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Relationship among the mahseer species (Family: Cyprinidae) has long been debated in fish systematics.
Present study concentrates on the nature of the phylogenetic relationship among the five mahseer species
using the sequence of major ribosomal DNA (45S rDNA). We have covered rDNA sequence of approximately
5.2 kb per individual, 26.0 kb per species and 130.0 kb as a whole. We also characterized the 45S and 5S
rDNA regions with respect to their nucleotide composition. For phylogenetic analyses, nucleotide sequences
were divided into four datasets. First and second datasets contained 18S rDNA and ITS1 sequence, whereas
third and fourth datasets consisted of ITS2 and complete 18S-ITS1-5.8S-ITS2-28S, respectively. The NJ tree
was constructed for all the datasets. The mahseer species under study formed a monophyletic group well sep-
arated from the outgroup species. Similarly, the individuals of Neolissochilus hexagonolepis form monophyletic
groupwith Tor species, indicating Neolissochilus as a sister genus of Tor. The findings from the present study pro-
vide greater insights into taxonomic status of mahseer, and set the stage for future investigations dealing with
phylo-geography, taxonomy, conservation and co-evolution within this interesting and important group of fish.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Family Cyprinidae is the largest, abundant and globally wide-
spread family of freshwater fishes, which comprises 220 genera and
about 2420 species (Nelson, 2006). The cyprinid fishes of the three
genera viz., Tor, Neolissochilus and Naziritor, constitute an important
group referred to as ‘mahseer’. They are endemic to Asia with natural
distribution encompassing the trans-Himalayan region in the
North-West to Sumatra and Borneo islands in the South-East, across
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a number of Asian countries. Mahseer species are large-scaled bar-
bells (Subfamily: Barbinae), live in upstream, clear, running waters
and have high demand as food and attraction for anglers as a sport
fish (Ng, 2004; Shrestha, 1990). Some of the species are of great eco-
nomic value and conservation concern (Nguyen et al., 2006; Sarkar
and Srivastava, 2000) as well as of aquaculture potential (Haque et
al., 1995; Ingram et al., 2005). At present 46 mahseer species have
been recognized; of which 23 species belong to genus Tor Gray, 22
to genus Neolissochilus Rainboth and one species to genus Naziritor
Mirza (Eschmeyer et al., 2004). There still exists confusion with re-
gard to taxonomy and systematics, and uniformity in identification
of this group. Fishes of the genus Torwith the presence of the median
lobe are considered to be ‘true mahseer’, as opposed to Neolissochilus
and Naziritor, where the median lobe is absent. The features such as
shape, size and length of the median lobe, often used to distinguish
species of Tor (Zhou and Cui, 1996), are highly variable (Roberts,
1999) and are also influenced by environmental factors, leading to
confusion and as such its reliability as an indicator of species is ques-
tionable (Ng, 2004).

