequences in the
mitochondrial DNAD-loop region and phylogeography of the pike-
perches Stizostedion. Molecular Phylogenetics and Evolution, 10,
310–322.

Felsenstein, J. (1985). Distance methods for inferring phylogenies: a
justification. Evolution, 38, 16–24.

Froese, R., & Pauly, D. (2013). FishBase. Available from http://www.
fishbase.org, on 4 July 2013.

Gilles, A., Lecointre, G., Miquelis, A., Loerstcher, M., Chappaz, R., &
Brun, G. (2001). Partial combination applied to phylogeny of
European cyprinids using the mitochondrial D-loop region.
Molecular Phylogenetic Evolution, 19, 22–33.

Goldman, N. (1993a). Statistical tests of models of DNA substitution.
Journal of Molecular Evolution, 36, 182–198.

Goldman, N. (1993b). Simple diagnostic statistical tests of models for
DNA substitution. Journal of Molecular Evolution, 37, 650–661.

Goswami, M., Sharma, B.S., Tripathi, A. K., Yadav, K., Bahuguna, S. N.,
Nagpure, N. S., Lakra, W. S., Jena, J. K. (2012). Development and
characterization of cell culture systems from Puntius (Tor)
chelynoides (McClelland). Gene. 25,500(1):140–147

Hamilton, F. (1822). An account of the fishes found in the river Ganges
and its branches. Edinburgh and London. i-vii + 1–405, Pls. 1–39.

Heckel, J.J. (1838). Fische aus Caschmir gesammelt und herausgegeben
von Carl Freiherrn von Hügel, beschrieben von J. J. Heckel. Wien.
Fische aus Caschmir gesammelt und herausgegeben von Carl
Freiherrn von Hügel, beschrieben von J. J. Heckel, 1–112, pp. 1–13.

Hillis, D. M., & Huelsenbeck, J. P. (1992). Signal, noise, and reliability in
molecular phylogenetic analysis. Journal of Heredity, 83, 189–195.

Hora, S. L. (1940). The game fishes of India IX. The mahseer or the large
scaled barbels of India 2. The tor mahseer, Barbus (Tor) tor
(Hamilton). Journal of Bombay Natural History Society, 41, 518–
25.

Hora, S. L. (1951). Some observations on the Paleogeography of the
Garo-Rajmahal Gap as evidenced by the distribution of Malayan
fauna and flora to peninsular India.Proceedings of National Institute
of Sciences India, 17, 437–444.

Hubert, N., Hanner, R., Holm, E., Mandrak, N. E., Taylor, E., Burridge,
M., Watkinson, D., Dumont, P., Curry, A., Bentzen, P., Zhang, J.,
April, J., & Bernatchez, L. (2008). Identifying Canadian freshwater
fishes through DNA barcodes. PLoS One, 3, e2490.

Huelsenbeck, J. P., & Crandall, K. A. (1997). Phylogeny estimation and
hypothesis testing using maximum likelihood. Annual Review of
Ecology and Systematics, 28, 437–466.

IUCN. (2013). IUCN Red List of Threatened Species. Version 2013.1.
<www.iucnredlist.org>. Downloaded on 02 September 2013.

Jayaram, K.C. (2005). The deccan mahseer fishes: their eco-status and
threat percepts. Records of Zoological Survey of India. Occasional
Paper No. 238.

Kocher, T. D., Thomas, W. K., Meyer, A., Edwards, S. V., Paabo, S.,
Villablanca, F. X., & Wilson, A. C. (1989). Dynamics of mitochon-
drial DNA evolution in animals: amplification and sequencing with
conserved primers. Proceedings of National Academic of Sciences
USA, 86, 6196–6200.

Kundu, D. K. (2000). On a small collection of fishes from Sikkim.
Records of the Zoological Survey of India, 98, 95–102.

Kushwaha, B., Srivastava, S. K., Nagpure, N. S., Ogale, S. N., &
Ponniah, A. G. (2001). Cytogenetic studies in two species of
mahseer, Tor khudree and Tor mussullah (Cyprinidae, Pisces) from
India. Chromosome Science, 5, 47–50.