DNA sequence data play an indispensable role in reconstruction of
evolutionary relationships among the organisms, resulting in insights
in genetic affinities that may confirm or conflict with traditional tax-
onomy. Because of the attractive properties, ribosomal DNA (rDNA) is
popular source for examining phylogenetic relationships and for
studying genetic variability and divergence within and between spe-
cies. These properties are secondary structure features, differential
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rates of evolution among divergent regions and tandemly repeated
sequences (Arnheim, 1983; Gebri, 1985). As in other eukaryotes, the
45S rDNA of mahseer also contains tandemly repeated transcriptional
units, which are separated by intergenic spacers. Within each tran-
scriptional unit, the internal transcribed spacer 1 (ITS1) separates
the 18S small subunit (18S rDNA) from the 5.8S large subunit (5.8S
rDNA); while the internal transcribed spacer 2 (ITS2) separates
the 5.8S from the 28S large subunit (28S rDNA). Each rRNA gene is or-
ganized into several divergent domains, also called expansion seg-
ments, interspersed between slow evolving, highly conserved cores
(Hassouna et al., 1984). Divergent domains are commonly subjected
to insertion and deletion events, coupled with substitution rates,
that are at least two orders of magnitude higher than that for cores
(Olsen and Woese, 1993), and account for the large overall size vari-
ation of rRNA genes among eukaryotes. A clear bias toward nucleo-
tide substitutions (especially transitions) rather than insertions or
deletions is found in the highly conserved core sequences. These
dual modes of evolution in the expansion domains and the cores of
nuclear rRNA molecules (particularly 28S) make these genes useful
for phylogenetic analyses. The coding regions show little sequence
Fig. 1. Collection sites of fish
divergence among closely related species, whereas the spacer regions
may exhibit higher variability as mutations occur at a relatively rapid
rate in internal transcribed spacers. Therefore, these regions may re-
solve the relationships between closely related species that otherwise
show little genetic divergence (Fritz et al., 1994; Porter and Collins,
1991; Tang et al., 1996). Due to above mentioned reasons, several au-
thors used these regions for phylogenetic analyses, i.e. in African
anguilliform catfishes (Siluriformes: Clariidae), rDNA and spacer re-
gions were used to established the phylogenetic relationship and di-
vergent time estimation (Jansen et al., 2006). Verma and Serajuddin
(2012) also used divergent domain 8 of 28S rDNA for phylogenetic
analysis of freshwater catfish Ompok pabda, Ompok pabo, Ompoc
bimaculatus and Wallago attu. There are several reports on phyloge-
netic studies based on 5S rDNA in fishes belonging to family
Anostomidae, Cyprinidae, Merlucciidae, Mugilidae (Campo et al.,
2009; Ferreira et al., 2007; Fujiwara et al., 2009; Imsiridou et al.,
2007). Till date, no molecular genetic studies based on nuclear DNA
or 45S and 5S rDNA sequences, which address questions relating to
genetic relationship among mahseer species, were performed. But
there are some reports on phylogeny of mahseer using mitochondrial
specimens from India.
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DNA sequences which includes 11 species (Nguyen et al., 2006,
2008). Phylogenetic hypotheses of the evolutionary relationships
among members of the same genus provide frameworks for compar-
ative research on mechanisms of diversification and speciation. The
results from the present study will provide valuable resources for
people concerned with conservation, where it provides a relatively
objective means of quantifying evolutionary distinctiveness and
resolving taxonomic ambiguities involving rare taxa.

2. Materials and methods

2.1. Sample collection and DNA isolation

A total of 25 live specimens of four species of Tor and one
species of Neolissochilus, namely T. chelynoides (5 specimens), T.
putitora (6 specimens), T. progeneius (4 specimens), T. tor (5 spec-
imens) and N. hexagonolepis (5 specimens) were collected from
Alakhnanda River (30°13′31.96″N and 78°46′48.22″E), near Garhwal,
Uttarakhand; Satluj River (31°22′31.61″N and 76°48′30.74″E), near
Bilaspur, Himachal Pradesh; Jia-Bhoreli River (26°59′43.79″N and
92°41′19.21″E), near Bhalukpong, Arunachal Pradesh border; Tons
River (25°01′57.51″N and 81°44′07.50″E), near Rewa, Madhya Pradesh
and tributaries of Umiam Reservoir (25°40′00.26″N and 91°53′07.27″
E), near Shillong, Meghalaya, India, respectively (Fig. 1), with the help
of local fishermen. The genomic DNA was extracted from the whole
blood using the standard phenol-chloroform-isoamylalcohol method
described by Sambrook and Russell (2001).

2.2. PCR amplification, cloning and sequencing

The details of primers viz., their sequences, region they amplified
and the approximate amplicon size, used in this study are given in
Table 1. Complete 18S, ITS1, 5.8S, ITS2, partial 28S and 5S rDNAs in
25 individuals (representative individuals of each species) were am-
plified using the primers listed in Table 1. Primers of 18S, ITS1, 5.8S
and ITS2 were designed from the sequence of Cyprinus carpio (Acces-
sion Number AF133089) available in the NCBI database with the help
of software Oligo 4.0 while primers of 28S regions were taken from
Zardoya and Meyer (1996) and 5S from Moran et al. (1996). A stan-
dard PCR reaction was performed in 25 samples with the primers
using 10 mM Tris–HCl (pH 8.3), 50 mM KCl, 2 mM MgCl2, 200 μM
dNTPs mix, 10 pmol of each primer (forward and reverse), 2 U Taq
Table 1
List of primers used in this study.

Primer code (for Fig. 2) Sequence (5′-3′) Produ

18SF (1F) AGCATTATGCTTGTCTCAAAGAT 1870
18SR (1R) CCTTGTTACGACTTTTACTTCCTC
ITS1F (2F) TAGGTGAACCTGCGGAAGGATCATTA 880
ITS1R (2R) CGAGTGATCCACCGCTAAGAGTTG
5.8SF (3F) TACAACTCTTAGCGGTGGATCA 161
5.8SR (3R) CACGCCTGTCTGAGGGTC
ITS2F (4F) CACTTTGCGGCCCCGGGTTCCT 392
ITS2R (4R) CCTCTTACCGGTTTCACGCCCT
28S1F (5F) CCCGCTGAATTTAAGCATATAAGTAAGCGG 400
28S1R (5R) AACGGTTTCACGCCCTCTTGAACT
28S2F (6F) CCCACCCCGACCCGTCTTGAA 600
28S2R (6R) TCGGTTCATCCCGCAGCG
28S3F (7F) GGTAAAGCGAATGATTAGAGGTCTT 450
28S3R (7R) GACTGACCCATGTTCAACTGCTGT
28S4F (8F) AAGTGGAGAAGGGTTCCATGTGA 500
28S4R (8R) AGAGCCAATCCTTATCCCGAAGTT
28S6F (9F) CGGCGGGAGTAACTATGACTCTCTTAAGGT 550
28S6R (9R) CCGCCCCAGCCAAACTCCCCA
28S7F (10F) TGAAATACCACTACTCTTATCGTT 661
28S7R (10R) GGATTCTGACTTAGAGGCGTTCAG
5SF TACGCCCGATCTCGTCCGATC 201
5SR CAGGCTGGTATGGCCGTAAGC
DNA polymerase and 50 ng of genomic DNA in a final reaction vol-
ume of 50 μl. PCR cycling conditions were: initial denaturation at
94 °C for 5 min; followed by 35 cycles of denaturation at 94 °C for
1 min, primer annealing at 53–58 °C (depending on the primers
used) for 1 min, primer extension at 72 °C for 2 min; with post-
cycling extension at 72 °C for 10 min. Amplified products were run
on 1.5% agarose gel stained with ethidium bromide.

Amplified products with sizes more than 700 bp (except 5S rDNA)
were purified by Qiagen PCR purification kit, according to the
manufacturer's instructions, ligated with pDrive T/A cloning vector
(Qiagen) and incubated overnight at 16 °C. The ligated products
were transformed in Escherichia coli strain DH5α competent cells
(Invitrogen). Recombinant clones were screened with the help of
blue/white colony selection and confirmed by restriction digestion.
We found three intense bands of 5S rDNA amplified products, which
was approximately 200, 400 and 600 bp in lengths. Three bands
were eluted from the gel using gel extraction kit (Qiagen), according
to the manufacturer's instructions, were cloned and sequenced from
one individual of each species. Cloned products of partial 18S rDNA
and ITS1 were sequenced by primer walking, whereas other products
were sequenced directly using custom services. Sequencing was
performed for both the strands in all the samples.

2.3. Sequence alignment and data analyses

Nucleotide composition, GC percentage and number of repeats in
all the sequences were calculated with the help of BioEdit (version
1.3). The sequence homology with other fish species listed in the
NCBI database was done with the help of nBLAST search (Altschul et
al., 1997). For phylogenetic analyses, sequences were analyzed in
four data sets (individual gene/region and combined gene/region)
as: 18S data, ITS1 data, ITS2 data and combined data
(18S + ITS1 + 5.8S + ITS2 + 28S partial). All the sequences of 18S
data set and combined data set (18S + ITS1 + 5.8S + ITS2 + 28S
partial) were aligned first using the ClustalW software (Thompson
et al., 1994) using default setting, resulting in an initial dataset. The
18S sequences showed less variability, so it was easy to align, which
was further fine-tuned by manual adjustment. In combined data set,
presence of conserved regions on both ends (5′-18S and 3′-28S)
helped in alignment which was also adjusted manually for final anal-
yses. The small and highly conserved 5.8S gene region and the small
portion of the 28S gene were easy to align, and were used to position
ct size (~bp) Region Reference

18S complete Present study

ITS1 complete Present study

5.8S complete Present study

ITS2 complete Present study

28S partial Zardoya and Meyer (1996)