Lakra, W. S., Verma, M. S., Goswami, M., Lal, K. K., Mohindra, V.,
Punia, P., Gopalakrishnan, A., Singh, K. V., Ward, R. D., & Hebert,
P. (2011). DNA barcoding Indian marine fishes.Molecular Ecology
Resources, 11, 60–71.

Lal, K. K., Singh, R. K., Pandey, A., Gupta, B. K., Mohindra, V., Punia,
P., Dhawan, S., Verma, J., Tyagi, L. K., Khare, P., & Jena, J. K.
(2013). Distribution Records of Tor Mahseer Tor tor (Hamilton,
1822) from southern India. Journal of Applied Ichthyology, 1–5.

Laskar, B. A., Bhattacharjee, M. J., Dhar, B., Mahadani, P., Kundu, S.,
Sankar, S., & Ghosh, K. (2013). The species dilemma of northeast
Indian mahseer (Actinopterygii: Cyprinidae): DNA barcoding in
clarifying the riddle. PLoS One, 8, e53704.

Liu, H., & Chen, Y. (2003). Phylogeny of the East Asian cyprinids
inferred from sequences of the mitochondrial DNA D-loop region.
Canadian Journal of Zoology, 81, 1938–1946.

Mani, I., Kumar, R., Kushwaha, B., Singh, M., Nagpure, N. S.,
Srivastava, P. K., & Lakra, W. S. (2010). Cytogenetic characteriza-
tion of an endemic mahseer, Tor mosal mahanadicus (David, 1953;
Teleostei : Cyprinidae). The Nucleus, 53, 109–114.

Menon, A. G. K. (1951). Further studies regarding Hora’s Satpura hy-
pothesis. The role of eastern ghats in the distribution of the Malayan
fauna and flora to peninsular India.Proceedings of National Institute
of Sciences India, 17, 475–497.

Menon, A. G. K. (1992). Taxonomy of mahseer fishes of the genus Tor
Gray with description of a new species from the Deccan. Journal of
Bombay Natural History Society, 89, 210–228.

Menon, A.G.K. (1999). Check List: FreshWater Fishes of India. Records
of the Zoological Survey of India. Occasional Paper No. 175.

Mirza, M. R. (2004). Status of Golden Mahseer (Pisces: Cyprinidae) of
the Indus River System. Record of Zoological Survey of Pakistan,
15, 42–44.

Mirza, M. R., & Awan, M. I. (1976). Fishes of Sun-Sakesar Valley,
Punjab, Pakistan, with the description of a new subspecies.
Biologia, 22, 27–49.

Mirza, M. R., & Bhatti, M. N. (1996). Systematics and Biology of the
Golden Mahseer of the Indus River system. Biologia, 42, 31–35.

Mirza,M. R., & Javed,M. N. (1985). A note onMahseer of Pakistan with
the description of Naziritor, a new subgenus (Pisces: Cyprinidae).
Pakistan Journal of Zoology, 17, 225–227.

Mohindra, V., Khare, P., Lal, K. K., Punia, P., Singh, R. K., Barman, A.
S., & Lakra, W. S. (2007). Molecular discrimination of five Mahseer
species from Indian peninsula using RAPD analysis. Acta Zoologica
Sinica, 53, 725–732.

Molecular taxonomy of Indian mahseers 325

http://www.iucnredlist.org/
http://zipcodezoo.com/animals/t/tor%5Fputitora/
http://zipcodezoo.com/animals/t/tor%5Fputitora/
http://www.fishbase.org/
http://www.fishbase.org/


Morrison, W. R., III, Lohra, J. L., Duchena, P., Wilches, R., Trujilloa, D.,
Mair, M., & Renner, S. S. (2009). The impact of taxonomic change
on conservation: does it kill, can it save, or is it just irrelevant.
Biological Conservation, 142, 3201–3206.

Nautiyal, P., Babu, S., Behera, S. (2012). Proceedings of the workshop on
Mahseer conservation in India status, challenges and the way for-
ward. WWF Report. p.36. http://www.mahseerconservancy.org/
blog/2012/09/26/wwf-workshop-indelhi-mahseer-conservancy-
program/

Nguyen, T. T. T., Brett, I., Sungan, S., Gooley, G., Sim, S. Y., Tinggi, D.,
& De Silva, S. S. (2006). Mitochondrial DNA diversity of brood
stock of two indigenous mahseer species, Tor tambroides and Tor
douronensis (Cyprinidae) cultured in Sarawak, Malaysia.
Aquaculture, 253, 259–269.