28S partial Zardoya and Meyer (1996)

28S partial Zardoya and Meyer (1996)

28S partial Zardoya and Meyer (1996)

28S partial Zardoya and Meyer (1996)

28S partial Zardoya and Meyer (1996)

Complete 5S coding & NTS Moran et al. (1996)



Fig. 2. Diagrammatic representation of 45S rDNA repeat unit. Part A of the image shows the arrangement of 45S rDNA unit and Part B shows the regions that are sequenced inmahseers.
White blocks in 28S rRNA gene in part B shows the gaps or non-sequenced regions. Black arrows in Part B show the primer annealing site. This diagrammatic presentation is not to scale.
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the highly variable ITS1 and ITS2 regions during the alignment in
ClustalW. The boundaries of the ITS1 and ITS2 were determined by
comparison of the aligned dataset with ITS sequences of fish taxa
available in the NCBI databank. The positional homology, due to the
presence of indels and repeats in the 18S, ITS1, ITS2 and combined
data sets, was difficult to determine. As a result, ambiguously aligned
characters were excluded from the analyses. Modeltest v3.6 (Posada
and Crandall, 1998) was used to select a model of sequence evolution
for each data set (individual region data and combined data) for
neighbor-joining (NJ) analyses. For each data set, we used the best-fit
model chosen by the Akaike Information Criterion (AIC) method
(Posada and Buckley, 2004). The NJ analyses were implemented in
PAUP v.4.0b10 (Swofford, 2003). The models corresponding to each
data set were as follows: TrNef + I (18S), TVM + I + G (ITS1 and
ITS2) and GTR + I + G (18S + ITS1 + 5.8S + ITS2 + 28S partial).
NJ tree for each data was constructed and support for monophyly was
assessed with 1000 bootstrap pseudo-replicates (Felsenstein, 1985).
We considered nodes with bootstrap values ≥70% (Hills and Bull,
1993), to be well-supported. Ictalurus punctatus and Clarias gariepinus
were used as outgroup species for construction of a phylogenetic tree.
Kimura genetic distances for 18S, ITS1, ITS2 and complete set of
18S-ITS1- 5.8S-ITS2-28S partial were also calculated with the help of
BioEdit (version 1.3). The correlation coefficient of genetic distance
from all the data sets were calculated by Mantel test between spe-
cies using TFPGA (version 1.3) and significance was tested with
two tailed t-test to see the relation between the genetic distance
of all the analyzed data sets. After sequencing of three bands of
5SrDNA, band I was 201 bp in length, band II was 402 bp in
length and band III was 603 bp in the length. When we compared
these three sequences manually in all the species, we found that
the sequence of band II actually contained two exact repeats of
band I while band III contained three exact repeats of band I in all
the studies of mahseer species, so 201 bp band sequences were
used in further analyses. Nucleotide composition, GC percentage
and repeats in all the sequences were calculated with the help of
BioEdit (version 1.3) and sequence homology with other fish spe-
cies listed in the NCBI database was done with the help of nBLAST
search.

2.4. Southern blot hybridization

To know the types of repeats of 5S rDNA (1 or 2) present in the
genome, we performed the Southern blot hybridization in all the
studied species. Genomic DNA (10 μg) from all the species were
partially and completely digested with HindIII at 37 °C for 30 min and
overnight, respectively. Partially to completely digested DNA was
subjected to gel electrophoresis in 1% agarose gel and transferred to
positively charged nylon membrane, according to Sambrook and
Russell (2001). Probe of 5S rRNA gene of T. putitora, collected from the
river Satluj, was labeledwith biotin, according to themanufacturer's in-
structions (Vector Labs, Burlingame, USA). Hybridization of filter
immobilized DNA and post-hybridization washes were performed ac-
cording to Sambrook and Russell (2001). Hybridized DNAwas detected
by BCIP/NBT substrate kit (Vector Labs, Burlingame, USA).