Nguyen, T. T. T., Na Nakorn, U., Sukmanomon, S., & Chen, Z. M. (2009).
A study on phylogeny and biogeography of mahseer species (Pisces:
Cyprinidae) using sequences of three mitochondrial DNA gene re-
gions.Molecular Phylogenetics and Evolution, 48, 1223–1331.

Ogale, S.N. (2002). Mahseer breeding and conservation and possibilities
of commercial culture. The Indian experience. 193–212. (Petr T,
Swar DB eds.) Cold water fisheries in the trans-Himalayan coun-
tries. FAO Rome, Fisheries Technical Paper. 431, 376.

Petr, T. (2002) Cold water fish and fisheries in countries of the high
mountain arc of Asia (Hindu Kush-Pamir-Karakoram-Himalayas) A
review 1–38. (Petr T, & Swar DB eds.) Cold water fisheries in the
trans-Himalayan countries. FAO Rome, Fisheries Technical Paper.
431, 376.

Pinder, A. C., & Raghavan, R. (2012). Conserving the endangered
Mahseers (Tor spp.) of India: the positive role of recreational fish-
eries. Current Science, 104, 1472–1475.

Posada, D., & Crandall, K. A. (1998). Modeltest: testing the model of
DNA substitution. Bioinformatics, 14, 817–818.

Puillandre, N., Lambert, A., Brouillet, S., & Achaz, G. (2012). ABGD,
automatic barcode gap discovery for primary species delimitation.
Molecular Ecology, 21, 1864–1877.

Raina, H.S., S. Sunder, S., Joshi, C.B., & Mohan, M. (1999). Himalayan
Mahseer. Bulletin-1, National Research Centre on Coldwater
Fisheries, Bhimtal, Uttar Pradesh, India. pp. 29.

Ranjana (2005). Molecular characterization of golden Mahseer (Tor
putitora) for stock identification. PhD thesis, A. P. S. University
Rewa, India.

Roberts, T. R. (1999). Fishes of the cyprinid genus Tor in the Nam Theun
watershed, Mekong Basin of Laos, with description of a new spe-
cies. Raffles Bulletin Zoology, 47, 225–236.

Ruzzante, D. E., Taggart, C., Cook, D., & Goddard, S. V. (1996). Genetic
differentiation between inshore and offshore Atlantic cod (Gadus
morhua) of Newfoundland: microsatellite DNA variation and anti-
freeze level. Canadian Journal of Fisheries and Aquatic Sciences,
53, 634–645.

Sarma, D., Haldar, R. S., Das, P., & Mahanta, P. C. (2010). Management
in seed production of golden mahseer, Tor putitora in hatchery
conditions. Aquaculture Asia, 4, 31–35.

Shrestha, T.K. (1997). The Mahseer in the river of Nepal disrupted by
Dams and ranching strategies. R. K. printers, TEKU, Kathmandu,
Nepal. pp. 1–259.

Silas, E. G. (1952). Further studies on Hora’s Satpura Hypothesis. 2.
Taxonomic assessment and levels of evolutionary divergences of
fishes with the so-called Malayan affinities. Proceeding of National
Institute of Sciences, 18, 423–426.

Silas, E. G. (1960). Fishes from Kashmir valley. Journal of Bombay
Natural History Society, 51, 66–77.

Silas, E. G., Gopalakrishnan, A., John, L., & Shaji, C. P. (2005). Genetic
identity of Tor malabaricus (Jerdon) (Teleostei: Cyprinidae) as re-
vealed by RAPD markers. Indian Journal of Fisheries, 52, 125–140.

Sinclair, H. D., & Jaffey, N. (2001). Sedimentology of the Indus Group,
Ladakh, Northern India: implications for the timing of initiation of
the Palaeo-indus River. Journal of the Geological Society, 158, 151–
162.