3. Results

A total of 25 individuals for 45S rDNA and 5 individual for 5S rDNA
(one individual per species) were analyzed for molecular characteri-
zation and genetic variability assessments. Species name, individual
code, sampling location and GenBank accession number for 45S and
5S rDNAs are provided as Supplementary materials (SM1 and SM2,
respectively). Arrangement of major rRNA genes, namely 18S, 5.8S,
28S as well as ITS1 and ITS2 spacers, are presented in Fig. 2. Length
and GC content of 45S rDNA regions studied in all the undertaken spe-
cies are provided as Supplementary material (SM3). The overall base
composition of 18S gene is characterized by an over-representation
of G (29.82%) and under-representation of T (21.16%), whereas A
and C nucleotides were almost distributed in between (A: 22.46%
and C: 26.57%). Small differences in terms of single base substitutions,
deletions or insertions were found in the nucleotide sequences when
compared with other cyprinid sequences, and average similarity of
96%, to other fish species listed in the NCBI database, was observed.

ITS1 shows a high level of length (710–909 bp) and sequence
variability (Fig. 3). Overall base composition showed slight bias towards
the under-representation of T nucleotide (14.39%), remaining three
bases showed almost equal distribution (A: 28.78%, C: 29.49% and G:
27.35%). ITS1 is also characterized by the presence of 36 bp long stretch
of GAAA repeat (9 times) in N. hexagonolepis and 15 bp long stretch of
GAAAT repeat (3 times) in T. progeneius. 5.8S rRNA gene was 157 bp
long without length variation and GC rich (56.05%). ITS2 also showed a
high degree of inter-species variation in the form of length (293–
389 bp) and sequence (Fig. 4). ITS2 was found GC rich (66.85%) and
showed under-representation of A base (13.09%). Partially se-
quenced regions of 28S rRNA gene was 2065 bp long in T. putitora,
2065 bp long in T. tor, 2083 bp long in T. chelynoides, 2062 bp long

image of Fig.�2
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Fig. 4. Nucleotide sequence alignment of internal transcribed spacer 2 (ITS2) region from mahseer species reported in present study (*show the conserved region). The consensus
sequence was generated from all the individuals of a species for final alignment which represent the sequence of one species. (TR = T. tor, TP = T. putitora, TC = T. chelynoides,
TPr = T. progeneius and NH = N. hexagonolepis).
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in T. progeneius and 2053 bp long in N. hexagonolepis. 28S rRNA gene
contained several conserved and divergent domains. We sequenced
conserved domain C1, C2, C7, C9, C10, C11 and divergent domain
D1, partial D6, D7, D9, D10, D11, and partial D12 of 28S gene. Overall
average base compositions were: A: 23.03%, C: 25.07%, G: 32.33% and
T: 19.57%. The divergent domains of 28S gene were characterized by
a slight bias to exclude T and for high GC content. The GC rich compo-
sition of 28S rRNA gene pattern reflects their potential capability to
fold into secondary structures with particularly large GC rich stems.

After sequencing, the length of single repeat of minor 5S rDNA
family was found to be 201 bp in all the mahseer species studied.
The coding 5S rDNA region shared a highly conserved gene of
Fig. 3. Nucleotide sequence alignment of internal transcribed spacer I (ITS1) region from m
sequence was generated from all the individuals of a species for final alignment which repr
TPr = T. progeneius and NH = N. hexagonolepis).
120 bp long contained three elements, namely Box A, Box C and IE,
of the internal control regions (Fig. 5), which functions as a promoter
for the gene (Hallenberg et al., 1994). Nucleotide compositions of
Box A, Box C and IE are AGCTAAGCAGGGTCG (location: +48 bp to
+62 bp), TGGATGGGAGACCGCCTG (+78 bp to +98 bp) and
CCGGGT (+65 bp to +70 bp), respectively. Non-transcribed spacer
(NTS) of 5SrDNAwas 81 bp long variable region and contained TATA
box like sequences in all five mahseer species, but the number of
these boxes were found to be three in T. putitora and two in T. tor,
T. chelynoides, T. progeneius and N. hexagonolepis. The comparative
analyses of 5S rDNA sequences among the five species under study
showed 27.93% variability in NTS region. The coding sequences of
ahseer species reported in present study (*show the conserved region). The consensus
esents the sequence of one species. (TR = T. tor, TP = T. putitora, TC = T. chelynoides,

image of Fig.�4


Fig. 5. Diagrammatic representation of 5S rDNA repeat unit. Coding region of 5S rRNA gene (underlined region) shows the internal promoter region, namely Box A, IE (intermediate
element) and Box C. NTS region of the gene shows TATA like elements. (NH= N. hexagonolepis, TP= T. putitora, TT= T. tor, TC= T. chelynoides, TR= T. progeneius).
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5SrDNA in N. hexagonolepis, after searches using BLASTn program
(Hallenberg et al., 1994), showed an average sequence similarity of
95.74% with other fishes belonging to the order Cypriniformes, Charac-
iformes, Salmoniformes, Gadiformes, Perciformes and Tetraodonti-
formes, while NTS showed extensive variations. To examine that how
many types of repeats of 5S present in mahseers, genomic DNA of all
the five specieswere partially and completely digested with HindIII,
which cleaves only once in the 5S rRNA gene, and then transferred
to positively charged nylon membrane by Southern blotting and
hybridized with 5S rRNA gene probe. Analysis of band pattern of
partially digested DNA showed identical results in all the species
examined. Southern blot showed ladder of exact integers of 201 bp
with partially digested DNA (Fig. 6A), while complete digestion
showed only one 201 bp long band after southern blot detection
(Fig. 6B) and conformed that only one type of 5S rDNA repeat was
present in all the studied species.

For phylogenetic analyses, nucleotide sequences were divided into
four datasets and C. gariepinus (GenBank Accession no. AJ876383)
and I. punctatus (GenBank Accession no. AF021880) were used as
outgroup species. The first dataset contained a total of 27sequences
of 18S rDNA from five mahseer species (T. putitora: 6, T. tor: 5, T.
chelynoides: 5, T. progeneius: 4, N. hexagonolepis: 5), one each of C.
Fig. 6. Southern blot of 5S rDNA in different mahseer species: (A) partially digested, an
(NH), T. putitora (TP), T. tor (TT), T. chelynoides (TC) and T. progeneius (TR).
gariepinus and I. punctatus. A phylogenetic tree of 18S rDNA data set
was constructed by the NJ method (Fig. 7). The studied in-group
mahseer are a monophyletic group, well separated from the outgroup
species. All the specimens of N. hexagonolepis form monophyletic
group from Tor species, indicating that Neolissochilus is a sister
genus of Tor, and they are sufficiently different to warrant generic sta-
tus. However, monophyletic status of these must be cautiously
interpreted because not all described species of Neolissochilus were
examined in the present study. The second dataset contained ITS1 se-
quences in all in-group species as well as two outgroup species and NJ
phylogenetic tree was constructed (Fig. 8). NJ tree constructed using
ITS1 sequences showed almost identical homology with 18S rDNA
NJ tree. ITS1 NJ tree also showed monophyletic mahseer group that
clearly separated from outgroup species. Monophyletic arm of
mahseer further divided into two arms, where one arm contained
all individuals of N. hexagonolepis and second arm contained the indi-
viduals of T. tor, T. putitora, T. chelynoides and T. progeneius.

The third data set contained ITS2 sequences and the fourth
dataset contained 18S-ITS1-5.8S-ITS2-28S (partial) sequence in all
in-group species and two outgroup species, respectively, and the NJ
phylogenetic trees were constructed (Figs. 9 and 10). The NJ tree
based on ITS2 sequence showed somewhat different topology from
d (B) completely digested (HindIII) genomic DNA in specimen of N. hexagonolepis

image of Fig.�5
image of Fig.�6


Fig. 7. NJ phylogenetic tree constructed using 18S rDNA sequences in undertaken species. 18S sequences of I. punctatus and C. gariepinus were taken from NCBI database.
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the 18S and ITS1 NJ trees, while the NJ tree of combined 18S-ITS1-
5.8S-ITS2-28S sequences showed almost identical topology with
18S and ITS1 NJ trees. In ITS 2 based NJ tree, T. chelynoides showed
close relation with T. tor, while in NJ tree based on 18S, ITS1 and
combined 18S-ITS1-5.8S-ITS2-28S sequences, the position of T.
chelynoides was taken by T. putitora. Kimura genetic distances were
calculated between all the species using each data set. Three genetic
distance matrices, namely 18S, ITS1 and ITS2, were compared with
18S-ITS1-5.8S-ITS2-28S (partial) matrix and correlation coefficients
were estimated by Mantel test to see the correlation between all the
datasets. Significant positive correlation (between 18S and 18S-ITS1-
5.8S-ITS2-28S r = 0.837, p b 0.05; between ITS1 and 18S-ITS1-5.8S-
ITS2-28S r = 0.653, p b 0.05; and between ITS2 and 18S-ITS1-5.8S-
ITS2-28S r = 0.893, p b 0.05) were found between all the compared
genetic distance matrices.
Fig. 8. NJ phylogenetic tree constructed using ITS1 sequences in undertaken species.
4. Discussion