Singh, H. R., & Kumar, N. (2000). Some aspects of ecology of hill
streams; stream morphology, zonation, characteristics, and adaptive
features of ichthyofauna in Garhwal Himalaya. pp. 1–18. In J. S.
Datta Munshi (Ed.),Modern trends in fish biology research (p. 337).
New Delhi: Narendra Publishing House.

Singh, S. S., Singh, C. B., &Waikhom, G. (2013). Karyotype analysis of
the new catfish Mystus ngasep (Siluriformes: Bagridae) from
Manipur, India. Turkish Journal of Fisheries and Aquatic
Sciences, 13, 179–185.

Siraj, S.S., Christianus, A., CheeKiat, N., De Silva, S.S. (2007).Mahseer:
The Biology, Culture and Conservation, Proc. International
Symposium on the Mahseer, Kuala Lumpur (Malaysia), 29–30
Mar 2006 Malaysian Fisheries Society, Serdang, Malaysia, p. 235.

Stone, R. (2007). The last of the leviathans. Science, 316, 1684–1688.
Sugunan, V. V. (1995). Reservoir fisheries of India (p. 423). FAO Rome:

Fisheries Technical Paper.
Swofford, D.L. (2002). PAUP* Phylogenetic Analysis Using Parsimony

(*and Other Methods). Version 4. Sinauer Associates, Sunderland,
Massachusetts.

Talwar, P. K., & Jhingran, A. G. (1991). Inland fishes of India and
adjacent countries. Vol 1 (p. 541). New Delhi: Oxford and IBH
Publishing Co. Pvt. Ltd.

Titus, T. A., & Larson, A. (1995). A molecular phylogenetic perspective
on the evolutionary radiation of the salamander family
Salamandridae. Systematic Biology, 44, 125–141.

Ward, R. D., Zemlak, T. S., Innes, B. H., Last, P. R., & Herbert, P. D.
(2005). DNA barcoding Australia’s fish species. Philosphical
Transactions of the Royal Society B Biological Sciences, 360,
1847–57.

Williams, S. T., & Knowlton, N. (2001). Mitochondrial
pseudogenes are pervasive and often insiduous in the snap-
ping shrimp genus Alpheus. Molecular Biology and
Evolution, 18, 1484–1493.

Young, M. K., McKelvey, K. S., Pilgrim, K. L., & Schwartz, M. K.
(2013). DNA barcoding at river scape scales: assessing biodiversity
among fishes of the genus Cottus (Teleostei) in northern Rocky
Mountain streams. Molecular Ecology Resources, 13, 583–595.

Zaccara, S., Stefani, F., Galli, P., Nardi, P. A., & Crosa, G.
(2004). Taxonomic implications in conservation management
of white-clawed crayfish (Austropotamobius pallipes)
(Decapoda, Astacidae) in Northern Italy. Biological
Conservation, 120, 1–10.

Zhang, D. X., & Hewitt, G. M. (1996). Highly conserved nuclear copies
of the mitochondrial D-loop region in the desert locust Schistocerca
gregaria: some implications for population studies. Molecular
Ecology, 5, 295–300.

Zhou, W., & Cui, G. H. (1996). A review of Tor species from the
Lancangjiang River (Upper Mekong River), China (Teleostei:
Cyprinidae). Ichthyological Exploration of Freshwater, 7,
131–142.

326 P. Khare et al.

http://www.mahseerconservancy.org/blog/2012/09/26/wwf-workshop-indelhi-mahseer-conservancy-program/
http://www.mahseerconservancy.org/blog/2012/09/26/wwf-workshop-indelhi-mahseer-conservancy-program/
http://www.mahseerconservancy.org/blog/2012/09/26/wwf-workshop-indelhi-mahseer-conservancy-program/

	Molecular evidence to reconcile taxonomic instability in mahseer species (Pisces: Cyprinidae) of India
	Abstract
	Introduction
	Materials and methods
	Sequence analysis

	Results
	Characteristics of mtDNA sequences studied in mahseer species
	Model of evolution
	Divergence between mahseer species
	Genetic relationship

	Discussion
	Relative performance of D-loop and COI sequences in species delineation
	Taxonomic status of mahseers
	Biogeographical history of genus Tor in India
	Implications for conservation

	Conclusions
	References