4.1. Structure of rDNA in mahseer fishes

As expected, 18S rRNA gene showed a high degree of similarity
among all the mahseer species studied as well as with other fishes
listed in the NCBI database, whereas both the spacers (ITS1 and
ITS2) showed great variability when compared between the mahseer
species and with closely related group of fish species. The length and
GC content of the 18S and 5.8S genes of the studied mahseers fall
within the range of known sequences available in GenBank/EMBL.
The same holds true for the length and GC content of the spacers. A
comparably high GC content in ITS1 and ITS2 is considered to be a
general property, as suggested by Torres et al. (1990). The divergent
domains of 28S rRNA gene are GC rich. This base composition pattern
ITS1 sequences of I. punctatus and C. gariepinus were taken from NCBI database.
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Fig. 9. NJ phylogenetic tree constructed using ITS2 sequences in undertaken species. ITS2 sequences of I. punctatus and C. gariepinus were taken from NCBI database.
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reflects their potential capability to fold into secondary structures
with particularly large GC rich stems (Vawter and Brown, 1993).
However, the conserved core of the molecule has an almost equal dis-
tribution of the different types of nucleotides that is correlated with
the presence not only of stem loop structure but also long
single-stranded A rich regions (Gutell et al., 1985), which are thought
to interact with other rRNA subunits and ribosomal proteins (Vawter
and Brown, 1993).

Molecular organization of 5S rDNA in cyprinid fishes is still not
fully known. The coding region of 120 bp long 5S was highly con-
served even in distinct taxa, while NTS region was highly variable
and species specific. Moreover, it has been demonstrated earlier
that conserved sequences, which influence the transcription level of
Fig. 10. NJ phylogenetic tree constructed using complete 18S, ITS1, 5.8S, ITS2 and partial
punctatus and C. gariepinus were taken from NCBI database.
5S rDNA in mammals, can also be located in the NTS region
(Nederby-Nielson et al., 1993; Suzuki et al., 1996). Although little is
known about the NTS sequences among fishes, a TATA like sequence
has also been observed in the NTS region of 5S in some other fishes
(Inafuku et al., 2000; Martins and Galetti, 2000; Pendas et al., 1994;
Tigano et al., 2004; Wasko et al., 2001) that may be involved in the
transcription of these genes. An AT rich spacer region in mahseers
showed clear agreement with other fish species studies, such as
Atlantic salmon and bitterling (Acheilognathinae) (Fujiwara et al.,
1998; Sajdak et al., 1998). Comparison of NTS region from selected
fishes and mahseers studied here demonstrated the presence of
81 bp long NTS which have the optimum conserved sequences re-
quired for the organization and/or activity of 5S rDNA, but the work
28S (approx. 5.2 kb) sequences in undertaken species. For outgroup, sequences of I.
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on a variety of organisms has shown even shorter 5S rDNA NTS
sequences. Fujiwara et al. (1998) demonstrated a conserved 120 bp
sequence of 5S rRNA gene and a short 56–67 bp NTS with two distinct
portion, a conserved (5′-flanking portion at position−1 to−38) and
a variable part (3′-flanking portion), in six of ten species/subspecies
examined from four genera: Acheiloganathus, Pseudperilampus,
Rhodeus and Tanakia. Martins and Wasko (2004) and Santos et al.
(2006) showed 62 bp long NTS in fish. In a report on primitive bony
fish Polypterus senegalus, 5S rDNA copies also repeated in tandem
comprises a conserved 120-nucleotide coding sequence, separated
by non-transcribed spacers (NTS) sequences with variable length.
Two different classes of 5S rDNA were observed in P. senegalus, with
different NTS clones that probably represent paralogous copies that
have evolved independently (Morescalchi et al., 2008). In cartilagi-
nous fishes, 5S rRNA of Raja montagui and Taeniura lymma contained
the coding region of 120 bp, which showed 100% identity with that of
other fish present in the GenBank database, while lengths of NTS
were variable. Like teleost fishes, the NTS region of cartilaginous fish-
es also have TATA-like and (TGC)n trinucleotides, (CA)n dinucleotides
and (GTGA)n tetranucleotides (Rocco et al., 2005). Organization of 5S
rDNA, examined by Southern blot hybridization, showed the presence
of single type of 5S rDNA repeat in mahseers. Detection of a ladder
of exact integers of 201 in partially digested DNA also provided the
evidence that these 5S units were organized in repeats of tandem
array.

4.2. Phylogenetic relationship of Indian mahseers

In present study, attempts are made to reconstruct a robust phy-
logeny based on nuclear DNA sequences (rRNA gene) of the mahseer
species found in India. Nearly all previous attempts to estimate rela-
tionships between species of mahseer have been based on only mor-
phological characters, except one report by Nguyen et al. (2008).
After a long period of time since the first description of Tor (1833),
Rainboth (1985) erected the new genus Neolissochilus based on the
absence of a median lobe and other characters such as gill raker
counts and pharyngeal arches. In the present study, all individuals
of N. hexagonolepis formed a monophyletic group with each dataset
analyzed, indicating that Neolissochilus is a sister genus of Tor and
they are sufficiently different to warrant generic status. However,
their monophyletic status must be cautiously interpreted because
not all described species were examined in the present study. In
phylogenetic analyses, the outgroup species were well separated
from mahseers and further the mahseer species were divided into
two lineages, one has all the individual of N. hexagonolepis and second
has all the species of Tor. T. tor showed maximum distance from N.
hexagonolepis and minimum distance with T. putitora or T. chelynoides
and T. progeneius showed closer relation to N. hexagonolepis. Three
phylogenetic trees based on 18S, ITS1 and combined 18S-ITS1-5.8S-
ITS2-28S sequences showed almost identical topology, except ITS2.

Although the numeric chromosomal changes have not been ob-
served in this mahseer group, the structural rearrangements might
have played an important role in the speciation. These species
showed different karyotype formula and location of AgNO3, CMA3

and rDNA FISH positive signals on the chromosomes. Among the un-
dertaken Tor species, T. chelynoides, T. progeneius and T. putitora pos-
sessed 2 and 3 pairs of silver stained and 18S FISH positive signals,
whereas T. tor possessed 4 and 5 pairs, respectively. Rearrangements
such as pericentric inversions at different lengths of chromosomes
have played an important role in karyotypic diversification among
the mahseer species.

5. Conclusion

N. hexagonolepis formed a monophyletic group with each dataset
analyzed, indicating that Neolissochilus is a sister genus of Tor
and they are sufficiently different to warrant generic status. When
comparing methods, phylogenetic reconstruction by individual rRNA
gene regions produced identical results, except ITS2. These findings
advocated the use of any rRNA sequences from above mentioned
three datasets, namely 18S, ITS1 or combined 18S-ITS1-5.8S-ITS2-
28S to draw the phylogeny because comparisons between all the
genetic distance matrices from all the data sets also showed positive
correlation values. So there may not be a need to sequence the entire
repeat of 45S rDNA, even 18S rDNA sequence is sufficient to draw
the accurate phylogeny, because in undertaken species the 18S NJ
tree showed almost identical topology with complete 18-ITS1-ITS2-
28S NJ tree. Even using ITS1 spacer sequences, which have high degree
of variability, the NJ tree showed identical topology with complete
18-ITS1-5.8S-ITS2-28S sequence. Phylogenetic hypotheses of the
evolutionary relationships among members of the same genus pro-
vide frameworks for comparative research on mechanisms of diversi-
fication and speciation. These phylogenies are also valuable resources
for people concerned with conservation in which they provide a rela-
tively objectivemeans of quantifying evolutionary distinctiveness and
resolving taxonomic ambiguities involving rare taxa. The findings
from the present study provide useful insights into taxonomic status
of mahseer, and set the stage for future investigations dealing with
phylo-geography, taxonomy, conservation and co-evolution within
this interesting and important group of fishes. Inclusion of additional
taxa would warrant further investigations.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.gene.2013.06.032.
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